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Coastal saltmarshes play an essential role in providing services such as sediment and carbon storage, coastal
protection and support for biodiversity. Despite their importance, understanding the factors controlling sediment
and carbon accumulation in these minerogenic saltmarshes remains challenging due to their diversity and site-
specific characteristics. Understanding the respective role of these drivers is essential for effective coastal
management, particularly for mitigating the impacts of climate change. This study evaluates the control of
forcing factors on the lateral and vertical morphological evolution and carbon burial rates of three minerogenic
saltmarshes located on the French Atlantic coast (Pertuis Charentais region). By focusing on these sites, the study
isolates specific factors such as wind and wave exposure, inundation frequency, and sediment availability, while
minimizing confounding influences like climate and tidal range. Results reveal significant lateral expansion of
saltmarsh boundaries towards the sea across all sites, with the highest rates of progradation observed in the
protected areas influenced by geomorphological features such as sand spits and sheltered bay heads. Sediment
and mass accumulation rates (SAR; MAR), derived from 210py and 1%7¢s profiles of sediment cores (n = 14),
range from 0.48 to 2.22 cm yr~}, among the highest reported globally, with notable variability within and be-
tween sites. Inundation frequency and accommodation space explain SAR variability within sites, while sediment
availability predominantly determines spatial differences in vertical accumulation rates between sites. Organic
carbon burial rates range from 75 to 345 gC m~2 yr ', and show a strong correlation with SAR (r = 0.9, p <
0.001, n = 13) but no dependence on carbon content or density (r = 0.2, p > 0.05, n = 13). This highlights the
role of sediment input in the accumulation and sequestration of carbon by minerogenic saltmarshes. Further-
more, isotopic analysis indicates a marine source dominance in organic carbon sediment. This research provides
insights into how different environmental conditions affect saltmarsh morphological evolution and carbon
sequestration rates, informing targeted coastal management strategies focused on enhancing ecosystem resilience
and climate resilience.

1. Introduction wetlands located in the upper tidal area that provide coastal protection,

support for biodiversity, water quality and carbon burial and seques-

The growing risk of marine submersions (IPCC, 2022) necessitates a
reassessment of protective measures for coastal territories (Griggs and
Reguero, 2021). A shift away from the exclusive reliance on heavy de-
fences has been observed, with an increasing interest in the effectiveness
of managed realignment as a means of addressing the evolving chal-
lenges of coastal hazards (Rupp-Armstrong and Nicholls, 2007; Huguet
et al., 2018; Bongarts Lebbe et al., 2021). In this context, saltmarshes
provide a number of important benefits. They are vegetated coastal

tration (Trumper et al., 2009; Leonardi et al., 2018; Bij de Vaate et al.,
2020; Bertram et al., 2021). However, anticipating future alterations to
these coastal wetlands and their impact on associated services remains
inherently challenging, primarily due to gaps in our understanding of
the site-specific functioning of these coastal environments (Pétillon
et al., 2023). This has participated to limiting the number of existing
managed realignment experiences globally (i.e., allowing coastal marsh
areas previously protected from flooding to become flooded; Esteves,
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2014), with only a few instances in France (e.g., Adapto Program; www.
lifeadapto.eu).

The provision of services by saltmarshes greatly depends on the
morphological dynamics of these ecosystems (Wang et al., 2023). Salt-
marshes are able to expand laterally and to elevate their topography in
response to rising sea levels (Fagherazzi et al., 2020), especially min-
erogenic marshes fueled by sediments from inundating water (Van de
Broek et al., 2018). With projected losses of saltmarshes due to sea-level
rise globally, understanding the horizontal and vertical morphody-
namics of these ecosystems is necessary for predicting their future tra-
jectory, and ensuring the continuity of the services they provide
(Schuerch et al., 2018).

The morphological dynamics of saltmarshes are influenced by
various factors, which contribute to the complexity of the evolutions of
these ecosystems (Townend et al., 2011; Yando et al., 2023). Global
factors, such as climate conditions (Kirwan and Mudd, 2012; Ouyang
and Lee, 2013) and sea-level changes (Schuerch et al., 2018; Rogers
et al., 2019), are important drivers of the spatial variability in saltmarsh
morphological evolution. Additionally, coastal factors such as tidal
range (Kirwan and Guntenspergen, 2010), riverine input and sediment
supply (Ladd et al., 2019; Baranes et al., 2022) and wind-wave action
(Finotello et al., 2020; Mariotti and Fagherazzi, 2013; Tonelli et al.,
2010) also play a significant role. Given the large number of forcing

Geomorphology 467 (2024) 109465

parameters and the complexity of their interactions, it is challenging to
discern the relative influence of each factor on saltmarsh morphological
evolution. One approach to address this complexity is to compare salt-
marshes within the same environment, thereby reducing the number of
variables that may influence observed differences.

The present study was conducted on three saltmarshes located within
the Pertuis Charentais region along the southern French Atlantic coast.
The objective was to understand the influence of natural factors on the
horizontal and vertical evolution of saltmarshes. This multi-site study,
conducted in a region with a homogeneous climate, and comparable
relative sea level rise (2.8 + 0.7 mm yr~'; www.sonel.org) and tidal
range, allows for a detailed examination of the role of specific coastal
factors including wind and wave exposure, inundation frequency, and
sediment availability. Furthermore, the uniformity in vegetation
composition across the three studied sites enabled an emphasis on
physical processes rather than biological ones (e.g., biological produc-
tivity, competition, and community dynamics; Fagherazzi et al., 2005).

The morphological evolution of saltmarshes within and between the
sites is discussed with respect to the controlling factors. Lateral changes
are assessed by analysing shifts in saltmarsh boundaries through the use
of aerial and satellite imagery. Sediment accumulation rates, indicative
of vertical evolution, are determined through 2°Pb and '*”Cs profiles in
sediment cores. The implications of these morphological changes are
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Fig. 1. Location of the three saltmarshes studied in the Pertuis Charentais Sea, SW France: Aiguillon, Fier d'Ars and Brouage; yellow dots on the images indicate
coring sites. Data credits: coastal bathymetry from SHOM (https://diffusion.shom.fr/donnees/bathymerie/mnt-facade-atl-homonim.html), coastal habitats from
OFB/PNM EGMP (CARTHAM Project, 2012), images are ortho-imagery SPOT 6-7, 2023 (https://openspot-dinamis.data-terra.org).
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then evaluated with regard to the carbon sink function of saltmarshes.
This evaluation involves quantifying carbon burial rates, analysing the
origin of organic carbon, and discussing the implications for coastal
marsh management.

2. Studied sites
2.1. General settings

The three saltmarshes studied (Aiguillon, Brouage, Fier d'Ars) are
located in the Pertuis Charentais Sea along the southwest coast of France
(Fig. 1a). This region is characterized by a semidiurnal macrotidal
regime, with a tidal range of up to 6.5 m (mean 3.8 m in La Rochelle
Harbour; Dodet et al., 2019). The predominant wind direction is from
the WSW to WNW (Bertin et al., 2015). These areas feature extensive
sheltered mudflats (c. 3700 ha in Aiguillon Bay, 4000 ha in Brouage, and
500 ha in Fier d'Ars), with sediments composed mainly of clay/silt
material (median grain size 8-17 pm; Bocher et al., 2007). The halo-
phytic vegetation of saltmarshes is dominated by C3 plants such as sea
purslane (Halimione portulacoides) and marine puccinellia (Puccinellia
maritima). Agropyrion (Agropyrion pungentis) are also observed in land-
ward topographic high, while a few annual salicornia (Salicornia
europea) compose lowland areas of the saltmarsh (Amann et al., 2023).
C4 plants are mainly characterized by marine spartina (Spartina mar-
itima) that develop principally in topographic low and at the mudflat/
saltmarsh transition.

Four main rivers contribute to the input of freshwater and suspended
sediments into the Pertuis Charentais Sea: the Lay (mean discharge 14.1
m> sL in Bretonniere-la-Claye), the Sevre Niortaise (20.1 m> s’l, in
Marans), the Charente (57.3 m® s_l, in Saint-Savinien) and the Seudre
(1.5 m® s’l, in Corme-Ecluse) (www.hydro.eaufrance.fr). The influence
of the Gironde Estuary on fine sediment supply has also been demon-
strated in the southern area of the Pertuis Charentais (Constantin et al.,
2018; Poirier et al., 2016; Fig. 1). With an estimated input to coastal
waters of 1.6 Mt. yr’1 (Doxaran et al., 2009; Schmitt and Chaumillon,
2023), the Gironde estuary is also likely to contribute to the sediment
budget of other areas within the Pertuis Charentais Sea. Mudflats are
also important reservoirs of erodible fine-grained material for replen-
ishing saltmarshes during periods of high tides and storms (Amann et al.,
2023). Wind waves together with tidal currents promote mud resus-
pension and contribute to high suspended sediment concentrations in
the shallow waters of the area (Bassoullet et al., 2000).

2.2. Saltmarsh morphology

All study sites are protected environments; however, they exhibit
varying degrees of enclosure and exposure. The three sites, Aiguillon,
Brouage and Fier d'Ars, show distinct geomorphological features and
orientations, forming a gradient of wind-wave exposure from very
protected to semi-exposed. Two of the sites, Aiguillon and Fier d'Ars, are
semi-enclosed embayments, while the third site, Brouage, is an open
coastal estuary.

Aiguillon Bay, a semi-enclosed embayment, is barred by the ‘Pointe
de 1'Aiguillon’ sand spit to the northwest with a bay mouth width of 4.2
km (Fig. 1). The intertidal area has a gentle slope (1.5 to 1.8/1000;
Degré et al., 2006) with a gradual transition between the mudflat and
pioneering saltmarsh vegetation. It hosts one of the largest saltmarshes
in France, covering 1100 ha.

Fier d'Ars is another semi-enclosed embayment, enclosed by two
sand spits, the ‘Pointe du Fier’ and the ‘Pointe du Croc’, with a bay
opening width of 0.7 km (Fig. 1). The inlet between Fier d'Ars and the
Pertuis Breton to the north is anchored by bedrock outcrops. Due to its
northern location, the bay is protected from the strongest winds blowing
from the south-west, west, and north-west. The saltmarshes of Fier d'Ars
cover 65 ha and have developed since the end of the 19th century in
sheltered tidal channels and former polders connected to the sea
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(Lemesle et al., 2022).

The Brouage saltmarshes develop along a 5-km long estuarine open
coast bordering the eastern side of the Marennes-Oléron Bay (Fig. 1).
Although the Oléron Island protects Brouage from Atlantic swells
(Bassoullet et al., 2000), northwestern winds can create a fetch of tens of
kilometres generating wind waves with significant heights of up to 1 m
at high tide in Brouage (Le Hir et al., 2010; Lavaud et al., 2020). These
winds enter the Pertuis d'Antioche and reach the Brouage saltmarsh
through the 5.4 km-wide bay mouth, between Oléron and Aix Island
(Fig. 1). The saltmarsh platform is characterized locally by cliffs up to 1
m height at the transition with the mudflat, indicating susceptibility to
sediment erosion by wave action (Koppel et al., 2005; Townend et al.,
2011). Saltmarshes in Brouage cover 90 ha.

3. Materials and methods
3.1. Lateral evolution of the saltmarsh boundary

The position of the saltmarsh vegetation boundary for the years
1977, 2000, and 2020 was reconstructed using aerial photographs and
satellite imagery, as described by Amann et al. (2023). The rate of
saltmarsh boundary progression (in m yr~!) was calculated from cross-
shore transects using the USGS DSAS v5 tool (Himmelstoss et al., 2018).
A positive rate indicates mean progradation over the studied period,
while a negative rate indicates erosion.

3.2. Sampling and processing

Fourteen 1-m sediment cores were collected from saltmarshes at the
three sites, in summer 2021 (na;g = 5; ngrou = 4; Nagrs = 5; Fig. 1).
Coring was done using a stainless steel Eijkelkamp peat sampler. Its
pivoting blade design helps minimize soil compression during sampling,
thereby reducing potential bias in estimating sediment accretion rates.
Cores were sliced every cm immediately on return to the laboratory and
samples were weighed before and after being freeze-dried for 72 h to
determine dry bulk density (DBD, in g cm3).

Surface vegetation representative of the main saltmarsh vegetation
was collected, namely: Halimione portulacoides, Puccinellia maritima,
Agropyrion pungentis, Salicornia europea and Spartina maritima. Ten
samples of each vegetation class were collected, rinsed, and freeze-dried
before isotopic analysis. Below-ground biomass (BGB) was also sepa-
rated from the bulk sediment in top cores and prepared for isotopic
analysis following the same protocol as for the plant and bulk sediment
samples.

3.3. Sediment and mass accumulation rates

The sediment and mass accumulation rates (SAR in cm yr’1 and MAR
in g em 2 yr~!, respectively) were determined using 2°Pb excess
(210Pbxs) profiles (Schmidt and Amann, 2024). 210p, (t12=22.2yr)isa
naturally occurring radioisotope that is rapidly incorporated into sedi-
ments from atmospheric inputs. 2!°Pb,; decreases with sediment depth
according its half-live and sedimentation rate. By applying this princi-
ple, SAR and MAR can be derived from 21OPbxS profile in sediment, based
on the constant flux and constant sedimentation (CF:CS) method
(Schmidt et al., 2014). The activities of 210Pb, 226Ra and 2*?Th were
measured in sediment samples using a BEGe™ Broad-Energy germa-
nium detector (Mirion) equipped with a Cryocycle at EPOC, Bordeaux.
Excesses of 21°Pb were calculated by subtracting the measured activity
supported by its parent isotope, 22°Ra, from the total measured 21°Pb
activity. To account for dilution due to the presence of vegetal fraction in
the upper core sections, 2!°Pby, activities were normalized to 2*2Th
(referred to as 210Pbﬂl; Amann et al., 2023). The coherence of sediment
accumulation rates was independently tested using the time-
stratigraphic marker '*”Cs. 137Cs (t; 5 = 30 yr) is an artificial radioiso-
tope introduced by atmospheric nuclear tests, with maximum fallout
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occurring in 1963.

3.4. Sediment grain size, carbon and nitrogen analysis

Sediment grain size was measured every three cm using a laser
particle size analyzer at EPOC (Malvern Mastersizer 2000). Sample pre-
treatments followed the methodology by Amann et al. (2023). Geo-
metric mean grain size was obtained from three replicates, each
measured for 12 s after 10 % sonication.

Soil organic carbon content (Corg), total nitrogen (TN), and 613C0rg
and 8'°N isotopes were determined c. every three cm of each core using
an EA-IRMS in La Rochelle University, France (EA Isolink and Delta V
Plus, Thermo Scientific). Corg and 613C0rg were obtained from samples
after acidification, while TN and 5!°N were measured on raw samples to
prevent the effects of acidification (Lebreton et al., 2011). The ratio
between Co; and TN (C/N) along with 813C and 5!°N were used to
distinguish between autochthonous and allochthonous sources of
organic matter. Surface vegetation (n = 10 for each of the four vegeta-
tion classes) and below-ground biomass were also analyzed by EA-IRMS
following the sample protocol as for the bulk sediment samples.

Isotopic values were expressed in the & unit notation as deviations
from standards (Vienna Pee Dee Belemnite for 5!3C and atmospheric Ny
for 5'°N) following the formula:

8'3C or 8°N = (Lsa"‘*’le -

-standard

Reference materials USGS-61 and USGS-63 (Caffeine) were used for
calibration and for uncertainty calculation. Standard deviations were
0.11 % for carbon, 0.10 % for nitrogen, and 0.05 %o for 5'3C and 0.04 %o
for 815N

3.5. Organic carbon burial rates

Organic carbon burial rates (in gCorg m~2 yr~!) were calculated as
the product of the mean sediment Corg content (in %) and the 1°pr;‘
derived MAR (in g cm ™2 yr™1). Only the sediment sections indicative of
saltmarsh deposition in the cores were considered, extending until the
depth marking the transition to underlying mudflat sediments. Surface
layers were also excluded from the analysis to ensure that burial cal-
culations were conducted below the zone of early diagenesis and intense
organic matter degradation, thereby avoiding the overestimation of
Corg stocks and burial rates due to highly-reactive carbon fractions
(Williamson and Gattuso, 2022; Amann et al., 2023). The downcore
profiles of Corg density reaching a stability were used as indication for
effective preservation (Mueller et al., 2019; Amann et al., 2023).

3.6. Saltmarsh inundation frequency

The saltmarsh inundation frequency was estimated by intercepting
the saltmarsh topography with a numerical water level hindcast per-
formed from 1999 to 2022, as described in Lorrain-Soligon et al. (2023)
and Savelli et al. (2019). This hindcast employs the circulation model
SCHISM (Zhang et al., 2016), implemented in 2DH over the Pertuis
Charentais Sea with a spatial resolution of 2000 m along the open
boundary and 100 m close to the shoreline. SCHISM is forced by the
amplitudes and phases of the 18 main tidal constituents linearly inter-
polated from the regional tidal model of (Bertin et al., 2012) and fields of
sea-level pressure and 10 m winds originating from the CFSR reanalysis
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(Saha et al., 2010). The model was run for the period 2000-2020 and
hourly time series of water levels were extracted in front of each salt-
marsh studied. The modeled water levels were compared with obser-
vations at several tide gauges in the area, showing a root mean squared
discrepancy of 0.10 to 0.13 m (Lorrain-Soligon et al., 2023).

The derived recurrence curves in water surface elevation were sub-
sequently compared with the topography of the saltmarshes, which was
mapped using LiDAR-derived digital elevation models (DEMs; see
Amann et al., 2023 for details on data accuracy). LiDAR data were ac-
quired in 2021 by the departmental council of Charente maritime for
Brouage and Fier d'Ars (© CD17 — MNT - 2021), and by the National
Natural Reserve of the Aiguillon Bay for Aiguillon (© OPSIA Company,
LIFE Program Aiguillon Bay 2016-2022).

3.7. Suspended sediment concentration in coastal waters

Suspended sediment concentrations (SSC, in g m’g) in coastal waters
near the three study sites were assessed using inorganic suspended
particulate matter derived from ocean colour data for the period
2016-2021 (SPM-R: suspended matter regional algorithm, Aqua MODIS;
Novoa et al.,, 2017). SPM-R data were accessed through the French
marine data and service portal (ODATIS, https://odatis.acri-st.fr), which
provides a 300-m spatial resolution mapping for the Pertuis Charentais.

1) .10%, where R is "°C/*2C or '°N/**N, respectively

SSC data were averaged from a 3-km cross-shore transect in front of each
study site, providing representative averages and insights into spatial
variations in sediment concentration.

4. Results
4.1. Lateral evolution of the saltmarshes

The reconstruction of saltmarsh vegetation boundaries between
1977, 2000, and 2020 reveals differences in lateral morphological
evolutions among the three study sites (Fig. 2).

In the Fier d'Ars, saltmarshes show lateral evolution rates ranging
from +0.5 to +8.2 m yr_!, with an average progradation rate of +3 m
yr~! over the period 1977-2020. The most rapid vegetation develop-
ment occurs in the sheltered bay heads, while the slowest is observed in
the historical polders located in the northern area (Fig. 2a). Aiguillon
Bay exhibits the most rapid development of saltmarsh vegetation,
ranging from +0.8 to +14 m yr™}, with a mean seaward migration of +8
m yr~ L. The highest rates are observed in the northern sheltered bay,
while the lowest rates are found near the river mouth separating the
northern and southern parts of the bay (Fig. 2b). The Brouage salt-
marshes is characterized by the lowest evolution rates of the three sites,
ranging from —1.2 to +3.3 m yr~!, with an average of +0.7 m yr~1. The
southern saltmarshes have higher rates, contrasting with the erosive
northern sections. Maximum erosion occurs at the vegetation tip near
the mouth of the inlet separating the two saltmarshes (Fig. 2c).

4.2. Sediment composition

The saltmarsh sediments are mainly composed of fine silt (81 + 5 %)
and clay (17 + 5 %), with a mean grain size of 7 &+ 2 pm. This grain size
composition is consistent across the study sites, except for sediment
cores collected within the historic polders in the Fier d'Ars (ARS-01 to
—03). These cores reveal a sandy substratum below the saltmarsh, with a
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Fig. 2. Lateral evolution of the saltmarsh boundary and area reconstructed over three years: 1977, 2000, 2020 for a) Fier d'Ars, b) Aiguillon, and c¢) Brouage. Mean
rates of change (lower panel, in m yr~!) were calculated along longitudinal transects in each site for the cumulative period 1977-2020. Specific examples are

indicated along selected transects (red lines traversing the saltmarshes).

clear transition from sand-dominated bottom to silt-dominated sedi-
ments at top (transition depth at 33 cm in ARS-01, 29 cm in ARS-02, and
57 cm in ARS-03). Only the muddy sediment section above this sandy
substratum was included in the calculation of sediment and carbon
accumulation rates in Fier d'Ars. Accordingly, dry bulk density (DBD)
shows similar values among the cores and studied sites, averaging 0.8 +
0.1 g cm™2 in Aiguillon, 0.9 + 0.1 g cm™? in Brouage, and 0.8 + 0.1 g
cm 2 in Fier d'Ars, despite variations in core length.

4.3. Vertical evolution of the saltmarshes

4.3.1. Sediment and mass accumulation rates

The activities of 21°Pby are between 80 and 110 mBq g~ in surface
sediment and exhibit an exponential decrease with increasing depth
beyond a potential mixed layer. The threshold of 10 mBq g~ is reached
at depths from approximatively 30 cm to >110 cm, indicating signifi-
cant differences in sediment accumulation rates across the different
coring sites.

The mean sediment accumulation rates (SAR) and mass accumula-
tion rates (MAR), calculated from Zlong‘, range from 0.48 to 2.22 cm
yr~! and from 0.42 to 1.83 g em™2 yr™?, respectively (Table 1). These
rates are supported by the '37Cs profiles, which exhibit a peak in **”Cs at
the expected depth based on the 210ppH.MAR (Fig. 3). However, this is not
the case for cores that are too short (AIG21_11, AIG17_01), particularly
when the MAR is high (AIG21_20). Also, cores from historical polders in
Fier d'Ars (ARS21_01, ARS21_02, ARS21_03) do not allow to detect *"Cs
peaks in the underlying sand layers.

SAR and MAR vary within and among the three studied saltmarshes,
highlighting significant spatial differences in sediment dynamics.

4.3.2. Intra-site variability

SARs along cross-shore transects in the Aiguillon Bay and Brouage
saltmarshes show an upward trend from landward to seaward stations
(Fig. 3a, c). In Aiguillon Bay, SAR values are lowest at the landward
station (0.84 cm yr’l), increasing at the middle (1.85 cm yr’l) and
seaward stations (2.22 cm yr~1). Similarly, the lowest values in Brouage
are found at the two landward locations (1.11 c¢cm yr’1 and 1.79 ecm
yr’l), increasing seaward (1.85 cm yr’1 and 1.83 cm yr’l, respective to

the two transects).

In the Fier d'Ars, the lowest SARs are observed in saltmarshes that
developed on former polders (0.48 cm yr~! and 0.49 cm yr™ 1), with one
exception showing a relatively high value (0.80 cm yr™!; Fig. 3b). The
highest values are found outside these historical polders with no sig-
nificant variability between the coring sites (0.84 cm yr~! and 0.82 cm
yr~!, respectively).

4.3.3. Inter-site variability

SARs reveal significant differences between the three sites (Fig. 3).
The Fier d'Ars saltmarshes show the lowest mean SAR with 0.69 cm yr~?
(0.48-0.84 cm yr’l), which differs significantly (p < 0.01) from those of
Brouage with 1.64 cm yr~! (1.11-1.85 cm yr 1Y), and Aiguillon with
1.51 cm yr! (0.84-2.22 cm yr1). The SAR values are not statistically
different (p > 0.05) between Aiguillon and Brouage.

4.4. Organic carbon density, content and burial rates

Corg density profiles show a range between 0.01 and 0.03 g em ™3
(equivalent 1.3 to 6.2 %Cog) with the highest values found in the up-
permost sections of the cores, indicative of a greater contribution of
marsh vegetation to the carbon stocks (Fig. 4). Gog density decreases
gradually with depth and remains constant below 20-cm depth,
regardless of the core or site considered. This stability reached downcore
by Corg density correspond to mean Cyrg values of 1.9 + 0.4 % in
Aiguillon, 1.5 + 0.1 % in Brouage, and 1.8 £ 0.5 % in Fier d'Ars
(Table 1).

Corg burial rates vary between 75 and 345 gC m~2 yr~! among the
three sites, and show a clear correlation with SAR variability (r = 0.9, p
< 0.001, n = 13), but no significant dependence on Cog content or
density (r = 0.2, p > 0.05, n = 13). Consequently, Cq¢ burial rates are
the lowest in the Fier d'Ars averaging 92 + 11 gC m~2 yr™}, whereas
significantly (p < 0.01) higher burial rates are observed in Aiguillon and
Brouage, with averages of 241 + 118 gCm 2 yr ' and 211 + 46 gC m 2
yr~}, respectively (Table 1).
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Table 1
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Data synthesis for the saltmarshes in Aiguillon, Brouage, and Fier d'Ars, including sediment accumulation rates (SAR in cm yr~!), mass accumulation rates (MAR, in g
m~2 yr’l), Corg content (in %), Corg burial rates (in gC m~? yr’l), and carbon sequestration capacity (converted in TCOxzeq ha! yr’l). A mean value is given for each
saltmarsh site and a weighted average is given for carbon burial and sequestration rates for the Pertuis Charentais accounting for the saltmarsh area in each site, i.e.,
1100 ha in Aiguillon (88 % weight), 90 ha in Brouage (7 % weight), 65 ha in Fier d'Ars (5 % weight). See Fig. 3 for coring site locations. *SAR and MAR are based on

210pp_ . without Th standardizing.

Site Coring site Coordinates SAR MAR Corg Corg burial rate C sequestration rate
content
LatitudleN  LongitudeE  (cm yr %) (gem2 (%) (gm2yr' Y (TCOzeq ha ' yr'h)
yrh
Northern transect
Aiguillon AIG21_20 46.3111 —1.1744 2.22 £0.32 1.83 £ 0.30 1.81 £ 331 +£ 54 121 +2
0.34
AIG21 21 46.3129 -1.1762 1.85 £ 0.09 1.50 + 0.07 2.30 + 345 + 16 12.7 £ 0.6
0.09
AIG21_22 46.3159 —1.1759 0.84 £ 0.06 0.74 £ 0.05 1.34 £ 9 +7 3.6 +0.3
0.13
Eastern transect
AIG17_01 46.3032 —1.1313 1.41 + 1.24 + - - -
0.19* 0.20%
AIG21_11 46.3025 -1.1291 1.24 £ 0.26 0.86 + 0.12 217 £ 187 + 26 6.9+ 1.0
0.58
Mean value 1.51 + 0.54 1.23 £ 0.45 1.9 +0.43 241 + 118 8.8+ 4.3
Brouage Northern transect
BROU21 20 45.8856 —1.0964 1.85 £ 0.21 1.64 £ 0.16 1.52 + 249 + 24 9.1+0.9
0.30
BROU21 21 45.8853 —1.0959 1.11 + 0.08 1.00 + 0.07 1.45 + 145 + 10 5.3+ 0.4
0.40
Southern transect
BROU21_10 45.8722 —1.1053 1.83 £ 0.11 1.56 + 0.12 1.50 + 234 + 18 8.6 £ 0.7
0.17
BROU21_11 45.8720 —1.1048 1.79 £ 0.08 1.66 £ 0.13 1.30 £ 211 +£17 7.7 £ 0.6
0.15
Mean value 1.64 + 0.36 1.46 + 0.31 1.46 + 211 + 46 7.7 +1.7
0.11
Fier d'Ars RNN Lilleau des
Niges
ARS21_01 46.2287 —1.5029 0.48 £ 0.03 0.42 £ 0.04 1.78 £ 75+7 2.8+ 0.3
0.19
ARS21_02 46.2280 —1.4990 0.49 £ 0.09 0.34 £+ 0.06 271 + 92 + 16 3.4+0.6
0.28
ARS21_03 46.2294 —1.5027 0.80 £ 0.05 0.74 £ 0.05 1.41 £ 104 +£7 3.8+0.3
0.26
ARS21 04 46.2268 —1.5039 0.82 + 0.08 0.63 £+ 0.08 1.46 + 92 +12 3.4+0.4
0.27
Sheltered bay head
ARS21_05 46.2309 —1.5125 0.84 £ 0.08 0.60 + 0.06 1.63 + 98 + 10 3.6 £04
0.35
Mean value 0.69 £ 0.18 0.55 £ 0.15 1.80 + 92 +£11 3.4+04
0.53
Pertuis Weighed average - - - 231 + 108 gCm ™2 8.4 + 3.9 TCOeq ha™!
Charentais yr ! yr!

4.5. Isotopic signature of sediment organic carbon

The results from carbon isotopes (613C) are presented in relation to
the carbon-to-nitrogen ratio (C/N), indicative of the origin of Cyg in
saltmarsh sediments; i.e., an autochthonous vs allochthonous source
(Table 1, Fig. 5). The 5'3C and C/N values of the surface cores generally
reflect the signature of saltmarsh terrestrial plants, such as C3 Halimione
p., Agropyrion p., and Puccinellia m., and C4 Spartina m. (Fig. 5, Table 2).
With increasing sediment depth, the C/N ratio gradually decreases
across all cores, while the 5'3C values converge towards —22 %o,
indicative of the allochthonous marine signature of Corg (marine POC:
8'3C = —25.1 to —20.9 %o; C/N = 4.2 to 7.7; SOMLIT station; www.
somlit.fr). Basal-core sediments correspond to mudflat sediments
(813C = —22.0 + 0.2 %0; C/N = 6.7 + 0.5). This observed pattern has
been discussed in detail for the Aiguillon Bay by Amann et al. (2023).

4.6. Topography, inundation frequency and SSC

4.6.1. Topography and inundation frequency
The topography of the saltmarsh platforms varies between the three

sites studied (Fig. 6). The Aiguillon and Brouage saltmarshes exhibit the
highest mean elevations (2.7 + 0.1 mNGF and 3.0 + 0.2 mNGF,
respectively), whereas the topography in the Fier d'Ars is significantly
lower (2.2 + 0.2 mNGF).

Despite the fact that the Fier d'Ars has the lowest water level recur-
rence curve, the saltmarshes in this area are more frequently flooded (p
< 0.01), with a mean inundation frequency of 5.4 + 2.5 % compared to
1.4 + 1.2 % in Aiguillon and 0.6 + 2.1 % in Brouage.

4.6.2. Suspended sediment concentrations (SSC)

Coastal water SSC for the period 2016-2021 provides an insight into
the sediment availability for the three saltmarshes (Fig. 7). The highest
SSC is found seaward of Brouage (29.8 + 5.8 g m~>) and Aiguillon (23.7
+ 6.8 g m~>), while Fier d'Ars exhibits a significantly lower (p < 0.01)
mean value (7.5 + 3.3 g m_3).
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d'Ars. Conversely, the slowest mean progradation rates occurred in

5. Discussion
Brouage, with some areas experiencing erosion. Exposure to wave and
wind action, combined with the open-coast morphology of the estuary,
likely limits vegetation growth in Brouage. Wind waves, especially wave
power density, can control the lateral retreat of saltmarsh margins as
attested by cliffs and overwash deposits (Marani et al., 2011; Finotello
et al., 2020). The mudflat facing Brouage saltmarsh has a lower topog-
raphy compared to the Aiguillon saltmarsh (approximately 0.7 m lower;
Fig. 5), which further enhances its vulnerability to erosion by waves.

5.1. Controls on lateral progradation

The lateral evolution of saltmarsh vegetation exhibited significant
progradation trends towards the ocean in all study sites in the Pertuis
Charentais region (Fig. 2). The highest rates of vegetation expansion
were observed in sheltered areas, such as the northern Aiguillon Bay,
which is shielded by a sand spit, and in sheltered bay heads of the Fier
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Fig. 3. (continued).

Consequently, the lateral expansion of saltmarsh vegetation is strongly
influenced by the inherited geomorphology, such as a bay's orientation
towards prevailing winds (e.g., Fier d'Ars) and the presence of natural
protective features (e.g., sand spits in Aiguillon). These protective fea-
tures and sheltered bay heads facilitate faster lateral progradation,
emphasizing the importance of natural coastal geomorphologies in
controlling saltmarsh evolution.

The sediment availability in the coastal waters of the Pertuis Char-
entais Sea creates favorable conditions that contribute to the overall
progradation of the studied saltmarshes (Ge et al., 2015; Fagherazzi
et al., 2020). However, while high sediment availability likely explains
the general trend of saltmarsh progradation, coastal SSC did not emerge
as a significant factor in accounting for the observed spatial variability
in the lateral evolution between the studied sites. This contrasts with
studies in areas with low fluvial suspended sediment supply, where
coastal SSC primarily influences the lateral expansion and erosion of
saltmarshes (Ladd et al., 2019).

The overall vegetation progradation observed in all the saltmarshes
of the Pertuis Charentais underlines their ability to adapt and expand in
response to changing environmental conditions. Variations in the rate of
vegetation development suggest potential differences in hydrodynamic
conditions and degree of exposure to wind and waves, themselves
influenced by site-specific geomorphology. Understanding these factors
is crucial for effective coastal management and conservation efforts, as

they determine the resilience and adaptability of saltmarsh ecosystems
to environmental change, particularly in the context of climate change
and sea-level rise.

5.2. Controls on sediment accumulation rates

5.2.1. Inundation frequency and accommodation space

Results revealed an upward trend in sediment accumulation rates
along the cross-shore transects, progressing from landward to seaward
locations as observed in Aiguillon and Brouage. This could not be
inferred in Fier d'Ars as the coring campaign did not follow the same
cross-shore strategy. This landward -seaward pattern is consistent with
previous studies that highlighted the role of prolonged and frequent
inundation of seaward saltmarshes in enhancing sediment supply and
deposition (D'Alpaos et al., 2011; Fagherazzi et al., 2020; Fagherazzi
et al., 2012). Sediment accretion rates and vertical growth of salt-
marshes tend to decrease exponentially with distance from the marsh
edge, channels and creeks (D'Alpaos et al., 2007; Zhang et al., 2019). In
particular, saltmarsh vegetation can enhance deposition rates so that the
amount of sediment available in suspension decreases rapidly away
from the saltmarsh seaward margin. As a consequence, the banks of tidal
creeks tend to accrete faster than the inner area of the marsh (Townend
et al., 2011).

Under high sediment supply, low-elevation saltmarshes can rapidly
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expand to an equilibrium elevation relative to the highest water level, the accommodation space between the marsh upper surface and the
while higher elevation saltmarshes tend to maintain this equilibrium highest tide levels, which can largely drive sediment and carbon accu-
(Temmerman et al., 2004; Unger et al., 2016). This process is intrinsic to mulation rates (Schuerch et al., 2018; Rogers et al., 2019). The cross-
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Table 2

8'3C (in %o) and C/N ratio for saltmarsh vegetation and below-ground biomass.
Vegetation type 513C (%o) 513C_dev (%o) C/N C/N_dev
Spartina maritima —13.91 0.49 12.35 1.32
Puccinellia maritima —28.42 0.38 13.73 2.91
Salicornia europea —30.21 0.52 13.24 2.10
Agropyrion pungentis —27.87 0.48 18.94 5.83
Halimione portulacoides —27.28 0.72 13.40 2.80
BGB_C4 —14.18 0.29 33.98 5.95
BGB_C3 —27.02 0.59 50.40 15.23

shore pattern observed in the studied saltmarshes was also spatially
corroborated at the decadal scale using LIDAR mapping in Aiguillon Bay
(Amann et al., 2023). Taken together, these observations suggest that
the intra-site SAR gradient could be attributed to variations in inunda-
tion frequency (and accommodation space), and to distance from sedi-
ment sources provided by mudflats and tidal channels.

Transitioning from examining sediment accumulation rates within
individual sites to understanding variability between sites, the unique
case of Fier d'Ars emerges. Despite experiencing more frequent inun-
dation and having greater accommodation space, Fier d'Ars exhibits
lower sediment accumulation rates than expected. As a result, no sig-
nificant correlation was found between inundation frequency and SAR
at the coring locations among the three sites. Since inundation frequency
and accommodation space do not by themselves explain the observed

Geomorphology 467 (2024) 109465

variation, additional variables such as sediment availability must be
considered to explain the inter-site variability.

5.2.2. Sediment availability

The variation in sediment accumulation rates among the studied
sites highlights the importance of sediment availability in shaping ver-
tical accretion processes. Specifically, the SAR in the Fier d'Ars (0.69 +
0.18 cm yr ) is notably lower than that in Aiguillon and Brouage (1.51
+0.54 cm yr ! and 1.64 + 0.36 cm yr—}, respectively). This difference is
closely related to variations in the suspended sediment concentration
(SSC) of the coastal water. SSC is lower in front of the Fier d'Ars (7.5 +
3.3 g m~>) compared to Aiguillon and Brouage (23.7 + 6.8 g m 2 and
29.8 + 5.8 g m~°, respectively). The offshore location of the Fier d'Ars,
far from riverine sediment sources, probably contributes to this reduced
sediment availability. Additionally, the orientation of the embayment of
the Fier d'Ars with the respect to the prevailing wind directions (WSW to
WNW) is likely to exacerbate this limitation, further hindering sediment
remobilization by wind waves and subsequent deposition.

Despite the contrasting geomorphologies, both Aiguillon and Brou-
age exhibit high SAR values. This suggests that sediment availability,
rather than protection from wind and waves, is likely to play a more
important role in determining patterns of vertical accretion rates in
these coastal ecosystems. Coastal suspended sediment concentration and
saltmarsh sediment accretion are strongly linked (Allen, 2000; D'Alpaos
et al., 2007; Fagherazzi et al., 2020), with factors that increase SSC can
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Aiguillon Bay 2016-2022 for Aiguillon.
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Fig. 7. Mapping of annual mean coastal suspended particulate matter concentration (in g m~3) for the period 2016-2021, and associated averages for the three study
sites. Data refer to inorganic suspended particulate matter derived from ocean colour (SPM-R, Aqua MODIS; Novoa et al., 2017). The wind rose was generated
through the global wind atlas interface using the ERA5 dataset for the period 2008-2017 (www.globalwindatlas.info).

also enhancing the minerogenic contribution to saltmarsh accretion
(Friedrichs, 2011; Friedrichs and Perry, 2001). High turbidity in coastal
waters of the region, caused primarily by the resuspension of muddy
sediments with each tide, is exacerbated by strong wind waves and
floods (Bassoullet et al., 2000; Poirier et al., 2010, 2016). Wind waves
can re-suspend river-fed sediments and distribute them across the marsh
platform, eventually allowing for vertical accretion. The extensive
intertidal mudflats in the Pertuis Charentais Sea contribute significantly
to this phenomenon by facilitating the transport of fine sediment be-
tween the lower and upper mudflats and towards the saltmarsh plat-
forms (Bassoullet et al., 2000; Le Hir et al., 2010; Poirier et al., 2010).
This emphasizes the critical role of sediment dynamics, particularly
suspended sediment concentration, in shaping the vertical evolution of
minerogenic saltmarshes.

5.3. Implications for carbon burial and sequestration

The mean carbon burial rate for the three sites of the Pertuis Char-
entais Sea is 231 + 58 gC m ™2 yr! (Table 1), aligning closely with the
global average for saltmarshes of 245 + 26 gC m~2 yr ! (Ouyang and
Lee, 2014; Regnier et al., 2022). Results from this study provide valuable
site-specific data to improve blue carbon review efforts (Chmura et al.,
2003; Duarte et al., 2005; Murray et al., 2011; Mcleod et al., 2011;
Ouyang and Lee, 2014; Regnier et al., 2022). To date, only one French
study focusing on Mediterranean estuarine saltmarshes has contributed
to these efforts (Hensel et al., 1999), emphasizing the importance of this
work. Although European saltmarshes represent only 7.3 % of the global
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saltmarsh surface area (Rosentreter et al., 2023), they prove a resilient
capacity to cope with sea level rise and act as significant carbon sinks (e.
g., Mazarrasa et al., 2023; Rosentreter et al., 2023). Our observations
from saltmarshes in southwest France further support this resilience and
carbon sink capacity.

Results also highlighted an important spatial variability in Corg burial
rates, which is strongly correlated with sediment accumulation rates.
This relationship holds across the Pertuis Charentais region, confirming
the key role of sediment accumulation rates in subsurface Cog stocks and
burial rates in minerogenic marshes (Amann et al., 2023; Martinetto
et al., 2023; Van de Broek et al., 2018). The relationship between SAR
and Corg burial rates has important implications for upscaling Corg
sequestration rates from minerogenic saltmarshes, and highlights the
importance of considering morphological studies of saltmarshes in un-
derstanding the carbon sink function of these ecosystems. Previous
works have highlighted the substantial global variation in Cg burial
rates from coastal wetlands ranging from 10- to 600-fold (Duarte, 2017;
Williamson and Gattuso, 2022). Results for saltmarshes from the Pertuis
Charentais Sea revealed a fivefold range at the level of individual sites
and within a climatically uniform region (75 to 345 gC m~2 yr1). This
highlights the importance of conducting multiple coring campaigns to
accurately estimate Corg burial in saltmarshes.

The isotopic signatures of carbon (613C) and nitrogen-carbon ratios
(N/C) in saltmarsh sediments further support previous research indi-
cating the prevalence of allochthonous marine carbon in long-term Corg
accumulation in minerogenic saltmarshes (Van de Broek et al., 2018).
Data suggest that a marine source dominates the Corg signature of
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downcore sediment samples, with basal-core samples corresponding to
mudflat sediments (5'C = —22.0 %+ 0.2 %o; N/C = 0.15 £ 0.01). This
observed pattern was discussed in great detail for the Aiguillon Bay by
Amann et al. (2023), and is confirmed here for Brouage and Fier d'Ars
(Fig. 4). While the surface organic carbon pools are mainly of autoch-
thonous origin, only a fraction persists with sediment depth and con-
tributes to long-term carbon sequestration rates. This suggests that these
ecosystems act as effective traps for allochthonous Coyg, promoting the
importance of considering coupled mudflat-marsh systems in blue car-
bon coastal ecosystem assessments (Macreadie et al., 2019).

Saltmarsh ecosystems, particularly in the Pertuis Charentais Sea, act
as important carbon sinks by trapping, accumulating, and isolating
organic carbon from the environment. These ecosystems have the ca-
pacity to sequester up to 8.4 TCOzeq per hectare annually. To contex-
tualize, a single hectare of saltmarsh can offset the annual carbon
footprint of an average French citizen, which stands at 8.2 TCO:zeq
(DATA-LAB France, 2022). This remarkable carbon sequestration po-
tential aligns with the urban community of La Rochelle's carbon
neutrality ambitions, as outlined in the La Rochelle Zero Net Carbon
Territory (LRTZC) project. The saltmarshes of the Pertuis Charentais Sea
are proving to be invaluable assets in supporting the city's goal of
achieving carbon neutrality by 2040 (https://www.larochelle-zeroca
rbone.fr/notre-defi).

While the significant carbon sequestration potential of these salt-
marshes is evident, it is important to recognize that the overall effec-
tiveness of long-term carbon storage can be influenced by the proportion
of labile (easily degradable) versus non-labile (more stable) organic
carbon. Although this study focuses specifically on carbon accumulation
rates and does not assess the lability of the stored carbon, understanding
these proportions would provide a more nuanced view of the long-term
sequestration. Incorporating such an analysis in future research could
further enhance the assessment of saltmarshes' role in long-term carbon
storage and climate mitigation.

5.4. Implications for coastal marsh management

Effective coastal marsh management necessitates a holistic approach
that integrates all natural processes with strategic interventions. By
prioritizing the preservation of accommodation space, sediment conti-
nuity, and leveraging natural progradation, coastal managers can
enhance the resilience of saltmarsh ecosystems and maximize their
socio-economic and environmental benefits.

5.4.1. Strategic utilization of saltmarshes for coastal resilience

Integrating the natural processes of progradation and accretion into
coastal planning and decision-making can significantly enhance the
resilience and functionality of coastal ecosystems. This strategic
approach includes allowing natural progradation, realigning coastal
infrastructure to accommodate these processes, and restoring coastal
ecosystems to promote saltmarsh expansion and sediment deposition.
For example, increasing the vegetated shoreline area and promoting
sediment deposition can be achieved through the installation of living
shorelines, such as coir logs and bags of oyster shell (Wigand et al.,
2017). These measures aim to protect coastlines and enhance ecosystem
services, as recognized by the UNFCCC (2021).

5.4.2. Role of accommodation space and sediment supply
Accommodation space and sediment supply are key in sustaining
saltmarshes in the Pertuis Charentais Sea amidst changing coastal dy-
namics. Review studies have projected a significant loss of global coastal
wetland area, ranging from 20 to 90 % by 2100, attributed to sea-level
rise (for low- and high SLR scenarios, respectively; Spencer et al., 2016).
However, by accounting for vertical accretion through sediment depo-
sition and lateral expansion via colonizing vegetation, projected global
losses can be reduced to between 0 and 30 % (Schuerch et al., 2018).
Maintaining adequate accommodation space and sediment supply is

12

Geomorphology 467 (2024) 109465

essential for the continued lateral and vertical progression of coastal
marshes. A non-interventionist approach, such as ‘laissez-faire’ man-
agement, can be effective for naturally prograding and vertically
accreting saltmarshes that outpace sea-level rise. (e.g., Aiguillon). In
contrast, saltmarsh systems with limited morphological evolution (e.g.,
Brouage) rely solely on managed realignment to create additional ac-
commodation space, enabling inland migration of saltmarsh plant spe-
cies and thereby enhancing saltmarsh resilience and ecosystem service
provision.

5.4.3. Leveraging progradation and accretion

The saltmarshes in the Pertuis Charentais Sea have demonstrated
rapid rates of progradation and accretion, presenting opportunities for
strategic realignment initiatives to capitalize on coastal wetlands'
ecosystem services. These services are particularly significant in terms of
their carbon sink function, with some of the highest global carbon burial
capacities recorded. A relevant regional demonstration of this can be
seen in Mortagne-sur-Gironde (Gironde Estuary), where a storm in 1999
breached dikes, leaving the site connected to the sea and triggering rapid
sediment deposition and natural filling (up to 7.5 cm yr™! for the period
2001-2021; Dupere, 2021). This example highlights the potential
effectiveness of managed realignment strategies in the region,
leveraging fast accumulation rates and halophytic vegetation develop-
ment to drive efficient landscape changes and enhance ecosystem
services.

5.4.4. Ensuring sediment continuity

Results from this study point out the critical role of sediment avail-
ability in maintaining the physical health of saltmarsh ecosystems.
Ensuring continuous sediment supply in coastal rivers is imperative to
optimize ecosystem services and to support managed realignment stra-
tegies. This involves preventing sediment loss from anthropogenic ac-
tivities and promoting sediment transport processes essential for marsh
sustainability. Dams, in particular, disrupt natural sediment flow,
increasing the vulnerability of nearby saltmarshes to erosion and habitat
loss (Syvitski et al., 2022). The Ebro Delta in Spain serves as a striking
example in Europe, where 99 % of sediment is retained by extensive
damming, resulting in accelerated degradation of the coastal saltmarsh
ecosystems (Rodriguez-Santalla and Somoza, 2019). This demonstrated
the negative impact of dams on saltmarsh ecosystems, also emphasizing
the importance of addressing sediment deficits to mitigate erosion and
maintain ecosystem health.

6. Conclusion

This study investigated the factors influencing the morphological
dynamics and carbon accumulation in macrotidal minerogenic salt-
marshes within the Pertuis Charentais region in France, focusing on key
coastal factors shaping these ecosystems.

Wind-wave exposure itself controlled by coastal geomorphologies
emerged as a critical factor that shapes lateral saltmarsh growth, with
protected areas generally exhibiting faster progradation rates compared
to more exposed locations prone to erosion. Suspended sediment con-
centrations (SSC) in coastal waters were found to play a central role in
governing between-site variability in sediment accretion rates. Sites
with higher SSC typically experience greater sediment accumulation,
highlighting the importance of sediment availability in fostering salt-
marsh resilience.

Carbon burial rates closely correlate with sediment dynamics,
emphasizing the importance of sediment availability in carbon seques-
tration capacity by minerogenic saltmarshes. Isotopic analyses confirm
the significant contribution of marine-derived carbon to long-term car-
bon accumulation processes within these ecosystems. This supports
prior research indicating that carbon accumulation rates in these eco-
systems depend not only on marsh morphology, and vegetation's carbon
burial capacity, but also on the broader coastal ecosystem, including
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nearshore waters and mudflat productivity. Viewing saltmarshes as part
of a coupled mudflat-marsh system is essential for understanding carbon
dynamics and sequestration rates.

Effective coastal management strategies should prioritize ensuring
continuous sediment supply in coastal rivers, preserving and allowing
accommodation space, and leveraging natural progradation to enhance
saltmarsh resilience. Bridging gaps in our understanding of these eco-
systems also supports global efforts in blue carbon sequestration and
promotes the sustainable use of coastal resources. This integrated
approach strengthens the resilience of coastal ecosystems, ensuring their
continued benefits for both human societies and the environment.
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