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Abstract: Field measurements of bed elevation and related wave events were performed within a
tidal marsh, on two cordgrass species, Spartina anglica (exotic) and Spartina maritima (native), in the
Bay of Arcachon (SW France). Bed- and water-level time series were used to infer on the sediment
behavior patterns from short to long term. A consistent response was found between the bed-level
variation and the wave forcing, with erosion occurring during storms and accretion during low
energy periods. Such behavior was observed within the two species, but the magnitude of bed-level
variation was higher within the native than the exotic Spartina. These differences, in the order of
millimeters, were explained by the opposite allocation of biomass of the two species. On the long
term, the sedimentation/erosion patterns were dominated by episodic storm events. A general
sediment deficit was observed on the site, suggested by an overall bed-level decrease registered
within both species. However, further verification of within species variation needs to be considered
when drawing conclusions. Despite possible qualitative limitations of the experimental design, due
to single point survey, this work provides original and considerable field data to the understanding
the different species ability to influence bed sediment stabilization and their potential to build marsh
from the mudflat pioneer stage. Such information is valuable for coastal management in the context
of global change.

Keywords: cordgrass; mesotidal lagoon; ecosystem engineering; field experiment; acoustic altimetry;
sedimentation/erosion patterns

1. Introduction

The interactions between aquatic vegetation and the physical environment, play a
major role in the evolution of coastal areas [1–6]. At the scale of an ecosystem, the erosion
and accretion patterns resulting from bio-geomorphic feedbacks depend on local, short-
term, sediment dynamics around or within patches of vegetated structures, where their
species dependency is still poorly understood [7]. The comprehension of the underlying
physics governing the formation and evolution of these coastal landscapes is necessary [8,9],
as growing attention is given to ecosystem-based coastal protection solutions [10–12]. In
this sense, field data provide a valuable contribution to improvements of this knowledge.

Given the substantial ecosystem functioning and services provided by tidal marshes [13],
considerable attention has been given to the understanding of the feedback loop between
vegetation in general, hydrodynamics and sediment dynamics, both in current- and wave-
driven flows [14–22]. Indeed, an organism’s efficiency to sediment trapping and stabiliza-
tion by alteration of the incident physical forcing is closely related to its traits, which are
species [23] and season dependent [24,25]. In particular, in the case of aquatic vegetation,
the plant traits action can then be separated in aboveground and belowground effects.
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The aboveground effects directly concern the vegetation aerial biomass and are de-
pendent on specific traits, such as height, density and stiffness [5,15,17,26,27] and surface
of occupation [28]. More specifically, vegetation aboveground biomass contributes to the
reduction of the hydrodynamic energy [5,14,29], leading to a decrease of bottom shear
stresses [17,30,31]. For example, Chen et al. [27] observed that Spartina alterniflora pioneer
patches on the bare mudflats show considerable flow reduction ability, even better than
homogenous Spartina cover with high biomass density, but they failed to confirm the same
pattern for other types of vegetation. Such result supports the strong species dependency
of the response by abiotic forces. By attenuating water velocities, more plant shoots will
consequently tend to favor terrigenous sediment deposition [32–34], and specific marsh
grass morphologies can further affect inorganic sediment accretion [35].

Furthermore, mechanical reinforcement of soil stability can be largely enhanced by
plant root systems [36–38]. For instance, the erosion-reducing potential of species present-
ing root systems with different properties (diameter and length) has been shown by [39]
with a field experiment in Belgium river dikes. They investigated the depth of action of
five communities of plant root systems, each of them showing different properties on soil
resistance to erosion and found an overall decrease of both root density and soil cohe-
sion with depth. Erosion tests conducted in tidal flats colonized by the seagrass Zostera
noltei [40] also showed an increase in bed sediment stabilization related to an increase in
the critical shear stress for bed erosion, due to seasonally more developed root systems.
The bed level variation is an important parameter for the understanding of the extent
of the interactions between the vegetation, hydrodynamics and the resultant sediment
motion [41]. The importance of bed level variation is due to the fact that it integrates a
series of physical and biological processes that determine marsh formation. However,
reliable bed level monitoring needs continuous measurements which requires expensive
and difficult material to set up. Such type of measurements is scarce and valuable for
numerical modelling studies.

In the Bay of Arcachon (Southwest Atlantic coast of France), salt marshes are domi-
nated by two cordgrass species, Spartina maritima, a European native species, and Spartina
anglica, a species that was introduced in the Bay in the 1980s [42]. The two species present
differences in terms of traits, biomass allocation and seasonal development [43]. Given the
numerous functioning values provided by salt marshes and considering the growing global
change pressure they are facing, a deep knowledge of the underlying processes of marsh
adaptation capacity through tidal flat colonization is needed [44]. The evolution of tidal
flats into salt marsh entails an evolution of its functioning, both physically (hydrodynamics
and morphology) and biologically. The processes underlying the interactions between
vegetation and the incident hydrodynamic forces have been widely assessed both with
field and laboratory studies. However, they mostly consider well-developed marsh vegeta-
tion, and less attention has been given to marsh vegetation at the pioneer stage. Hence,
for management purposes, it is important to understand the underlying processes of the
transition between the pioneer mudflat stage and marsh development. With this study, we
aim at providing field observations of bed-level evolution in response to the wave action,
within the two cordgrass species present in the Bay of Arcachon, in their pioneer stage.

2. Materials and Methods
2.1. Study Area

The Bay of Arcachon is a mesotidal coastal lagoon, semi-enclosed from the ocean by
the Cap Ferret sandspit, located in the Bay of Biscay (south west Atlantic coast of France;
Figure 1). The Bay has an equilateral triangular shape of 20 km long sides. Its mean depth
is of 4.6 m [45] and 75% of the total surface corresponds to intertidal mudflats [46].
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is of 4.6 m [45] and 75% of the total surface corresponds to intertidal mudflats [46].  

The Cap Ferret sandspit and the presence of sand banks and shoals at the inlet 
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driven by tidal currents and locally generated wind waves [47]. Tides are predominantly 
semi-diurnal, and tidal amplitude in the lagoon ranges from 0.8 m at neap tides to 4.5 m 
at spring tides [48]. The general circulation in the Bay is ebb-dominated [45], which means 
that the lagoon mostly exports sediment [48]. The velocity of the tidal currents considera-
bly decreases throughout the lagoon, where highest values can reach more than 2 m s−1 at 
the entrance [45,49], decreasing to values between 0.1 and 0.5 m s−1 on the intertidal zone 
[45,50]. The waves are wind dominated and thus closely related to the wind conditions 
[47]. Strongest winds come mostly from W-NW sector. Because of this wind dependency, 
wave heights inside the Bay are limited by the fetch, which, depends on wind direction 
and is strongly affected by the presence of an island in the middle of the Bay, “l’Ile aux 
oiseaux”. Wave and wind measurements by Parisot et al. [47] inside the lagoon showed a 
good correlation between wind intensity and wind wave formation. More precisely, they 
found that winds higher than 10 m s−1 generated waves higher than 10 cm and strongest 
wind events could generate waves higher than 20 cm that could reach up to 50 cm. They 
also verified a non-linear relationship between the increase of significant wave height and 
water depth and typical wave periods between 1 s and 4 s. 

Many small streams discharge into the lagoon. However, the main riverine input 
mostly comes from two rivers: the Eyre, in the SE, and the Porge canal, on the northern 
limit, contributing with 73% and 24% of the total annual discharge, respectively [45,51]. 
This riverine discharge (and inherent sediment input) is negligible, as it is considerably 
lower (400 times) than the volume of incoming seawater, and the overall sediment budget 
in the Bay is negative [46]. At the mouth of the lagoon, the sediment is mainly composed 
of coarse-grain sand [52]. At the inner tidal flats, sediment is mostly muddy, which shows 
the sheltered character of the internal section of the Bay. 

 

Figure 1. (a) Location of the study site of Andernos (yellow box) within the Bay of Arcachon. Red/yellow star indicates the
location of the Cap Ferret’s meteorological station. (b) Characterization of Spartina anglica meadow (top left) and individual
plant (top right) and Spartina maritima meadow (bottom left) and individual plant (bottom right). (c) Wind rose for wind
records at the meteorological station of Cap Ferret indicated in (a) during the period of the field experiment. (d) ALTUS
device mounted on a structure installed within Spartina maritima vegetation patch.

The Cap Ferret sandspit and the presence of sand banks and shoals at the inlet
strongly limit the entrance of oceanic swell, and thus, circulation inside the bay is mainly
driven by tidal currents and locally generated wind waves [47]. Tides are predominantly
semi-diurnal, and tidal amplitude in the lagoon ranges from 0.8 m at neap tides to 4.5 m
at spring tides [48]. The general circulation in the Bay is ebb-dominated [45], which
means that the lagoon mostly exports sediment [48]. The velocity of the tidal currents
considerably decreases throughout the lagoon, where highest values can reach more than
2 m s−1 at the entrance [45,49], decreasing to values between 0.1 and 0.5 m s−1 on the
intertidal zone [45,50]. The waves are wind dominated and thus closely related to the
wind conditions [47]. Strongest winds come mostly from W-NW sector. Because of this
wind dependency, wave heights inside the Bay are limited by the fetch, which, depends
on wind direction and is strongly affected by the presence of an island in the middle of
the Bay, “l’Ile aux oiseaux”. Wave and wind measurements by Parisot et al. [47] inside
the lagoon showed a good correlation between wind intensity and wind wave formation.
More precisely, they found that winds higher than 10 m s−1 generated waves higher than
10 cm and strongest wind events could generate waves higher than 20 cm that could reach
up to 50 cm. They also verified a non-linear relationship between the increase of significant
wave height and water depth and typical wave periods between 1 s and 4 s.

Many small streams discharge into the lagoon. However, the main riverine input
mostly comes from two rivers: the Eyre, in the SE, and the Porge canal, on the northern
limit, contributing with 73% and 24% of the total annual discharge, respectively [45,51].
This riverine discharge (and inherent sediment input) is negligible, as it is considerably
lower (400 times) than the volume of incoming seawater, and the overall sediment budget
in the Bay is negative [46]. At the mouth of the lagoon, the sediment is mainly composed
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of coarse-grain sand [52]. At the inner tidal flats, sediment is mostly muddy, which shows
the sheltered character of the internal section of the Bay.

2.2. Vegetation in the Bay of Arcachon

Mudflats in the Bay of Arcachon are extensively colonized by Zostera noltei. These
seagrass meadows occupy more than 40% of the intertidal surface, and it has been demon-
strated that they damp tidal currents [53] and play a major role on tidal flat sediment
stabilization [40,50]. However, this species presence in the Bay is reportedly declining since
the middle of the 2000s [51]. Since seagrass beds have important ecological values [54],
importance is currently given to a better understanding of the factors contributing to its
decline in the Bay [55].

Salt marshes in the Bay of Arcachon were initially dominated by the cordgrass species
Spartina maritima, a native European species. In the 1980s, there was the introduction
of the exotic species Spartina anglica, which is considered as a strong invader in several
countries [42,56]. Both Spartina species present the same range of occupation along the
intertidal profile [43]. They typically form extensive meadows along the coast, but they can
also extend towards the inner Bay in isolated clonal patches, especially the exotic Spartina,
where it co-occurs with seagrass Zostera noltei [57]. Even though the two cordgrass species
are very similar, they present significant differences in terms of biomass allocation, where
the native species favors aerial biomass, and the exotic one, on the contrary, presents a
more developed root and rhizome system [43].

2.3. Sampling and Analysis

Field work was conducted on the tidal flat at Andernos (44.74◦ N, 1.12◦ W), located in
the north eastern part of the Bay of Arcachon (Figure 1a), during a total period of 14 months,
between the 28th of November 2016 and the 3rd of February 2018.

The choice of the sampling zone was determined by the presence of patches of S. anglica
and S. maritima located nearby, at the same topographic level and exposed to the same
hydrodynamic conditions. The patches of the two Spartina species presented approximately
the same characteristics, with a diameter of 2.5 m and plant height between 10 and 20 cm
(variable with the season). They were placed approximately 20 m apart and located at about
250 m from the shoreline. At the center of the two selected patches (one of each species), we
positioned an ALTUS probe [58], consisting of an acoustic altimeter coupled to a pressure
sensor to perform continuous measurements of the bed-level variation and associated
wave events under the influence of each Spartina species (Figure 1b,d). We followed the
protocol proposed by Ganthy et al. [50] for the use of ALTUS systems within vegetation.
Given the constraints associated with instrument deployment, only one site was considered
in this study. A long-term deployment was performed where bed-level measurements were
collected for more than one year. Plants growing under the range of the ALTUS sensor were
cut at the beginning of the experiment, and the need of plant trimming was monitored at
every site inspection. Bed-level measurements within vegetation were previously performed
by Ganthy et al. [50] where data collection under such conditions was validated.

ALTUS devices are submergible acoustic altimeters with 0.2 mm resolution and 5 mm
accuracy [59]. Both water depth and sediment bed level data were acquired in bursts of
260 s, every 15 min at a frequency of 2 Hz, during immersion periods. Sediment bed level
measurements are performed through the emission and reception of a 1 MHz acoustic
wave. The sensor can record up to 4 beams (B1 to B4). Each one of these beams is based
on a different threshold of the returned acoustic energy, which is a proxy of the degree
of the bed level density. This allows the detection of an eventually layered sediment bed.
More precisely, in the case of a bed composed of more fluid sediment over consolidated
one, the beam with lowest return signal should detect the water/sediment interface,
and the remaining beams progressively detect the deeper layers up to the consolidated
bottom. In absence of bed layering, all beams should provide an equivalent distance to the
bottom. Because altimetry measurements can be affected by the presence of particles in the
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water column that can diffuse the beams return signal and originate spikes of anomalous
data, here we consider the altimetry based on the maximum echo obtained through the
calculation of the standard deviation over the despiked burst, following the standard
deviation method described by Nidzieko and Ralston [60], initially applied to velocity
measurements using Acoustic Doppler velocimeters (ADV).

Free surface water level measurements by the ALTUS pressure sensor are provided at a
resolution of 20 mm. Skewness of water elevation (γ) was computed for each semi-diurnal
tide according to Soulsby [61], following Equation (1):

γ =
µ3

µ3/2
2

(1)

where the m-th moment about zero is defined by Equation (2):

µm =
1

N − 1

N

∑
1=1

(ni)
m (2)

where N is the number of samples ni and, in particular for water level asymmetry, n is
given by the variation of the water level over time following Equation (3):

n =
∂h
∂t

(3)

The skewness of water elevation was used as a proxy for tidal horizontal asymmetry
in order to estimate the asymmetry of tidal currents at the study site, where γ > 0 indicates
ebb-dominance (ebb currents stronger than flood currents), and γ < 0 indicates flood
dominance (flood currents stronger than ebb currents).

Wave height and period were extracted from the high-frequency water depth mea-
surements through spectral analysis. Wave height was computed as the spectral significant
wave height, given by Equation (4)

Hmo =

√
−
E/(gp) (4)

where Ē is the average wave energy, g the gravitation acceleration, and ρ is the water density.
Wave period was computed as the period of highest energy, Tp, where Tp ≈ 5

√
Hm0.

Maximum wave orbital velocities (Ub) were then calculated through linear wave
theory. Subsequent bottom shear stress estimations were based on the wave induced
friction factor (fw) from Equation (5), according to [62]:

τw =
1
2
× ρwater × fw × Ub

2 (5)

where ρwater is the water density (kg m−3) and fw is estimated according to Ariathurai and
Arulanandan [63], as function of the quotient between half the fluid particle excursion at
the bottom and the bed roughness length (Z0), expressed by Equation (6):

fw = 1.39 × (A/Z0)
0.52 (6)

and assuming the typical value of Z0 for muddy sediments of 0.2 mm. This formulation of
fw was chosen for its good fit within a broad range of flow and sediment conditions. The
value of 0.2 mm is indicated by Soulsby [61] as the typical value for muddy sediments. Even
though sediment from the two stations presented slight differences in sediment composition,
these differences were small, and the same Z0 was considered for both. Nevertheless, we do
not exclude the possibility that further attention should be given to variations in the influence
of the Z0 value in the bed sediment dynamics within the two species of vegetation. However,
given the magnitude of differences we observed in the sediment dynamics patterns within
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the two vegetation species, even with the assumption of the same bed roughness length for
both stations; such analysis goes beyond the scope of the present study.

The total wave energy over each tidal cycle was estimated from Equation (7):

Ewave =
t

∑
t−12

1
8
× 9.81 × ρwater × Hwave(t)

2 (7)

Considering that waves in the Bay are mainly wind generated, wind measurements
(direction and intensity; Figure 1c) available at the meteorological station of Lège-Cap Ferret
(Figure 1a) were used and directly correlated to wave direction. Atmospheric pressure
data were also obtained to apply atmospheric and non-hydrostatic corrections to water
depth measurements.

Surficial sediment samples were collected within the two meadows of Spartina in win-
ter and summer to perform grain size analysis, water content and density determination.

Finally, since the two species may differently impact the state of bed sediments
regarding erosion processes, we estimated the critical bottom shear stress for erosion (τce)
from time-series of measured bed level and wave-4 erosion for both species. Ten events
matching this criterion were found, with durations ranging from one single tidal cycle up
to five consecutive tides. For each selected event, we applied the Partheniades erosion law
given by Equation (8):

E(t) = E0 ×
(

τw(t)
τce
− 1
)

for τw > τce, and E(t) = 0 for τw <= τce (8)

where E0 is the erosion rate (kg m−2 s−1). According to Partheniades [64], E0 varies be-
tween 0.005 and 0.015 kg m−2 −1s, so we have considered these two values to consider the
lower and higher erosion rate cases. Based on a recent work [65], we determined E values
depending on the winter value of the sand fraction measured for both species, giving
4.06 × 10−5 and 3.1 × 10−5 kg m−2 s−1 for S. anglica and S. maritima, respectively. For
each wave event and species, 1000 values of τce were alternatively tested (ranging from
0.001 to 4.000 N/m2), and the value providing the best theoretical bed level evolution
compared with data were retained. This sediment transport equation was chosen among
other possibilities for its simplicity and for its commonly suggested use in cohesive sedi-
ments [65]. From the Partheniades relationship [66], we could then estimate the theoretical
bed evolution for each selected wave event following Equation (9):

Hbedtheoretical(t) = Hbedtheoretical(t− 1)− dh(t) (9)

where dh (m) corresponds to the eroded thickness between time t − 1 and t according to
Equation (10):

dh(t) = dt× E(t)
ρdry

(10)

where dt is the time step between measurements t − 1 and t (seconds), ρdry is the dry
density of bed sediment (kg m−3), and E(t) is the instantaneous erosion sediment flux,
previously obtained through Equation (8). It is to note that the instantaneous erosion fluxes
correspond to values averaged over the sampling time (260 s), and data were sampled
every 15 min. This translates into timesteps of 20 min.

All correlations between hydrodynamic and sediment variation parameters were cal-
culated through the Pearson correlation coefficient, with correlation significance threshold
at p > 0.5.

3. Results
3.1. Seasonal to Event Patterns of Sediment Dynamics within S. anglica and S. maritima

Seasonal registered wave, sediment and vegetation characteristics for both stations
are summarized in Table 1.
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Table 1. Summary data for the two Spartina species stations. ρ dry = sediments dry density; ρ bulk = sediments bulk density;
D50 = Sediment mean particle size; Hm0 = mean spectral wave height (m); Hmax = maximum wave height (m); Tp = wave
peak period (s); τw = Bed wave shear stress (N m−2); h = water depth.

Spartina anglica Spartina maritima

Parameters Autumn/Winter Spring/Summer Autumn/Winter Spring/Summer

Plant properties Patch density
(n◦ individuals m−2 ±SE) 39 (±8) 63 (±13) 124 (±16) 130 (±24)

Plant height (cm) 15 15 20 20
Sediment properties Water content (%) 188 (±60) 216 (±23) 224 (±20) 218 (±15)

ρ dry (Kg m−3) 505 (±152) 391 (±34) 380 (±29) 384 (±9)
ρ bulk (Kg m−3) 1363 (±90) 1229 (±19) 1226 (±25) 1220 (±14)

Porosity (−) 0.86 (±0.06) 0.84 (±0.02) 0.85 (±0.02) 0.84 (±0.01)
D50 (µm) 23.1 (±7.5) 28.5 (±3.1) 18.3 (±1.9) 28.7 (±3.18)

Fine sed. fraction (mud and silt %) 81.3 (±11) 73.6 (±4.7) 87.5 (±1.9) 74.7 (±4.4)
Sand fraction (%) 18.7 (±11) 26.4 (±4.7) 12.5 (±1.9) 25.3 (±4.4)

Hydrodynamics Hm0 (min, max) <0.05, 0.65 <0.05, 0.34 <0.05, 0.63 <0.05, 0.29
Hmax (min, max) 0.06, 0.85 0.06, 0.38 0.05, 0.86 0.06, 0.33

Tp (min, max) 1, 9 1, 9 1, 9 1, 9
τw (min, max) 0.09, 16.42 0.1, 5.29 0.11, 15.12 0.16, 0.5

Hm0/h 0.02, 0.27 0.02, 0.36 0.03, 0.47 0.08, 0.27

The hydrodynamic measurements showed differences between wave conditions dur-
ing autumn/winter and spring/summer. Whereas during the low energy seasons wave
heights were on average around 5 cm and did not exceed 20 cm, during the high energy
seasons, wave heights varied between 5 cm and up to 65 cm, during periods of strong winds
(Figure 2b). Even though wave heights within the two species of vegetation were of the same
order of magnitude, with differences under 5 cm, they translated into different impacts on
the bottom (Figure 2d). Notably, for the same wave events, wave bottom shear stress (τw)
was consistently higher by 4 to 30% within Spartina anglica than Spartina maritima stands
(Figure 2c). In terms of plant specific characteristics, differences were mostly found in terms
of patch density, where S. maritima density was twice higher than Spartina anglica during
summer and their difference tripled in wintertime. This is likely a central factor explaining
the differences observed within the hydrodynamics within the two Spartina species.
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The comparison between the critical bed shear stress for erosion between the two
Spartina species (Figure 3) showed that higher values (up to 3 times) of wave bed shear
stress are required for sediment mobilization within the exotic S. anglica which is consistent
with the lower bed level variability verified within the stands of this species.
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However, the analysis of wave action over the bed, both through its energy and wave
bed shear stress, did not reveal a clear tendency in terms of bed level response within the
two Spartina species (data not shown).

Sediment characteristics within the meadows of the two Spartina species were similar
for the spring/summer period. Overall, both species presented a sediment characterized
by medium silt, and during the low energy season, mean sediment grain size was 28 µm for
the two species. Still under low energy conditions, both fine sediment and sand fractions
presented close values, around 74% and 25%, respectively. However, differences between
the two species increased during the high energy season (autumn/winter). Precisely,
sediment in S. maritima showed higher percentage of fine sediments (6%), and conversely,
sand percentage was lower by 6% than in the exotic Spartina. This translated in a slightly
higher median sediment grain size (D50), with 23.1 µm against 18.3 µm, for the exotic
species. Dry sediment density (ρdry) was also significantly different for the two species
within this season, when sediment under the influence of S. anglica presented a ρdry of
505 kg m−3 whereas within S. maritima ρdry was 384 kg m−3 (Table 1).

Considering the seasonal sediment budget, presented in Figure 4, we observed that
the sediment trapping capacity of the two species in the tidal flat during the survey period
was strongly counterbalanced by the erosive processes as both species presented overall
negative sediment budget, except for the spring/summer season within Spartina anglica
that presented an accretion of 2.5 mm. Comparing the two autumn/winter seasons, we
verified a strong inversion in the sediment budget in the behavior of the bed level between
the two species explaining the contrasting net budget observed during the two winter
periods in Figure 5. During autumn/winter 2016/2017, characterized by two spaced but
stronger wave episodes, Spartina maritima presented a higher erosive behavior. During the
second autumn/winter (2017/2018), wave events did not reach the same magnitudes as
the previous one and the wave induced bottom shear stresses were more frequently above
1 N m−2, comparing to the previous year. With this continuous action of waves, it was the
bottom under the influence of S. anglica that presented higher sediment loss. However, the
total budget indicates an erosion twice higher within S. maritima than S. anglica (Figure 4).
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Figure 4. Sedimentation budget (mm) per season (A/W—autumn/winter and S/S—spring/summer)
estimated from the difference in the bed level at the beginning and at the end of each season and
total budget estimated from the difference in bed level between the beginning and the end of the
survey. Negative values indicate erosion and positive values indicate accretion. Error bars represent
standard deviation.

The evolution of the consolidation state of surficial sediment within the two Spartina
species presented both seasonal and event related patterns (Figure 6). Notably, between mid-
March and mid-June, during the low energy season, the thickness of the non-consolidated
bed (soft mud layer) tended to be higher than during more energetic periods, in particular
within S. maritima, where it ranged from under 5 mm up to around 1 cm, whereas within
S. anglica the variation was always under 5 mm. During storm events, in particular the one
of the 28 February 2017, within S. maritima, we observed a strong erosion, with a decrease of
the consolidated bed of more than 1 cm. However, this did not produce an effective erosion
of this order of magnitude as it was accompanied by a liquefaction of the upper layer of
the bed, translated into an increase the soft mud layer thickness. The same behavior was
found for S. anglica with variations of lower magnitude.
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Top graphics consider wind conditions measured at Cap Ferret’s meteorological station with wind 
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Figure 5. Zoom on winter storm events from (a) autumn/winter 2016 and (b) autumn/winter 2017.
Top graphics consider wind conditions measured at Cap Ferret’s meteorological station with wind
speed (line representation) and wind direction (color representation). Central graphics represent
measured mean wave height (blue line) and bed level variation (yellow dots) under the influence of
Spartina anglica. Bottom graphics represent measured mean wave height (blue line) and bed level
variation (red dots) under the influence of Spartina maritima.
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Figure 6. Consolidated bed level (solid grey surface) and soft mud level (dashed black line) and
corresponding mean wave height (black line) within the vegetation patches of (a) Spartina anglica and
(b) Spartina maritima. Dashed grey box indicates “no data” period.

3.2. Tide-Induced Variations in Sediment Dynamics

As expressed by the long-term time series of bed level-change under the action of
both Spartina species, tide-induced bed level dynamics showed the same behavior (well
correlated accretion and erosion episodes) but with variations within S. maritima twice
higher that within S. anglica (Figure 7).
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Figure 7. Bed level variation (in mm) within Spartina maritima versus variations within Spartina
anglica vegetation. Bed level variations are tidally averaged values. Negative values indicate erosion,
and positive values indicate accretion. Black line corresponds to linear regression expressed by the
equation y = 3.51x − 3 (R2 = 0.83, n = 235, p < 0.001, with significance threshold at p = 0.05).

The tidal asymmetry (γ) was found to increase with tidal range (Figure 8). The scatter-
plot indicates that the tide is ebb dominant for neap tides, while it becomes flood dominant
for spring tides, above a tidal range of approximately 1.2 m. The linear increase in flood
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dominance with tidal range can favor sediment import into the study site for spring tides
conditions. More precisely, during spring tides, when currents are stronger, more sediment
is likely to be eroded from channels and tidal flats and because flood currents are stronger
(flood dominance), sediment transport occurs mostly towards the inner Bay where it settles
with lower probability of being re-suspended in ebb due to weaker currents. Conversely,
during neap tides, when ebb currents exceed flood currents, sediment is more likely to be
re-suspended and mobilized from the site.
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Figure 8. Tidal asymmetry index (γ) as a function of tidal range (m) at the study site. Black line
corresponds to linear regression expressed by the equation y = 0.15x − 0.16 (R2 = 0.41, n = 778,
p < 0.001 with significance threshold at p = 0.05). Values of γ > 0 correspond to flood dominance, and
values of γ < 0 correspond to ebb dominance.

The sediment trapping efficiency of the two species can be verified by the estimation
of the sedimentation rate at the two sites. The relationship between sedimentation rate and
tidal range variation (Figure 9) showed strong correlation for the exotic Spartina (R2 = 0.8,
p < 0.001) and no correlation for the native Spartina (R2 = 0.08, p < 0.001), significant in
both cases. Within Spartina anglica, a clear trend for accretion was verified (sedimentation
rate > 0) in the transition from spring to neap tides (tidal range variation < 0). This is
consistent with the previously indicated higher sediment availability during spring tides
that can settle with decreasing tidal currents as we move towards a neap tide regime. In
the transition from neap to spring tides, a tendency for erosion was found instead, mostly
related to the increase in tidal current velocities that will then re-suspend sediment that
previously settled. Sediment variation within Spartina maritima influence showed a lower
direct response to this tidal regime.
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Figure 9. Sedimentation rate (mm h−1) as a function of tidal range variation within (a) Spartina anglica
and (b) Spartina maritima. Solid line corresponds to linear regression expressed by the equations
y = −2.35x − 0.02 (R2 = 0.8, n = 168, p < 0.001) for S. anglica and y = −1.36x − 0.25 (R2 = 0.08, n = 472,
p < 0.001) for S. maritima (with significance threshold at p = 0.05).

3.3. Annual Bed Level Evolution under Spartina Influence

The hydrodynamic measurements for the whole time series (Figure 2a,c) showed
that the two considered winters presented overall different energetic conditions. Notably,
the autumn/winter 2016/2017 was marked by strong episodic storm events where wave
heights and wave bed shear stress reached around 0.85 m and 16 N m−2, respectively,
whereas autumn/winter 2017/2018 was characterized by longer and lower magnitude
wave events where wave heights and wave bed shear stresses did not go over 0.4 m and
5 N m−2, respectively.

The observations of the long-term time series (whole period of survey) revealed a
general stronger tendency for sediment stability under the influence of the exotic S. anglica
than the native S. maritima, both under calm and energetic hydrodynamic conditions
(Figure 2d). The bed level within the exotic Spartina patch experienced little change,
presenting variations within an amplitude of 5 mm. On the other hand, inside the patch of
the native S. maritima, the amplitude of bed level change was considerably larger, not only
on a regular basis, with variations going up to ± 1 cm but also in response to particular
wave events, like the storm from the 4th February 2017 (Figure 2b,c), presenting a net
total decrease in bed level of 2.4 cm. Although, it is to note that the abrupt decrease in
the bed level within S. maritima registered in June is not associated to any meaningful
physical event but most likely to a field survey where vegetation under the sensor was
trimmed hence possibly releasing soft sediment deposits. However, average bed level
evolution within the two Spartina species was strongly correlated (R = 0.83—Figure 7),
which indicates that the same processes govern sediment patterns within both species of
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vegetation, i.e., that erosion and accretion occurred simultaneously for both species as
response to the hydrodynamic forcing. Bed-level variations we measured were in the same
order of magnitude as similar ALTUS measurements previously performed within seagrass
meadows in the Bay of Arcachon by Ganthy et al. [50].

4. Discussion

With the present study, we observed strong differences in bed level dynamics between
Spartina anglica and Spartina maritima, where, overall, sediment influenced by the exotic
Spartina had a higher temporal stability than those influenced by the native species.

4.1. Sediment Dynamics under the Influence of Waves

In tidal flats, waves are considered as a primary driver for sediment dynamics [67,68],
and the two considered Spartina species presented distinct magnitudes of response to
energetic wave events. However, in both cases, a time shift was observed between the
highest wave action and the starting time of erosion. Indeed, the first impact of wave
action, rather than immediate sediment mobilization, is the liquefaction of the sediment
bed, i.e., the oscillatory pressure generated by the incident waves on a consolidated bed
level induces a fluidization of the surficial bed sediments that then become erodible and
available for mobilization at the subsequent wave incidences [69]. Such process is consistent
with our measurements of surficial mud layer thickness that showed, for the two species,
an increase in the non-consolidated bed thickness at the arrival of energetic wave events,
in particular for the native S. maritima. This higher fluidization within the native Spartina
translated in higher erosion rate than within Spartina anglica. The sediment colonized by
the native Spartina presented lower critical bottom shear stresses, which can be explained
by less consolidated sediments. This may be due to the high sediment trapping capacity
and consequent high bed level variability. In this case, a less dense root system can also
contribute to a lower impact on sediment bed resistance to erosion. It is to note that the
bottom shear stress estimation here considered (Equation (5)) does not consider the effect
of unsteady flow. On one hand, the presence of dense canopies typically induces strong
damping both in currents and waves due to the biologically increased bottom friction [24].
On the other hand, in the presence of vegetation stems and leaves, the Reynolds numbers
typically range between values corresponding to unsteady flow conditions [16]. However,
due to the complexity of the vegetation structures, it is not always easy to characterize the
turbulence field. Nevertheless, it can be assumed that within denser canopies the velocity
is nearly constant, and the production of shear turbulence only becomes important very
close to bed. In our study, we have used a simplified approach based on the bed shear
stress, and the effects of turbulence within the two species should be further explored.

The higher resistance to erosion of sediments underneath the exotic Spartina, demon-
strated by the higher critical wave shear stresses within its meadow, supports an increased
bed consolidation within this species, probably related to its voluminous root system.
Alternatively, the erosion differences found for the two species could be explained by
the canopy density related turbulence. It has been experimentally shown by Tinoco and
Coco [7] that higher plant density requires higher critical wave orbital velocity for sedi-
ment resuspension, but denser arrays of vegetation also increase turbulent kinetic energy
levels. Consequently, it is turbulence and not wave orbital velocity that is the main driver
for sediment resuspension because they found a decrease in wave orbital velocity in in-
creased vegetation, and they still had high suspended sediment concentrations. Indeed,
our meadows did show a substantial difference in terms of canopy density, but further
hydrodynamic measurements should be performed in order to verify such findings.

Nevertheless, erosion events were always associated to the occurrence of storms and
they were more intense for the sediment bed under the action of Spartina maritima than
within Spartina anglica.
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4.2. Tidally Driven Sediment Dynamics

The relationship between the sedimentation rate and tidal range variation within
the two species of Spartina showed a much higher variability with tidal action within the
native S. maritima than the exotic S. anglica. Sedimentation rates in tidal flats are directly
linked with the duration of the tidal inundation [70]. Therefore, the tidal forcing action,
which is the dominant forcing during summertime, when periods characterized by large
waves are scarce, represents an important factor in the sediment trapping capacity of
a particular species. Due to its denser canopy, the native Spartina maritima showed a
stronger capacity for sediment trapping. However, freshly deposited sediments are more
easily eroded than consolidated muddier sediments, and increased permeability and water
content reduce soil strength and resistance to erosion [71]. Because S. maritima exhibits a
strong ability for sediment trapping, new sediment is continuously depositing without
time to get consolidated and is easily washed away. Such process was also verified by
Ganthy et al. [40] within Zostera noltei meadows during the low energy summer season.
On the other hand, the exotic Spartina, at the pioneer stage, presented sparse aerial surface
coverage, which indicates that its action on flow deceleration and subsequent capacity
for sediment trapping is probably limited, inducing less sediment motion variation. This
suggests that at the earlier stage of development, the ecosystem-engineering ability of
Spartina anglica to vertically increase soil elevation is mostly related to its high resistance to
erosion and the organic contributions of vegetation [72], rather than by accumulation of
inorganic sediment. Overall, tidally driven sediment dynamics mostly induced accretion
at the site but it was of very low magnitude and, on the short term, was higher within the
native Spartina canopy. Considering the combination between tides and episodic storm
events, essential for the long-term dynamics, we verified that, on one hand, storms induce
erosion, and on the other hand, tidal dominance during fair weather induces accretion.
The weighing of these two processes indicates a stronger predominance of storm-induced
erosion which, along with sediment supply deficiency within the inner zone of the Bay,
leads to a general trend to bed erosion at the study site.

4.3. Long-Term Differences in Bed Level Variation between S. anglica and S. maritima

The seasonal continuous monitoring of bed level evolution under the action of the
two species of Spartina revealed a species dependent influence on soil stabilization in the
tidal flats. Biomass measurements of the two Spartina species in the Bay of Arcachon [43]
have shown that, on the lower intertidal levels, the exotic Spartina, S. anglica, presents
twice higher belowground allocation than aboveground whereas the native one, S. maritima
favors aboveground biomass to the detriment of roots and rhizomes. The long-term
variations in bed evolution we have registered within the two types of vegetation are
consistent with this biomass distribution for the two Spartina species. The soil under the
influence of the invasive Spartina presented considerable stability, even during the action of
energetic hydrodynamic events. This capacity of voluminous root systems to increase soil
resistance [6,32,37] to erodibility has particularly been shown by the works of Vanoppen
et al. [39]. These authors verified an inter-specific effectiveness in reducing soil erosion
rates and that resistance to erosion was positively correlated to root biomass density.

Strong ecosystem engineers in tidal flats, such as Spartina species, are most commonly
known to enhance bed elevation [73]. This is valid for homogenous well-developed
marshes. However, for isolated clone Spartina patches in the pioneer zone, it is not always
the case, and the topographic evolution (expansion or shrinking) of the tussock strongly
depends on the large-scale net-sediment dynamics, sediment grain size and other prevailing
abiotic conditions that can change in time [32]. Indeed, the size of clone is considered
as a major factor in conditioning accretion. References [74,75] have found an increase in
accretion rates with increasing patch diameter for Spartina maritima population. In our
study, we found a general tendency for sediment loss within the patches of the two species
of Spartina. Considering that rivers are a major player in intertidal morphodynamics
providing sediment for salt marsh expansion [6], this can possibly be due to the low
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mineral sediment availability in the Bay of Arcachon. In fact, salt marshes maintain their
elevation by deposition of mineral sediment and production of organic matter, but vertical
and horizontal marsh growth is only possible if there is enough sediment available in the
water column [6,35,70,76]. In this process, the tidal inundation is an important factor, and
it can be considerably affected by changes in Sea Level Rise. The channel network at the
entrance of the Bay has been giving signs that the lagoon is currently adapting to Sea Level
Rise [77]. However, further studies should be performed to address the role of the salt
marshes in the Bay to this adaptation.

4.4. Limitations

A different bed-level variation behavior induced by hydrodynamic forcing was ob-
served within the exotic Spartina anglica and the native Spartina maritima. However, the
methodology here described presents limitations to the generation of conclusive data
regarding the two species impact on sediment stabilization. The characterization of the two
Spartina species biomass allocation was extensively performed and presented in Proença
et al. [43]. It showed a root/shoot ratio 30% higher for the exotic Spartina than the native
one (p < 0.001). However, bed-level measurements were only possible to perform at one
site which restraints the validation of within species variations. We considered pioneer
marsh vegetation, which due to higher exposure to harsh hydrodynamic conditions (higher
wave heights and longer inundation times) experiences stronger die-back of aboveground
biomass during winter seasons than marsh plants located closer to the coast in denser
patches. It is therefore possible that a different behavior could be observed with measure-
ments at more landward located marsh zones, either due to more sheltered conditions or to
more constant vegetation properties. Additionally, field replication of combined hydrody-
namic and bed-level variation measurements within vegetation meadows presenting the
same stage of development and exposed to the same physical forcing in the field is very
difficult to achieve. The natural variability of the environment creates a spatial variability
in the hydrodynamic conditions which limits the assessment of the intra-specific variability
response. For this reason, in studies, such interactions between vegetation and physical
parameters are commonly assessed under controlled laboratory conditions.

We have attributed the differences in bed-level responses to wave action to the biomass
allocation of the two cordgrass species. For instance, the role of belowground biomass for
reducing erosion is not straightforward to interpret and might be related to other variables
that influence the erosion-sedimentation rates [78]. An integrated assessment considering
not only plant biomass but also sediment composition including the presence of benthic
organisms would be desirable.

Given the abovementioned limitations further investigation could provide more
conclusive insights on the biomass allocation influence on bed-sediment stabilization. This
could be achieved not only with a similar field experiment considering more replicates of
coupled hydrodynamic and bed-level measurements per species but also with controlled
laboratory erodimetry experiments. Still, the data here presented provide verifiable field
data showing different bed-level variation behaviors within the two species.

5. Conclusions

The understanding of vegetation related short-term tidal flat sediment dynamics is
essential to the knowledge of the species’ dependent long term cyclic processes of marsh
development. Since salt marshes play a coastal protection role, this knowledge becomes
important in a context of global change, where storm intensity and frequency are predicted
to increase [79].

The monitoring of bed level variation under the influence of the invasive Spartina
anglica showed weak erosion both on the event scale (response to storms) and on the
long-term in opposition to Spartina maritima that presented much higher vulnerability
for sediment loss during high energy events. However, the exotic species also showed a
limited ability in promoting accretion on the pioneer zone of the mudflat comparing to
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the native one. The joint action of these two effects seems to lead to a more effective bed
stabilization and protection against erosion from the exotic Spartina anglica, pointing out
this species as a better ecosystem engineer on the mudflat’s pioneer zone.

Our measurements suggest that closely related species can present different influ-
ences on sedimentation/erosion patterns which should be considered within management
actions. Due to the logistic constraints of instrument deployment that did not allow a
spatial replication of our study, we are aware that inter-species differences are not quan-
tified statistically and conclusions are mostly qualitative. Hence, care needs to be taken
in drawing generalized conclusions. However, the long period of data collection of our
study that enabled to capture two consecutive winter seasons showed a consistent behavior
between seasons for both species and highlights the need of further investigation on species
dependency bed stabilization to consolidate our observations. Such knowledge on the
species ability to promote marsh expansion is important to mitigate global change effects
and help in the preservation of salt marshes. Additionally, in a context where marshes
are globally being threatened by human action [13,80], it is important to understand the
different species’ adaptation mechanisms to the environment they colonize as well as the
repercussions these biologically induced changes can have on a global scale and with an
interdisciplinary perspective in order to achieve a balanced evaluation of eventual coastal
management measures that should be taken.
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