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Abstract The current paradigm is that salt marshes and their important ecosystem services are threatened
by global climate change; indeed, large marsh losses have been documented worldwide. Morphological
changes associated with salt marsh erosion are expected to influence the hydrodynamics and sediment
dynamics of coastal systems. Here the influence of salt marsh erosion on the tidal hydrodynamics and
sediment storage capability of shallow bays is investigated. Hydrodynamics, sediment transport, and
vegetation dynamics are simulated using the numerical framework Coupled Ocean-Atmosphere-Wave-
Sediment Transport in the Barnegat Bay-Little Egg Harbor system, USA. We show that salt marsh erosion
influences the propagation of tides into back-barrier basins, reducing the periodic inundation and sediment
delivery to marsh platforms. As salt marshes erode, the sediment trapping potential of marsh platforms
decreases exponentially. In this test case, up to 50% of the sediment mass trapped by vegetation is lost once
a quarter of the marsh area is eroded. Similarly, without salt marshes the sediment budget of the entire
bay significantly declines. Therefore, a positive feedback might be triggered such that as the salt marsh
retreats the sediment storage capacity of the system declines, which could in turn further exacerbate
marsh degradation.

1. Introduction

Salt marshes are coastal ecosystems generally located in low energy environments, regularly flooded by tides
and storm surges, and relying on vegetation for stabilization in response to wave attack and sea level rise
(e.g., Allen & Pye, 1992; Boorman, 1995; Fagherazzi et al., 2012). Salt marshes provide several important eco-
system services; for instance, they filter pollutants, act as buffers against coastal storms, serve as nurseries for
commercial fisheries, and store significant amounts of carbon and sediment on a geological time scale (e.g.,
Costanza et al., 1997). In recent years salt marshes have been the focus of many restoration plans built on the
concept of nature-based solutions for flood defenses (e.g., Temmerman et al., 2013), which aim to use vege-
tated surfaces to reduce the impact of storms on coastlines. The storm protection function of these ecosys-
tems has been estimated up to 5 million USD per square kilometer in the United States (Costanza et al., 2008)
and 786 million GBP per year for the U.K. marshes (Foster et al., 2013; Goodwin et al., 2018; U.K. National
Ecosystem assessment, 2011; Xiaorong et al., 2018). Salt marshes are thought to be relatively stable along
the vertical direction, because inorganic matter accumulation and organic mass production allow the marsh
to keep pace with sea level; however, salt marshes are seldom in equilibrium along the horizontal direction,
and continuously expand or contract in response to external forcing such as wind waves and sediment inputs
(e.g., Carniello et al., 2011; Fagherazzi et al., 2013; Leonardi & Fagherazzi, 2014; Leonardi, Defne, et al., 2016;
Marani et al., 2011; Schwimmer, 2001; Schwimmer & Pizzuto, 2000). For instance, Schwimmer, 2001 first sug-
gested the existence of a relationship between wave energy and marsh erosion, and then Marani et al., 2011
demonstrated the existence of a linear relation between wave power density and marsh retreat, using a non-
dimensional analysis and observations; subsequent studies further corroborated the dependence of marsh
erosion and wave power for several locations worldwide (e.g., Leonardi, Ganju, & Fagherazzi, 2016).

Many studies have investigated the feedbacks between vegetation biomass production and marsh elevation
(e.g., D’Alpaos et al., 2012; Marani et al., 2007, 2010; Morris et al., 2002). Morris et al. (2002) showed that up to a
limit, increasing submergence levels aids the productivity of the salt marsh macrophyte Spartina alterniflora.
Marani et al., 2007 introduced a 0-D model coupling physical and biological processes and able to reproduce
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the different elevations of tidal landforms regularly inundated by the tide and characterized by the presence
of different vegetation species; for the different vegetation types, the relationship between biomass change
and submergence level was varied depending on the physiological character of the plants. Marani et al.
(2010) provided a comprehensive theory to describe stable states and equilibrium shifts in tidal bio-
morphodynamics and demonstrated that the organic sediment production associated with halophytic vege-
tation represents a major component of the deposition flux.

Ultimately, the maintenance of salt marsh areal extent has been linked to the sediment budget of the marsh
complex as a whole, including not only the vegetated surfaces but also surrounding tidal flats, seabed, and
tidal channels (Ganju et al., 2013, 2017). Indeed, Ganju et al. (2017) synthesized sediment budgets of eight
microtidal salt marsh complexes and demonstrated the existence of a relationship between sediment budget
and the unvegetated-vegetated marsh ratio, indicating that sediment deficits are linked to conversion of
vegetated marsh portions to open water.

The regular flooding of marsh surfaces during high tides is one of the most important factors contributing to
the delivery of sediments and maintenance of marsh elevation. Among other factors, the frequency and
extent of flooding depends on the elevation of the marsh, local tidal range, and dissipative properties of
vegetation. Large flooded areas and frequent inundation allow for greater sediment trapping on the marsh
platform. Specifically, vegetation stems largely contribute to the accumulation of suspended sediments
through two main mechanisms: reduction of flow speed due to increased drag and trapping of sediments
within the stems (Knutson et al., 1982; Leonard & Reed, 2002; Möller et al., 1999; Mudd et al., 2010; Yang,
1998). The direct particle capture by stems is strongly dependent on flow velocities and in typical marshes
(flow velocity < 0.1 m/s); this contribution makes up less than 10% of the sediment delivered from flood-
waters (Mudd et al., 2010).

There have been extensive studies on both vertical and horizontal salt marsh dynamics, and on the response
of these ecosystems to changes in hydrodynamics and sediment inputs. However, there is not a specific
knowledge about the reverse problem, that is, the impact of marsh loss on tides and sediment budget in
coastal embayments (Fortunato & Oliveira, 2005; Friedrichs & Aubrey, 1988; Friedrichs &Madsen, 1992). In this
paper we investigate how geomorphic modifications caused by marsh lateral erosion can alter tides and
transport dynamics across the whole bay system, and this can in turn affect the survival of marsh ecosystems.
Our findings can be applied to a wide range of back-barrier estuaries where salt marshes are located land-
ward and are extremely relevant for coastal communities given that marsh erosion is a common issue. For
instance, changes in tidal levels can influence marsh flooding and changes in the sediment budget can alter
the resilience of the marsh and of the surrounding coastlines as well.

The Barnegat Bay-Little Egg Harbor system (USA) is used as test case, and a coupled hydrodynamic-sediment
transport model is applied. Starting from the current distribution and extent of vegetated marsh areas, differ-
ent simulations are created, which represent incremental salt marsh loss scenarios. Different erosion scenar-
ios are implemented to quantify changes in hydrodynamics and sediment transport of the whole bay system.
We then highlight the influence of salt marsh erosion on the sediment budget of the whole system and dis-
cuss the implications in terms of wetland resilience and survival under future sea level rise scenarios.

2. Study Site

The Barnegat Bay-Little Egg Harbor estuary (BBLEH) is a shallow lagoon-type estuary located along the
east coast of New Jersey, USA, between 39°410N and 39°560N latitude and 74°040W and 74°120W longi-
tude. The system is composed of three shallow bays: Barnegat Bay, Manahawkin Bay, and Little Egg
Harbor, which are separated from the Atlantic Ocean by ~70 km of barrier islands. In the bay the average
water depth is 1.5 m, with a maximum of 5 m. The basin has a total surface area of 279 km2, and it
ranges from 2.0 to 6.5 km in width (Hunchak-Kariouk, 1999). The estuary connects with the ocean through
Little Egg Inlet, having a width of approximately 2 km with an average water depth of 10 m, and
Barnegat Inlet, which is approximately 400 m wide with an average water depth of 15 m. Tides are pri-
marily semidiurnal, with the M2 tide being the dominant constituent. The tidal range in the ocean is over
1 m, while within the lagoon the tidal range is significantly attenuated, especially in the north where it
reduces to less than 20 cm (Aretxabaleta et al., 2014). As reported by Lathrop and Bognar (2001), natural
and human drivers, such as land use change and dredging operations, have drastically reduced salt marsh
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area from around 14,850 to 9940 ha over the last century. For the
majority of the system, salt marsh erosion rates have been relatively
constant since the 1930s. Around half of the interior shoreline is eroding
less than 0.5 m/year or is not eroding at all; the other half is eroding at
around 0.5–2 m/year, and only 2% of the marsh has erosion rates
exceeding 2 m/year (Leonardi, Defne, et al., 2016; Leonardi, Ganju, &
Fagherazzi, 2016). The highest erosion rates are found in the marshes
surrounding Great Bay (Leonardi, Defne, et al., 2016). Spartina alterniflora
and Spartina patens are the dominant species in tidal wetlands of the
estuary (Kennish, 2001). The bathymetry of the study area and the dis-
tribution of salt marshes are illustrated in Figures 1 and 2a.

3. Methods

The Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST)
modeling framework (Warner et al., 2010) was used to simulate the hydro-
dynamics and sediment transport processes in the Barnegat Bay-Little Egg
Harbor system. The oceanmodel used in COAWST is ROMS (Regional Ocean
Modeling System), which currently incorporates a sediment transport
module based on the Community Sediment Transport Modeling System
(Shchepetkin & McWilliams, 2005; Warner et al., 2008). The wavefield is
simulated by Simulating WAves Nearshore (Booij et al., 1999). ROMS and
Simulating WAves Nearshore are fully coupled and data exchange occurs
every 600 s in this application. The model computes the hydrodynamic flow
field, sediment transport, and wind waves on the same computational grid.
ROMS solves the finite difference approximations of the Reynolds-averaged
Navier-Stokes equations using the hydrostatic and Boussinesq assumptions
(Chassignet et al., 2000; Haidvogel et al., 2000) with a split-explicit time step-
ping algorithm (Haidvogel et al., 2008; Shchepetkin & McWilliams, 2005).
The ROMS barotropic and baroclinic time steps are respectively 0.1 and
1 s. Morphology does not adjust dynamically, and changes in estuary geo-
metry are imposed at the beginning of the simulations.

The domain is defined by a numerical grid of dimension 160 × 800 cells with seven layers equally spaced in
the vertical. The grid, with cell sizes ranging from 40 to 200 m, was refined around elements with complex
geometry and around the inlets. The model is forced at the boundaries of the domain with tides, defined
using ADCIRC (Advanced Three-Dimensional Circulation Model) tidal constituents database for the North
Atlantic Ocean (Mukai et al., 2002). The calibration of the model was done by changing the bottom roughness
coefficient in order to obtain the best accordance with measurements from seven water level stations and
three tidal discharge stations within the BBLEH and for a period comprising the first 2 weeks of March
2012. A quadratic drag formulation with a drag coefficient of 0.0015 was used to define the bottom rough-
ness for the whole domain. The modeling framework has been implemented and calibrated by Defne and
Ganju (2014). The Brier Skill Score (Murphy & Epstein, 1989) was used to evaluate the model performance,
and as reported by Defne and Ganju (2014) skill assessment of the model varies from very good to excellent.

The suspended sediment in the water column is transported by solving the advection-diffusion equation and
by accounting for source/sink terms induced by downward settling or upward flux of eroded material.
Sediment sources from the bed are computed following Ariathurai and Arulanandan (1978) as csource = εs
(1 – n) (τw/τc � 1) for τw > τc, where εs is the bed erodibility (0.0005 kg·m�2·s�1), n is the porosity of the
bed (0.5), τw is the shear stress applied on the bed, and τc is the critical erosion shear stress of the sediment
(0.05 Pa). In our test cases, we only used one class of sediments, having a mass density of 2,650 kg/m3 and a
settling velocity of 0.5 mm/s. Values were chosen based on sediment characteristics typical of a coastal
embayment (Fagherazzi et al., 2013). Sink terms are calculated as csink = ∂wsc/∂s, where ws is the vertical set-
tling velocity and the s coordinate is the vertical sigma coordinate. The friction exerted on the flow by the bed
is calculated using the Sherwood-Signell-Warner bottom boundary layer formulation (Warner et al., 2008).

Figure 1. Bathymetry of the Barnegat Bay-Little Egg Harbor system.
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The bottom boundary layer roughness is increased by the presence of waves that produce enhanced drag on
the mean flow (Ganju & Sherwood, 2010; Madsen, 1994; Styles & Glenn, 2000).

In numerical models, the simplest method to simulate the influence of vegetation on the mean flow is to
increase the bottom roughness coefficient (Morin et al., 2000; Ree, 1949). However, this approximation can-
not properly represent the three-dimensional influence of vegetation on the mean and turbulent flow (e.g.,
Lapentina & Sheng, 2014; Marjoribanks et al., 2014). In this paper, a recently implemented vegetation module
is used (Beudin et al., 2016). The vegetation module affects the flow field through the plant posture-
dependent three-dimensional drag, in-canopy wave-induced streaming, and production of turbulent kinetic
energy (Beudin et al., 2016; Kalra et al., 2017). The spatially averaged vegetation drag force is approximated

a

d e

b c

Figure 2. Model domains (a–e) under different salt marsh erosion scenarios, that is, BBLEH, BBLEH-25, BBLEH-50, BBLEH-
75, and BBLEH-100. Green areas are locations where salt marshes are present. BBLEH = Barnegat Bay-Little Egg Harbor
estuary.
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using a quadratic drag law (equations (1) and (2)), and the effect of plant flexibility on drag is computed using
the approach of Luhar and Nepf (equation (3); Luhar & Nepf, 2011):

Fd; veg;u ¼ 1
2
CDbvnvu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
; (1)

Fd; veg;v ¼ 1
2
CDbvnvv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
; (2)

lve
lv

¼ 1� 1� 0:9Ca�1=3

1þ Ca�3=2 8þ B3=2
� � ; (3)

where CD is the plant drag coefficient, bv is the width of individual plants, nv is the number of plants per unit
area, (u, v) are the horizontal velocity components at each vertical layer, Ca is the Cauchy number, B is the
buoyancy parameter, and lve is the length of a rigid vertical blade that generates the same drag on the mean
flow as a flexible cylinder of length lv.

Apart from the mean flow velocity, vegetation also significantly impacts turbulence intensity and mixing. The
selected turbulence model is the k-ε scheme (Rodi, 1984), which accounts for extra dissipation and turbu-
lence kinetic energy production due to vegetation (Uittenbogaard, 2003). Turbulence influences settling
velocities of particles and a reduction in turbulent energy can lead to enhanced particle settling in salt
marshes (e.g., Christiansen et al., 2000; Leonard & Croft, 2006; Leonard & Luther, 1995; Nepf, 1999).

In this work, we used uniform values of canopy structure and density; however, these parameters can vary
widely in tidal marshes. In the model, plant stems are 50 cm high, 0.1 cm wide, with 1-mm thickness, and
the stem density is defined as 250 stems per square meter (U.S. Department of Agriculture, 2008). The mass
density and elastic modulus are equal to 700 kg/m3 and 1 kN/mm2, respectively (Feagin et al., 2011), the drag
coefficient is set to 1. The marsh coverage data came from the Center for Remote Sensing and Spatial
Analysis’s geographic information systems database. Different salt marsh loss scenarios are tested, which
represent a uniform erosion of the marsh areas (Figure 2); these are simplified cases as some marshes within
the bay eroded faster than others (Leonardi, Defne, et al., 2016; Leonardi, Ganju, & Fagherazzi, 2016). Loss per-
centage ranges from 25% to 100% (when all vegetated areas are removed). Results are presented in terms of
marsh loss percentages. The erosion of salt marshes was simulated by removing vegetation from the eroded
marsh cells and by matching the corresponding bathymetry values with the elevation of the surrounding
tidal flats. For each vegetated pixels was checked whether one of the bordering elements was water. If
one of the bordering element was water, the marsh pixel was transformed into water by assigning as bathy-
metry value the average of the elevations of the nearby water pixels. The algorithm was repeated enough
time to reach a reduction of 25%, 50%, 75%, and 100%.

As marsh erosion is associated with an increase in tidal prism the size of the inlets has been updated follow-
ing the O’Brien-Jarrett-Marchi law (D’Alpaos et al., 2010; FitzGerald, 1996; FitzGerald et al., 2004, 2008; Jarrett,
1976; List et al., 1994, 1997; O’Brien, 1931, 1969), (Figure 2). Specifically, we calculated the slope coefficient of
the O’Brien-Jarrett-Marchi law with an exponent equals to 6/7 for the existing configuration, and wemodified
the cross-sectional area by increasing only the width of the inlets.

For those simulations used to investigate the transport of sediments, a spatially uniform concentration value
is imposed at the starting time in areas inside the bay system. Specifically, the sediment injection occurs at
mean sea level and during the first flood period. During the simulation there are no other external sediments
inputs. Morphological updates, as well as depositional and erosional fluxes, only account for those sediments
that are placed in suspension at the simulation start time.

Several scenarios are simulated to evaluate the effects of marsh erosion on the hydrodynamics and sedi-
ment budget of the system. Basic scenarios are summarized into Table 1: (1) BBLEH: current salt marsh
distribution (no erosion); (2) BBLEH-25: 25% of salt marshes are eroded; (3) BBLEH-50: 50% of salt marshes
are eroded; (4) BBLEH-75: 75% of salt marshes are eroded; (5) BBLEH-100: Salt marshes are completely
eroded; (6) vegetation die-off: Vegetation is completely removed, but there are no morphological changes
with respect to the 0% erosion case. All the simulations are forced at the open boundaries by tidal for-
cing, defined using nine constituents: K1, O1, Q1, M2, S2, N2, K2, M4, and M6. In addition, we test the
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effects of locally generated waves for the scenario with the current salt
marsh distribution (BBLEH) and the scenario with the removal of the
entire marsh surface (BBLEH-100). For these test cases a constant south-
west wind of 10 m/s is assumed. Barnegat Bay is mostly influenced by
locally generated waves and given the orientation of the bay, the
south-west direction is the one corresponding to the highest fetch
values (Figure S5a in the supporting information).

Throughout the manuscript we will show that changes in marsh areal
extent modify tidal amplitudes. To unravel whether the associated
changes in sediment balance are mainly impacted by the sole reduction
of marsh areal extent or by the sole changes in tidal amplitude, a set of
idealized simulations are conducted. Five simulations are forced by the
main tidal component (M2) for different marsh erosion scenarios (0%,
25%, 50%, 75%, and 100%). Five additional simulations have a constant
marsh area (0% erosion case) but are forced at the boundary through an
M2 harmonic reduced by 0%, 5%, 10%, 15%, and 20%with respect to exist-
ing values (Table 1).

4. Results

The first two sections deal with hydrodynamic results with a special focus on changes in tidal prism and tidal
amplitude as a consequence of salt marsh loss. In the third part we investigate the influence of salt marsh loss
on the sediment trapping potential and sediment budget of the bay.

4.1. Influence of Salt Marsh Loss on Tidal Prism

The tidal prism value, P, was assessed at spring tide as the volume entering the bay between high and low
tides. The tidal prism increases as a consequence of salt marsh loss (Figure 3). The percentage increase in tidal
prism correlates well with the increment in basin area (R2 = 0.99), and a polynomial fit was used to highlight
the nonlinear behavior of the system.

The fact that the relationship presented in Figure 3 differs from a straight line with a unit slope suggests that
variations in tidal prism associated with an increase in basin area are also accompanied by changes in tidal
amplitude. Indeed, the tidal amplitude within the bay considerably decreases once the marsh is eroded as
shown by a comparison of the time series of water levels for two points located in the center of Great Bay

Table 1
List of Numerical Runs

Model scenario Marsh loss Forcings

BBLEH 0% Tides, Tides + Waves
BBLEH-25 25% Tides
BBLEH-50 50% Tides
BBLEH-75 75% Tides
BBLEH-100 100% Tides, Tides + Waves
Vegetation die-off 0% Tides
BBLEH-M2 0% M2 tidal component
BBLEH-0.95-M2 0% 0.95 M2 tidal component
BBLEH-0.90-M2 0% 0.90 M2 tidal component
BBLEH-0.85-M2 0% 0.85 M2 tidal component
BBLEH-0.80-M2 0% 0.80 M2 tidal component
BBLEH-25-M2 25% M2 tidal component
BBLEH-50-M2 50% M2 tidal component
BBLEH-75-M2 75% M2 tidal component
BBLEH-100-M2 100% M2 tidal component

Note. BBLEH = Barnegat Bay-Little Egg Harbor estuary.

Figure 3. Relationship between percent increment in tidal prism and percentage increment in basin area with salt
marsh loss.
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and Barnegat Bay (points A and B, Figures 1a, 4c, and 4d); colored lines are water levels for the 0%marsh ero-
sion case, and black lines are the difference in water level before and after the removal of the marsh. The
water levels at the inlet sections are presented in Figures 4a and 4b.

Figure 4. Time series of water levels at Little Egg Inlet (a) and Barnegat Inlet (b); time series of water levels for one point in
Great Bay (point A, Figure 1a) and in Barnegat Bay (point B, Figure 1a). Colored lines represent water level fluctuations for
the scenario with the current salt marsh configuration, while black lines represent differences in water level fluctuations
between the 0% and 100% erosion scenarios. BBLEH = Barnegat Bay-Little Egg Harbor estuary.
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4.2. Influence of Salt Marsh Loss on Tidal Propagation Within the Bay

For a shallow bay characterized by a complex geometry, significant variations in the tidal signal are
expected across different portions of the domain, as well as between spring and neap tides. We com-
puted the spatial distribution of the amplitude and phase lag of the M2 constituent using T_Tide
(Pawlowicz et al., 2002); this harmonic has most of the tidal energy and can be considered representative
of the tidal signal of the system.

The tidal signal within the bay is strongly damped with respect to the ocean boundary, which is in agreement
with previous investigations (e.g., Aretxabaleta et al., 2014). The smallest tidal amplitude is observed in
Barnegat Bay, due to the smaller cross section of Barnegat Inlet with respect to Little Egg Inlet (Figure 5a).
The tidal signal in the bay is also delayed with respect to the tide in the ocean. (Figure 5d). The phase shift
is maximum in Barnegat Bay whose far end has a delay of 110° (3.5 hr). Little phase shift is noticeable in
Great Bay and in the Manasquan River.

a

ed f

b c

Figure 5. (a) M2 amplitude (cm), for the 0% erosion case. (b) M2 amplitude (cm) after removal of the entire marsh surface,
100% erosion scenario. (c) Difference in M2 amplitude (cm) between the case with salt marshes completely eroded and
the case with the current salt marsh extent. (d) M2 phase lag in Barnegat Bay-Little Egg Harbor estuary; (e) M2 phase lag
after removal of the entire marsh surface. (f) Difference in phase lag between the case with salt marshes completely eroded
and the case with the current salt marsh extent.
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A comparison between amplitude and phase lag values for the current salt marsh configuration, and after the
complete erosion of the marsh (Figures 5b and 5e), reveals that the entire domain experiences a decrease in
amplitude and an increase in phase lag once the marsh is completely eliminated from the system (Figures 5c
and 5f). Changes in M2 amplitude vary from 0 to 9 cm, with the highest reduction occurring in Great Bay
whose geometry changes the most after removal of vegetated areas (Figures 1 and 2). In terms of phase
lag, Great Bay andManahankin Bay are the areas experiencing the largest changes, getting a maximum incre-
ment of the phase lag of 13° (about 27 min). This outcome is confirmed when considering changes in spring
(Figure 6) and neap tide (Figure 7) as consequence of salt marsh erosion; the spatial distribution of differences
in tidal amplitude is similar to the one of the M2 component.

a b c

Figure 6. Tidal range (cm) in spring tide conditions. (a) For the current salt marsh extent. (b) After removal of the entire
marsh surface. (c) Difference in tidal range between the case with salt marsh completely eroded and the case with the
current salt marsh distribution.

a b c

Figure 7. Tidal range (cm) in neap tide conditions. (a) For the current salt marsh distribution. (b) After the removal of the
entire marsh surface. (c) Difference in tidal range between the case with salt marsh completely eroded and the case with
the current salt marsh distribution.
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The erosion of the marsh changes the morphology of the bay, which in turn causes interrelated variations of
phase lag and tidal amplitude. Indeed, as the phase lag between the ocean and the lagoon wave increases,
the standing character of the tidal wave declines, leading to a reduction in the magnitude of the signal within
the system. Figure 8 illustrates an idealized time history of tides in the ocean and in the bay. As the water level
in the ocean is higher than the bay level, a flow is generated at the inlet, which fills and raises the water level
within the bay. When the high tide is reached in the ocean, the water level in the bay keeps rising due to exist-
ing phase lag values, and the bay continues to fill until the water level in the ocean and the one in the bay are
the same. When the marsh is eroded a slower increase in water levels within the bay caused by an increase in
the intertidal storage volume delays the tidal wave and increases the phase lag. An increment in phase lag
causes maximum water level values within the bay to decrease as the peak of the tidal wave occurs later
in the falling limb of the ocean wave (Keulegan, 1967). For the BBLEH the hydrodynamics of the problem
is significantly more complicated with respect to the idealized diagram in Figure 8, as rather than having a
single-inlet system, there are two inlets and therefore two overlapping waves entering the bay
(Aretxabaleta et al., 2017). As the amplitude and phase of the main tidal constituent change with the increase
of the intertidal storage volume, tidal asymmetry should also be affected bymarsh lateral erosion. Changes in
the M4 to M2 sea surface amplitude ratio and the sea surface phase M4 relative to M2 were calculated follow-
ing Aubrey and Speer (1985). The amplitude and phase ratios of the system with the current salt marsh dis-
tribution and with marshes completely eroded are depicted in Figure 9. The magnitude of the nonlinear
distortion increases (+15% on average) when marshes retreat (Figures 9a and 9b) and although the relative
phase moves away from the limit that would provide maximum asymmetry, the estuary remains flood domi-
nant (0°< φ< 180°, Figures 9b and 9d; Araújo et al., 2008; Friedrichs & Aubrey, 1988; Picado et al., 2010). The
average of the maximum shear stress calculated during a spring tidal cycle increases around 5% during the
ebb phase and 7% during the flood phase with mars loss.

Extensive vegetation die-off without erosion (i.e., same morphology than Figure 2a but no vegetation, Figure
S1a) does not significantly impact the tidal propagation within the bay. Vegetation die-off still influences tidal
propagation and energy dissipation over the marsh platforms. This result is connected to the fact that fring-
ing marshes are at the boundary with the mainland and different results might be expected for salt marshes
located at the center of the embayment or for different vegetated surfaces such as seagrasses (e.g., Donatelli
et al., 2018). A comparison between the amplitude of the main harmonic with and without full vegetation
cover of the marsh platform shows that changes in the frictional character of marsh platforms do not impact
the tidal propagation into the back-barrier basin (Figures S1b and S1c) but influences the propagation of the
tide on marsh platforms by reducing the flooded areas by 15% (Figure S1d).

4.3. Influence of Salt Marsh Loss on the Sediment Trapping Potential of Shallow Bays

The stability of coastal wetlands and their survival in response to sea level rise and external forcing depends
on the sediment budget of the system (e.g., Fagherazzi et al., 2013; Ganju et al., 2013, 2017). As shown in the

Figure 8. Time histories of idealized ocean and bay tides. MSL = mean sea level.
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previous section, salt marsh erosion increases the tidal prism, which could in turn enhances the flushing
capacity of the system and distort the tidal signal causing thus a possible increase in the loss of sediments
during a tidal cycle and a reduction in the sediment-trapping capability of the bay. Furthermore, a
reduction in tidal amplitude can decrease plant biomass production (Morris et al., 2002).

To test this hypothesis, and to investigate the sediment trapping potential of salt marshes, we conducted
a series of experiments focusing on sediment dynamics. For every salt marsh loss scenario, a 30-day simu-
lation was run by superimposing at t = 0, and over the initial footprint of the lagoon open-water area, a
uniform (100 mg/L) suspended sediment concentration. The sediment injection occurs instantaneously at
mean sea level and at the beginning of the simulation, during the first flood phase. The sediment injec-
tion occurs only once. The initial suspended sediment mass is equal for each erosion scenario because
the footprint where the initial sediment concentration is imposed is the same. A uniformly distributed
input sediment concentration represents potential riverine inputs during flood conditions or large resus-
pension events during storms; such conditions represent major contributors of inorganic sediments to salt
marshes (e.g., Fagherazzi & Priestas, 2010; Falcini et al., 2012; Leonardi et al., 2017). A qualitative assess-
ment about the order of magnitude of suspended sediment concentration values is presented in
Table S1 and Figure S2.

Sediments can be stored within the estuary in one of the following forms, which are quantified for the differ-
ent erosion scenarios: (i) Suspended sediment in the water column, (ii) sediment deposited on tidal flats and
over the within-bay seabed, and (iii) sediment deposited within the vegetated areas. The sum of these quan-
tities represents the total mass of sediments within the bay, and it tends to decline in time because some
sediments are flushed out of the bay system during ebb (Figure S4). The total mass of sediments stored
within the bay exponentially decays and asymptotically approaches equilibrium values. Specifically, given
the existing marsh configuration (0% erosion), equilibrium values are approached after 5 days, while it takes
18 days for the system to reach equilibrium when the marsh is completely removed (100% erosion;
Figure S4).

When the salt marsh is removed, the total amount of sediments stored within the lagoon largely
decreases (Figures 8 and S4). Figure 9 illustrates how marsh loss alters the eventual destination of depos-
ited sediment mass. The sediment mass deposited on tidal flats and the seabed (Figure 11a) linearly
decreases when the marsh is eroded. The suspended sediment mass tends instead to increase with
increasing marsh loss (Figure 11b). The sediment mass trapped by vegetation (Figure 11c) and deposited
on vegetated marsh areas exponentially decreases when marsh is lost. This is due to two main mechan-
isms: (i) from a geometrical point of view, the spatial extent covered by vegetation where sediments can

a b c d

Figure 9. (a) Sea surface amplitude ratio for the currentmarsh distribution and (b) marsh completely eroded. (c) Sea surface
phase of M4 relative to M2 for the current marsh distribution and (d) marsh completely eroded.
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deposit decreases when the salt marsh erodes and (ii) increasing marsh
loss reduces tidal amplitudes and the submergence level of the marsh.
The exponential decrease indicates that the removal of 25% of the
marsh area causes a reduction in the sediment mass trapped by the
marsh of more than 50% and that a removal of 50% of the marsh
has an effect comparable to the removal of the entire
vegetated surface.

When waves are added to the model the associated increase in bottom
shear stress causes greater sediment resuspension; this leads to a large
increase in the sediment mass deposited on marsh platforms and a
decrease in tidal flat deposits. Generally, the presence of waves decreases
the total sediment mass stored within the bay (Figure S5b). Overall trends
in sediment storage in response to salt marsh removal in the presence of
waves are the same than for cases without waves (Figure S6).

For the sediment storage on marsh platforms, to test the relative impor-
tance of the direct impact associated to a reduction of salt marsh areal
extent with respect to the indirect impact related to the erosion-induced
decrease in tidal amplitude, we conducted a set of idealized simulations.
Given the same bay morphology (0% erosion scenario), different scenarios
were forced at the ocean boundary by M2 signals with varying amplitude
(Figure S7a). Specifically, tested values for the M2 component ranged from
the existing 0.59 to 0.47 m, with the latter being a 20% reduced value in
agreement with the average within-bay decrease in tidal amplitude asso-
ciated to the 100% erosion case. Different erosion scenarios were then
tested, which were forced by the sole M2 component (Figure S7b). We esti-
mate that a 20% reduction in tidal amplitude reduces the sediment trap-
ping on marsh platform by 30%.

5. Discussions

Salt marsh losses have been documented worldwide because of land use
change, wave erosion, and sea level rise. Using the COAWST modeling fra-
mework, the impact of salt marsh erosion on the tidal propagation and
sediment budget of a shallow lagoon-type estuary has been studied.

Salt marsh loss causes an increase in tidal prism and a decrease in the sedi-
ment trapping capacity of the lagoon system (Figure 10). Salt marsh ero-
sion also decreases tidal amplitude values across the entire domain
(Figures 4–7). The areas subject to the highest variations in tidal amplitude
are the ones where geometric variations associated tomarsh loss are more
pronounced. Changes in tidal amplitude are due to the increased filling
time of the system and to the consequent increase in phase lag between
the ocean and bay-tidal signals.

Our results show that an increase in the intertidal storage volume dam-
pens the tidal wave for those systems where the increased filling time is
the main consequence associated to marsh erosion.

Specifically, we have shown that when marshes are located landward,
marsh lateral erosion can induce changes in tidal dynamics that could lead
to a positive feedback, which is detrimental for marsh survival (i.e., lower
amplitude, less biomass production, and lower vertical growth).

Our findings are in agreement with studies carried out in the coastal
lagoon Ria de Aveiro, Portugal (Picado et al., 2010). For the coastal lagoon
Ria de Aveiro, the authors showed how the enlargement of the lagoon

Figure 10. Total sedimentmass stored in the domain as a function of percen-
tage increment in marsh loss and after 30 simulated days.

Figure 11. (a) Mass of sediments deposited on tidal flats and on the within-
bay bed. (b) Mass of sediments in suspension. (c) Mass of sediments
trapped and deposited on the vegetated marsh, as a function of percentage
increment in marsh loss and after 30 simulated days.
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flooded area, due to the collapse of protective walls, decreases tidal amplitude within the system. With
respect to Barnegat Bay, Ria de Aveiro has a different number of inlets (number of inlets = 1), different
tidal range (2 m), and different geometry.

The findings have been verified for shallow lagoon-type estuaries and marshes fringing the landward side of
the estuary; different results might occur when salt marshes are located at the center of the embayment or at
seaward side of the embayment, or in case of estuaries with very different morphologies, for example, signif-
icantly longer and deeper estuarine channels.

Salt marsh lateral erosion enhances the export of sediments and reduces the sediment delivery to marsh plat-
forms and the storage of sediments on tidal flats (Figure 11). Such changes in the sediment budget could trig-
ger a positive feedback undermining salt marsh survival to climate change: Once the marsh is eroded, the
capability of the system to store sediments declines and sediments are more easily lost in the open ocean;
accretion rates are also reduced as the marsh platform receives less sediments during inundation periods.
A reduction in the sediment mass available in the estuary affects negatively marsh stability, because without
an adequate sediment supply, vegetated areas are more easily converted into open water (Ganju et al., 2017).
Furthermore, an increase in tidal flat areas increases the erosion hazard connected to locally generated
waves, which could more easily develop; finally, a reduction in salt marsh accretion rates could cause salt
marshes to be more susceptible to sea level rise as a consequence of which a further increase in tidal prism
and accelerated marsh submergence rates might occur (Figure 12). A shortcoming of this modeling frame-
work is related to the usage of only one sediment fraction and to the choice to remove all of the sediments
deriving from the progressive reduction in salt marsh area. In reality, the erosion of marsh edges generates a
source of sediments, which can be delivered to the marsh trough channels or be directly dropped on sub-
merged marsh platform. This sediment could contribute to salt marsh survival and affect the geomorpholo-
gical evolution of the bay over long time scales. This approach would cause an overestimation of marsh
vulnerability if the morphological evolution of the marsh was explicitly accounted for. However, while possi-
bly underestimating the absolute mass of sediments available within the embayment, this approach does not
undermine the main outcome concerning the reduction of the potential sediment storage capability of shal-
low bays as a consequence of salt marsh erosion.

6. Conclusions

Many studies have focused on the impact of external agents on marsh ecosystems, and much focus has been
rightly given to the understanding of how climate change might impact salt marshes. However, the reverse
problem, that is, how the morphological changes of salt marshes, possibly associated to climate change, are
influencing the hydrodynamic and sediment transport of large-scale coastal environments is still poorly

Figure 12. Feedbacks between salt marsh lateral erosion and marsh sediment trapping reduction.
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understood. This contribution focuses on the influence of salt marsh erosion on tidal fluctuations, and sedi-
ment trapping potential of shallow bays and associated consequences in terms of system vulnerability. The
Barnegat Bay-Little Harbor system, a lagoon-type estuary located along the east coast of United States is used
as a test case.

Salt marsh erosion influences the sediment budget of bay systems, and for our case study salt marsh loss has
been found to largely decrease the capability of the bay to retain sediments. The amount of sediments stored
within the bay has been classified into three classes: average suspended sediments in the water column, sedi-
ments deposited on tidal flats and on the within-bay seabed, and sediments deposited on vegetated sur-
faces. The amount of sediments trapped on the vegetated surfaces decreases exponentially with the
conversion of the system to open water, and in our test case a 50% removal of themarsh surface has an effect
comparable to the complete removal of the marsh (Figure 9c). This decline is connected to two mechanisms:
(i) a direct impact associated to the decrease in the spatial extent of vegetated areas where deposition is pos-
sible and (ii) an indirect impact connected to the decrease in tidal amplitude and associated reduced delivery
to marsh platforms; the latter has been found to be less important in marsh sediment trapping. The amount
of sediments deposited on tidal flats shows a linear decrease with salt marsh lateral erosion. Generally, as the
marshes erode, the capability of the system to retain sediments decreases; therefore, positive feedbacks
between marsh erosion and a decrease in the available sediment could be triggered, which is detrimental
for salt marsh survival and especially for the maintenance of vertical accretion rates.
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