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High rates of wave-induced erosion along salt marsh boundaries
challenge the idea that marsh survival is dictated by the compe-
tition between vertical sediment accretion and relative sea-level
rise. Because waves pounding marshes are often locally generated
in enclosed basins, the depth and width of surrounding tidal flats
have a pivoting control on marsh erosion. Here, we show the
existence of a threshold width for tidal flats bordering salt marshes.
Once this threshold is exceeded, irreversible marsh erosion takes
place even in the absence of sea-level rise. This catastrophic collapse
occurs because of the positive feedbacks among tidal flat widening
by wave-induced marsh erosion, tidal flat deepening driven by
wave bed shear stress, and local wind wave generation. The
threshold width is determined by analyzing the 50-y evolution of
54 marsh basins along the US Atlantic Coast. The presence of
a critical basin width is predicted by a dynamic model that
accounts for both horizontal marsh migration and vertical adjust-
ment of marshes and tidal flats. Variability in sediment supply,
rather than in relative sea-level rise or wind regime, explains the
different critical width, and hence erosion vulnerability, found at
different sites. We conclude that sediment starvation of coastlines
produced by river dredging and damming is a major anthropo-
genic driver of marsh loss at the study sites and generates
effects at least comparable to the accelerating sea-level rise due
to global warming.

salt marsh boundary erosion | wave erosion

Wave-induced boundary erosion is a leading process threat-
ening salt marshes (1, 2), but it is remarkably unexplored

compared with the vertical dynamics of the marsh platform (3, 4).
Wave-induced boundary erosion is particularly relevant along
coastlines with limited subsidence such as the Mid-Atlantic coast
of the United States, where large marsh areas are deteriorating
(5, 6) despite marsh accretion keeping pace with contemporary
rates of sea-level rise (7, 8). Here, we focus on the evolution of
three salt marsh sites on the US Atlantic Coast, subjected to
different rates of wave-induced boundary erosion: Cape May, NJ,
Virginia Coast Reserve, VA, and Charleston Sound, SC (Fig. 1).
All sites are characterized by barrier islands sheltering shallow
bays with extensive salt marshes and tidal flats. The bays are
connected to the open sea by multiple inlets, experience limited
direct riverine inputs (9, 10), and are subject to similar wind
conditions (SI Text). Relative sea-level rise (RSLR) is on the
order of 2 mm/y and tidal range of ∼1.4 m (SI Text). These
embayments are characterized by rounded tidal flats surrounded
by salt marshes, which are referred to as marsh basins (11, 12).
Stevenson et al. (13) reported loss of brackish marshes driven

by the enlargement of marsh basins, referred to by the authors as
ponds. They suggested the existence of a pond threshold width
that, once exceeded, leads to ponds widening by wave-induced
boundary erosion. Here, we expand this idea by (i) developing a
physically based model for the morphological evolution of marsh
basins and (ii) collecting and analyzing an extensive dataset of
marsh basin morphology.

Because locally generated wind waves are controlled by fetch
and water depth, both variables should be accounted for when
predicting the morphological evolution of a marsh basin. We
therefore develop a simple dynamic model that includes the fol-
lowing processes: (i) wave power and related marsh boundary
erosion increases with tidal flat fetch and depth; (ii) marsh
boundary erosion increases the fetch of the adjacent tidal flats,
thus increasing wave power (1, 14); (iii) marsh boundary erosion
releases sediments that become available to settle on the tidal flats,
reducing water depths and thus decreasing wave power (1, 14, 15);
(iv) fetch and depth control sediment resuspension by waves on
the tidal flat. This resuspension mechanism, combined with tidal
fluxes, determines the sediment exchange with the open sea and
whether the tidal flat erodes or aggrades in time (16).

Dynamic Model
We approximate a marsh basin with a cylinder carved into a salt
marsh (Fig. 2A). The basin has a characteristic width w and a
characteristic depth h computed with respect to mean high-water
level (MHW), a datum that varies with RSLR. The marsh plat-
form has a depth of hm with respect to MHW (Fig. 2B). Assuming
that the marsh platform accretes vertically with the same rate of
RSLR (3), hm is a constant that we set here equal to 0.2 m, a
typical value for Mid-Atlantic marshes (3). Marsh boundaries are
characterized by a steep cliff connected to the tidal flat through
a gently sloping profile. The depth of the cliff base hb is assumed
to increase with the tidal flat depth, and it is computed by means
of a semiempirical bed profile (SI Text).
Changes in basin width (Fig. 2) stem from the competition

between marsh boundary erosion Be [m/y] and marsh boundary
progradation Ba [m/y]:

dw
dt

= 2ðBe −BaÞ: [1]

The marsh erosion rate is set equal to the incoming wave
power density at the marsh boundary, W (SI Text), multiplied by
an erodability coefficient ke and divided by the marsh boundary
cliff face height hb − hm (1). Marsh boundary progradation is
simulated as a redistribution of tidal flat sediments toward pe-
ripheral areas, which tend to be sheltered from the action of
waves and currents. We model marsh boundary progradation as
a gently sloping surface dominated by accretion, obtaining Ba =
kawsCrρ−1, where ka is a nondimensional parameter related to the
marsh boundary geometry and here fixed equal to 2 (SI Text), ws is
the settling velocity set equal to 0.5 mm/s, ρ is the dry sediment
bulk density, set equal to 1,000 kg/m3, and Cr is the reference
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sediment concentration in the basin, assumed to be controlled by
the wave-induced bed shear stress τw (SI Text).
The basin depth is controlled by three terms:

dh
dt

=
2ðh− hmÞ

w
½2ðBa −BeÞ�+Fc +Fm

Afρ
+R; [2]

where the first term on the right-hand side is the mass-conserving
redistribution of the sediments eroded or accumulated at the
marsh boundary, Fc is the net sediment flux exchanged between
the marsh basin and the open sea, Fm is the net sediment flux
exchanged with the salt marsh platform, Af is the marsh basin
area, and R is RSLR.
Fm is computed as the amount of sediments imported by a salt

marsh of area Am to keep pace with RSLR, i.e., Fm = ρAmR.
Here, we assume that the salt marsh area over which sediment
coming from the flats is deposited is approximately equal to the
tidal flat area, i.e., Am = Af.
Fc is computed through the tidal dispersion mechanism (17) as

PðCr −CoÞ=Tω, where Co is the sediment concentration in the
open sea, Tω is the tidal period, set equal to 12.5 h, and P is the
tidal prism. We calculate the tidal prism as Afmin ½r; h�, where r is
the tidal range.
To close the model, we compute the local wave regime re-

sponsible for both sediment resuspension in the tidal flats and
erosion of the marsh boundary as a function of wind speed and
basin width and depth, using semiempirical relationships (18)
(SI Text).

Results
Numerical investigations show that the model admits a single
nontrivial unstable equilibrium point (Fig. 2C). The stable mani-
fold of this point divides the phase space into two regions: one is
the basin of attraction of the point corresponding to a marsh
without tidal flats, whereas the other is the basin of attraction of
the point corresponding to an infinitely large tidal flat with a fi-
nite depth (Fig. S1). This depth is such that the tidal flat bed is
in equilibrium with the fetch-unlimited wave regime. Because the
stable manifold is characterized by a nearly constant basin width
(i.e., a vertical line in the w–h plane), the width associated with
the unstable equilibrium point is the discriminant horizontal scale

for basin evolution. Basins smaller than the critical size contract
and eventually disappear, whereas basins wider than the critical
size expand indefinitely. The migration rate Be – Ba increases with
the basin size and tends toward an asymptotic rate controlled by
the fetch-unlimited wave condition (Fig. S1). In reality, basin ex-
pansion stops when the entire salt marsh is eroded, and the basin
width is determined by the geological constrains of the bay, i.e.,
the distance between the barrier islands and the mainland. In this
fetch-limited condition the tidal flat finds an equilibrium depth,
recovering the stable configuration predicted by single point models
(19–21) (SI Text and Fig. S2).
For elevated sediment concentrations the asymptotic migration

rate is negative, i.e., the progradation rate Ba is greater than the
erosion rate Be. The unstable equilibrium disappears, and the
configuration with only salt marshes becomes a global attractor,
with the basins contracting independently of their initial size (Fig.
3 and Fig. S1). In summary, the model predicts that when marsh
boundary migration is allowed, a stable equilibrium with coexisting
tidal flat and salt marsh is not present.
Insights about marsh dynamics are obtained by computing the

marsh boundary migration rate as a function of basin width from
aerial photographs taken 50 y apart (SI Text). Both the northern
portion of the Virginia Coast Reserve and Cape May sites show
that the marsh boundary progrades for basin widths smaller
than ∼1 km and retreats for larger basins (Fig. 4). For both sites the
expansion rate increases with basin width, tending to an asymptotic
value. The southern portions of the Virginia Coast Reserve and
Charleston Sound display only contracting basins, suggesting that
all of the basins are smaller than the threshold width (Fig. 4).
Measured migration rates are compared with those predicted

by the model, following the trajectory on the unstable manifold.
This simplification is supported by the observation that all trajec-
tories are quickly captured by the unstable manifold, and therefore
the majority of the marsh basin evolution occurs along this curve.
Available data on basin width and depth confirm this result (Fig.
2C). This behavior reflects the fact that the basin depth adjusts
faster than basin width, and hence the basin evolution is a succes-
sion of quasi-steady equilibria.
The two parameters ke and Co are determined for each site by

minimizing the root-mean-square error between the observed and
predicted migration rates (SI Text and Table S3). The values that
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Fig. 1. Location of the three study sites: Cape May, NJ, Virginia Coast Reserve, VA, Charleston Sound, SC (29). The marsh basins are drawn as polygons with
a GIS software.
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best reproduce the boundarymigration rate are ke= 0.14m3·y−1·W−1

and Co = 60 mg/L for the northern Virginia Coast Reserve site
and ke = 0.06 m3·y−1·W−1 and Co = 20 mg/L for the Cape May
site (Fig. S3). Assuming an average value of ke = 0.1 m3·y−1·W−1

for both sites, the best-fitting concentration is 30 mg/L (Fig.
S3). With this parameter choice the model predicts a critical
width of about 1 km and an asymptotic erosion rate of ∼2 m/y
(Fig. 4 and Fig. S1). The southern Virginia Coast Reserve mi-
gration rates are best predicted by Co = 130 mg/l, assuming ke =
0.1 m3·y−1·W−1 as for the northern part. Charleston Sound rates
are best predicted by ke = 0.06 m3·y−1·W−1 andCo = 80 mg/L (Fig.
S3). If ke is assumed equal to 0.1 m3·y−1·W−1, the optimal con-
centration reads 110 mg/L (Fig. S3). With a sediment concen-
tration of 120 mg/L the model predicts that all of the basins will
contract (Figs. 3 and 4).
Different values of ka affect the optimal value of Co, but they

always predict lower sediment concentration in the northern
Virginia Coast Reserve and Cape May than in the southern

Virginia Coast Reserve and Charleston Sound sites (Fig. S4).
In addition, a sensitivity analysis reveals that large variations of
RSLR (0–10 mm/y) and wind speed (7–10 m/s) are not able to
explain the difference between the sites (Fig. 4). These analyses
suggest that variations in sediment availability are likely the
cause of the different marsh basin dynamics.

Discussion and Conclusions
Predictions from our simplified model of marsh basin dynamics
are in agreement with historical trends of sediment supply to the
coast. The 20th century was characterized by a decrease of sedi-
ment export from the Delaware Estuary and Chesapeake Bay
(14, 22), which constitute the main sediment sources for the
New Jersey and Virginia marshes. Sediment inventories suggest
that sediment removed from the Delaware Estuary by periodic
dredging is not replenished by the input from upstream tributaries
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Fig. 2. (A) Scheme of a marsh basin. (B) Scheme of the marsh boundary.
(C ) w-h phase space of the marsh basin dynamic model, with r = 1.4 m,
Co = 30 mg/L, ka = 2, ke = 0.1 m3·y−1·W−1, RSLR = 2 mm/y, Uwind = 8 m/s.
A single unstable non-trivial equilibrium (white circle) is present. The unstable
manifold (red curve) quickly attracts all trajectories. Initial conditions to the
left of the stable manifold (green curve) belong to the basin of attraction of
the point [0, hm], while initial conditions to the right of the stable manifold
belong to the basin of attraction of the point [∞,h∞], where h∞ is the
fetch-unlimited depth equilibrium. The stars and crosses represent the depths
and diameters of 10 marsh basins along the US Atlantic Coast (Fig. 1 and
Table S1).
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(22), drastically reducing the sediment supply to the near-shore
continental shelf. The lack of offshore sediment inputs is one of
the causes of sediment starvation within the Virginia marshes
(12, 23). An exception is notable in the southern portion of the
Virginia Coast Reserve, where close proximity to a sediment
depositional cell formed by tidal fluxes out of Chesapeake Bay
promotes higher sediment availability (24).
On the other hand, North Inlet marshes (SC), located about

50 km north of Charleston Sound, have imported a substantial
quantity of inorganic sediments from the ocean, which allowed
them to keep pace with RSLR (10). This high sediment avail-
ability has been associated with the discharge of the adjacent Pee
Dee River (25). Similarly, the elevated availability of inorganic
sediment in the Charleston marshes is probably associated with
the vicinity of the Cooper and Santee Rivers.
We showed that irreversible marsh collapse can occur because

of the positive feedback between marsh boundary erosion, tidal
flat bed erosion, and wave generation in tidal flats. Sediment
starvation deepens tidal flats and inhibits marsh boundary pro-
gradation. Marsh erosion widens nearby tidal flats, thus increasing
wave energy and promoting further erosion in a runaway effect.
RSLR enhances this process by deepening tidal flats and increasing
the sediment flux from tidal flats to salt marshes. The dynamics
of the marsh boundary is primarily controlled by sediment supply

rather than RSLR, as shown by a sensitivity analysis (Figs. 3 and
4). In addition, irreversible marsh erosion via horizontal retreat
can occur in the absence of RLSR, a scenario not predicted by
models of salt marsh vertical evolution (3, 20, 21, 26).
We conclude that lack of sediment supply, often associated

with human activities (27), is a major driver of marsh loss at the
study sites and generates effects at least comparable to the accel-
erating sea-level rise due to global warming. This finding advocates
for salt marsh preservation projects based on the restoration of
the natural sediment supply at the coastline by dam removal and
controlled river diversions (28).
Finally, we suggest that the critical basin width could be used

as an indicator of a possible shift from a stable, closing marsh
basin, to an unstable expanding basin. From the perspective of
marsh-loss mitigation, the model can be used to individuate sys-
tems near the threshold size, where protection intervention should
be concentrated. For example, structures aimed to reduce wave
energy might be used to prevent marsh basins from entering the
erosive state.
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