
https://doi.org/10.1007/s12237-020-00855-5

Sediment Dynamics of a Divergent Bay–Marsh Complex

Daniel J. Nowacki1 ·Neil K. Ganju2

Received: 4 August 2020 / Revised: 7 October 2020 / Accepted: 14 October 2020
© The Author(s), corrected publication 2024

Abstract
Bay–marsh systems, composed of an embayment surrounded by fringing marsh incised by tidal channels, are widely
distributed coastal environments. External sediment availability, marsh-edge erosion, and sea-level rise acting on such bay–
marsh complexes may drive diverse sediment-flux regimes. These factors reinforce the ephemeral and dynamic nature of
fringing marshes: material released by marsh-edge erosion becomes part of a bay–marsh exchange that fuels the geomorphic
evolution of the coupled system. The dynamics of this sediment exchange determine the balance among seaward export,
deposition on the embayment seabed, flux into tidal channels, and import to the marsh platform. In this work, we investigate
the sediment dynamics of a transgressive bay–marsh complex and link them to larger-scale considerations of its geomorphic
trajectory. Grand Bay, Alabama/Mississippi, is a shallow microtidal embayment surrounded by salt marshes with lateral
erosion rates of up to 5 m year−1. We collected 6 months of oceanographic data at four moorings within Grand Bay and
its tidal channels to assess hydrographic conditions and net sediment-flux patterns and augmented the observations with
numerical modeling. The observations imply a divergent sedimentary system in which a majority of the suspended sediment
is exported seaward, while a smaller fraction is imported landward via tidal channels, assisting in vertical marsh-plain
accumulation, maintenance of channel and intertidal-flat morphologies, and landward transgression. These results describe
a dynamic system that is responsive to episodic atmospheric forcing in the absence of a strong tidal signal and the presence
of severe lateral marsh loss.
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Introduction

A common setting in coastal environments is the coupled
bay–marsh complex, which can be found along low-
energy coasts, in microtidal and macrotidal regimes, both
temperate and high-latitude settings (Allen and Pye 1992),
and often near large sediment sources such as rivers
(Fagherazzi et al. 2012). Embayments surrounded by
fringing marsh incised by tidal channels form ephemeral
systems (Fagherazzi 2013) whose components undergo
joint geomorphic evolution as dictated by external and
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internal forcing mechanisms. Despite an acknowledgement
of the importance of such environments, efforts to protect
and restore bay–marsh complexes are typically hampered by
a lack of knowledge regarding the overall sediment budget
of the coupled system. These complexes are subject to
physical forcing mechanisms such as sediment deficits from
limited external sources, edge erosion from wave attack, and
drowning from rising sea levels, three interrelated factors
which determine in large part the geomorphic trajectory of
bay–marsh systems.

Bay–marsh complexes are highly sensitive to external
sediment availability, and proximity to such a source is
a key factor driving the maintenance or expansion of
a marsh system (Friedrichs and Perry 2001). External
sediment availability is important both for vertical sediment
accumulation on the marsh plain (e.g., Allen 2000;
Friedrichs and Perry 2001), as well as the geomorphic
maintenance of the overall coupled environment (e.g.,
Fagherazzi et al. 2012; Fagherazzi et al. 2013). Systems
lacking a sufficient external sediment source will likely
self-cannibalize and lose areal extent as a result.
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Marsh-edge erosion from waves serves to reduce the
areal extent of a salt marsh, converting marsh to open-water
embayment. This process is potentially the chief mechanism
driving marsh loss worldwide (Marani et al. 2011), and the
linear relationship between incident wave power and salt-
marsh lateral erosion (Leonardi et al. 2016) indicates the
sensitivity of marshes to the local wave climate. Storms
that produce winds capable of generating large waves can
raise water levels and drive episodic sediment deposition
on the marsh surface (Reed 1989) and sediment import
(Rosencranz et al. 2016), but they may also ultimately lead
to sediment export (Ganju et al. 2013). A thorough review
of storm impacts on salt-marsh dynamics and morphology
is presented in Leonardi et al. (2018).

Sea-level rise can additionally modify the dynamics of a
bay–marsh system. Assuming sufficient external sediment
supply, accelerated rates of sea-level rise increase hydrope-
riod and subsequently deposition; without a sufficient sed-
iment source, marsh drowning may result (Friedrichs and
Perry 2001). Although sea-level rise may enhance marsh
deposition, it can also drive erosion of tidal flats and marsh
channels via stronger ebb currents, leading to sediment-flux
divergence and a negative system-wide sediment budget
(Zhang et al. 2020).

In this paper, we describe oceanographic observations,
numerical wave model results, and relevant forcing mecha-
nisms of sediment-transport dynamics within a bay–marsh
complex. We compute the net sediment fluxes and illus-
trate the primary mechanisms via flux decomposition. These
results are synthesized into a discussion of transgressive,
divergent, barrier-free bay–marsh systems.

Study Area

Grand Bay is a subembayment of Mississippi Sound within
the Gulf of Mexico, USA (Fig. 1). Straddling the Alabama–
Mississippi border, it is located between the city of Pasca-
goula, MS to the west and Mobile Bay to the east. Along
its shoreward boundary lie approximately 20 km2 of salt
marsh. Its seaward boundaries are the former Grand Batture
Islands, now subaqueous shoals. Farther seaward lie Dauphin
and Petit Bois Islands, which protect Mississippi Sound
from swell propagating from the Gulf of Mexico. Much of
the western side of the Grand Bay system is part of the
Grand Bay National Estuarine Research Reserve (NERR).

Grand Bay is a diurnal microtidal system. It is also
routinely subjected to daily sea breezes; these are strongest
during April–August but can be present throughout the
year. The weak daily tidal forcing combined with reliable
daily winds can make discerning the influence of tides or
winds challenging, because of the similarity of the relevant
periods of these two distinct processes. This combination of
frequent winds and weak astronomical tides can also lead

to seiche motions, which can vary the water level, flow
velocity (e.g., Luettich et al. 2002), and biogeochemical
processes (Basterretxea et al. 2011) in such environments.

The marshes of Grand Bay are composed of deltaic
sediment delivered from the historical Escatawpa River, and
Bayou Heron (Fig. 1) is thought to be one of its relict
distributary channels (Eleuterius and Criss 1991). After an
avulsion within the past 3000 years (Davies and Hummell
1994), the river today is a tributary to the Pascagoula River,
which empties into Mississippi Sound at Pascagoula. The
Pascagoula River is the closest riverine sediment source to
Grand Bay, about 20 km west of the study site, and delivers
about 8×105 t year−1 to Mississippi Sound. The Mississippi
River, 150 km to the southwest, has a median sediment load
of 1.3 × 108 t year−1 (Heimann et al. 2011). Because of the
relative weakness of along-shelf flows near the mouth of the
Mississippi, its sediment is generally not dispersed to far-afield
areas (Wright and Nittrouer 1995) and its dynamics are
likely not relevant to sediment transport within Grand Bay.

Over the past 300 years, numerous events have combined
to increase available wave energy within Grand Bay. Barrier-
island breaches and associated impacts from hurricanes in
the 1700s and 1800s reduced the elevation of the Grand Bat-
ture Islands, which became severely fragmented by 1921
(Eleuterius and Criss 1991). By the 1950s, most of the Grand
Battures had been reduced to subaqueous shoals, exposing
the marsh shorelines of Grand Bay to greater wave energy.
As a result, the marshes of Grand Bay experience extensive
erosion from wave attack (Wacker and Criss 1996) at the
fastest rates in the state of Mississippi (Mississippi Depart-
ment of Marine Resources 1999). The 1848–2017 average
lateral marsh erosion rate within Grand Bay, from the east-
ern side of South Rigolets Island to Point aux Pins (Fig. 1),
is 0.53 ± 0.34 m year−1 (Terrano et al. 2019). Localized rates
can be far higher: South Rigolets Island has experienced on
average 4.5 m year−1 of erosion over the past 150 years
(Meyer-Arendt and Kramer 1991). These rates, lower than
modern values, still represent a considerable yearly sediment
delivery to the system: Using an average Grand Bay marsh
bulk density of 540 ± 240 kg m−3 (Morris et al. 2016; Marot
et al. 2019), a 30-km perimeter around Grand Bay, a marsh
height of 0.4 m (Ennis et al. 2013), and the Terrano et al.
(2019) rate results in a yearly delivery of 3400 ± 2800 t of
marsh material to Grand Bay. This delivery could be larger
still given the potential for an effective marsh height relative
to the bay bottom greater than 0.4 m (e.g., Wilson and Alli-
son 2008). The large erosion rates are also manifested in the
land-cover dynamics of Grand Bay NERR. The percent area
of herbaceous wetland decreased from 56 to 50% between
1974 and 2001, with a nearly equivalent percentage increase
in open water from 30 to 35% (Hilbert 2006).

Given the absence of other sediment sources in the
vicinity of Grand Bay and the rapid rate of lateral erosion,
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Fig. 1 a Map of US Gulf of Mexico coast and study area (red rectan-
gle), NOAA tide gauges (diamonds), and NOAA wave buoys (circles).
Background by Stamen Design, under CC BY 3.0; shorelines from
GSHHG 2.3.7 (Wessel and Smith 1996). b Map of Grand Bay study
area and instrument locations. “Wind” indicates Grand Bay NERR

meteorological station. Dashed curve indicates approximate location
of former Grand Batture islands. Dash-dotted line indicates marsh–
upland boundary. Angled dotted line at MB is referenced in Fig. 3.
Black squares are locations shown in Fig. 10. Bathymetry derived from
DeWitt et al. (2017); shorelines from Terrano et al. (2019)

eroded salt-marsh material is likely an important source of
sediment to the bay, but our knowledge of the ultimate fate
of this sediment is limited. Is most conveyed upstream to
help the marsh accrete and keep up with rising sea levels,
or is it primarily lost offshore via ebb-dominant currents
(Passeri et al. 2015)?

Methods

Field Deployment

Four oceanographic moorings were deployed in marsh
channel–open bay pairs (Fig. 1). One pair characterized
conditions in Heron Channel (HC) and its receiving basin
Heron Bay (HB), while the other was deployed in Middle
Channel (MC) and its receiving basin Middle Bay (MB).
These two channel–bay pairs are adjacent drainages and
subembayments of the Grand Bay system. Middle Bay (area
2.3 km2) is larger than Heron Bay (0.67 km2), but Middle
Channel is smaller than Heron Channel. Middle Channel
has a width of 50 m and is 3-m deep at the mooring and
drains an area of 1.52 km2, while Heron Channel is 140-m
wide with a thalweg depth of 4 m and drains 4.51 km2 of
salt marsh. Both channels incise salt marsh predominantly
colonized by Juncus roemerianus (Hilbert 2006), which is
the predominant species of Alabama and Mississippi salt
marshes (Eleuterius 1976).

Bottom-mounted instrument packages containing acous-
tic Doppler current profilers (ADCP; 2MHz Nortek Aqua-
dopp Profiler), YSI EXO2 multi-parameter water-quality
sondes, and RBR, Ltd. Virtuoso wave gauges were deployed
at the four locations. Waves were measured every 30 min, and

all other parameters were measured every 15 min.
Instruments were deployed from August 4, 2016, to
January 26, 2017. New batteries were installed, and
instruments were cleaned, downloaded, and redeployed
on October 19–23, 2016, and no data are avail-
able from that period. Additionally, no data from the
first deployment are available at HC. Measured data
were subjected to established US Geological Survey quality-
control procedures; further details are given in Nowacki
et al. (2017). Turbidity measured 0.15 m above the seabed
was converted to suspended-sediment concentration (SSC)
using a repeated-median fit (R2 = 0.47 ; Siegel 1982) follo-
wing Suttles et al. (2019) and Nowacki and Ganju (2019).
Auxiliary data including wind conditions and atmospheric
pressure were obtained from the Grand Bay NERR meteo-
rological station 3 km southwest of the study area (Fig. 1).

We computed water and sediment fluxes in the channels
using cross-sectional ADCP measurements (Nowacki et al.
2018a) to convert the velocity measured in the channel thal-
weg to the channel-mean velocity and measured water level
to channel cross-sectional area (Ruhl and Simpson 2005).
In the bays, we used a bay-width computation to extrap-
olate measured currents and compute water and sediment
flux; more details are given in the “Net Sediment Fluxes”
section. In computing the sediment fluxes, we assumed a
well-mixed vertical SSC distribution.

The measured sediment fluxes can be decomposed (e.g.,
Dyer 1974) into advective, dispersive, and Stokes compo-
nents to determine dominant flux mechanisms.

F = 〈Qt 〉=〈uaC〉=〈〈u〉 〈a〉 〈C〉〉︸ ︷︷ ︸
Fadv

+ 〈
u′ 〈a〉 C′〉
︸ ︷︷ ︸

Fdisp

+ 〈
u′a′ 〈C〉〉
︸ ︷︷ ︸

Fstokes

+ small terms (1)
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where u is the mean channel velocity, a is the channel area,
C is SSC, angle brackets indicate tidally averaged values,
and primes denote deviations from the tidal average. The
first term on the right-hand side is the advective flux, arising
from the subtidal terms, the second is the dispersive flux,
attributable to the tidal-scale temporal correlation between
velocity and SSC, and the third is the Stokes-drift flux, from
the correlation between velocity and depth when tides are
progressive; this term is zero for standing-wave tides. In this
study, the Stokes term was negligible, and we focus on the
advective and dispersive components.

WaveModeling

In order to estimate the wave sheltering provided by
the former Grand Batture islands and provide context
for the modern-day geomorphic configuration and wave
conditions, we implemented a numerical wave model of
Grand Bay using SWAN version 41.31 (Booij et al. 1999).
We ran SWAN in 2D stationary mode and specified
a 0.75-m significant wave height at a 5-s period from
155◦. These values are consistent with median statistics
at NOAA buoys 42012 and 42067 (Fig. 1), although they
likely represent an upper bound on waves propagating
toward Grand Bay given the sheltering effects of Petit
Bois and Dauphin Islands. We additionally specified a
10 m s−1 wind from the SE, simulating strong (99th
percentile) onshore wind conditions. Model bathymetry
was obtained from DeWitt et al. (2017) and the National
Oceanographic and Atmospheric Administration Biloxi,
Mississippi and Mobile Bay Coastal Digital Elevation
Models. The model was run in two configurations:
one using modern bathymetry and one representative of
conditions when the Grand Batture islands were intact
subaerial features. The islands were simulated in the
model by introducing a line of dry cells without otherwise
modifying the model bathymetry.

Results

Water Level, Velocity, and SSC

Tides are small in Grand Bay, with a maximum spring-tide
range of about 1 m; neap tides range from 10 to 20 cm
(Fig. 2a). This weak tidal forcing enables other influences
on hydrodynamic conditions, particularly atmospheric
pressure and wind, to dominate.

Flow velocities in channels are moderate (Fig. 2b), with
maximum spring-tide currents approaching 0.4 m s−1, and
reaching 0.2 m s−1 during neaps. Currents in the bays are
slower, with maximum velocities reaching only 0.15–0.2
m s−1; bay currents are also more strongly influenced by

direct wind forcing than in the channels. At all locations, the
tidal wave is approximately standing, except for within the
channels when water levels were within 30 cm of the salt-
marsh elevation, when velocities increased by a factor of
2–3. These surges, caused by the geomorphic configuration
of the channel within the tidal prism and flooding and
draining of the marsh platform (e.g., Myrick and Leopold
1963; Pestrong 1965), were present on both floods and ebbs.

SSC characteristics in the channels and bays were
distinct and were not correlated with Pascagoula River
sediment discharge. In the Middle Bay–Middle Channel
system, average bay SSC was about 50% greater than
channel SSC. Average Heron Channel SSC was more
comparable to Heron Bay SSC, likely because of the smaller
area and resuspension potential of Heron Bay. Overall,
mean SSC was 24 mg L−1; 95% of the values fall between
6–75 mg L−1.

In the bays, there is little tidally forced SSC variabil-
ity (Fig. 2c). Instead, most variation comes from wind
events that generate waves capable of resuspending bed sed-
iment and eroding the marsh edge. Bay SSC was generally
higher on ebb tides than flood tides, suggesting a sediment-
exporting environment. SSC in the channels varies over
a range of time scales, including hourly, tidal, and storm
scales, as SSC is transported from the bay as well as loca-
tions farther upstream. The tidal surges in the channels did
not meaningfully alter the SSC. Velocities in the channels
were ebb-dominant, but SSC tended to be greater on floods
than ebbs. This flood–ebb SSC differential suggests a
channel environment that fosters sediment import (Ganju
et al. 2017; Nowacki and Ganju 2019) and may imply
that channels serve to sequester sediment in the marsh and
channel-adjacent flats.

Wind Influences

Two primary forms of wind forcing are active in Grand Bay.
During the late summer and early fall, daily sea breezes
from the SSE regularly occur and peak in mid afternoon.
Average sea breezes are about 3 m s−1 but can peak to
6–8 m s−1, speeds sufficient to generate moderate wind
waves in the bays. A shift in the wind regime occurred in
early November, when wind forcing changed from daily sea
breezes to larger-scale frontal passage and stronger, more
sustained wind events. Although diurnal sea breezes occur
during the late fall and winter, their magnitude is reduced
and larger storms become more important.

The transition from sea breezes to event-driven dynamics
is visible in Fig. 2. Prior to 8 November, SSC is relatively
high and results from consistent sea breezes eroding the
marsh (U.S. Geological Survey 2017) and resuspending bed
material. After this date, SSC is lower, because there is less
wind and wave forcing within the bay and no larger events

1219Estuaries and Coasts  (2021) 44:1216–1230



Fig. 2 Time-series plot showing
a water depth, b flow velocity,
and c SSC at channel (HC) and
bay (HB) locations, and d
significant wave height at HB
and wind speed at Grand Bay
NERR meteorological station.
Horizontal lines in (a) indicate
approximate marsh level (Smith
et al. 2020) relative to the
channel and bay water depths

to impact the system. The bay and channel environments
responded differently to wind forcing, and we consider them
individually below.

Wind Influences on Bay Dynamics

Within bays, winds modify waves, water level, and currents.
Wind-generated waves resuspend material on the bed and
erode the marsh edge. Indeed, SSC in the bay is responsive
to wind over a range of wind speeds, particularly during
landward winds (Fig. 3a). Larger waves produced by
stronger wind events can erode more bed material and
deliver more energy to attack the marsh edge. Furthermore,
landward winds have greater fetch and are able to produce
larger waves which are more efficient in mobilizing sediment
from the bed and marsh edge. These larger waves result in

higher SSC values at MB for landward winds compared to
seaward winds.

In the semi-enclosed Heron and Middle Bays, wind
modifies currents via direct application of stress to the water
surface, as well as the production of water-level setup that
drives a return flow in the deep regions of the bay (Csanady
1973; Signell et al. 1990; Wong 1994). This return flow is
revealed in the sediment flux (Fig. 3b). Landward winds
produce seaward sediment fluxes at MB, and the magnitude
of these fluxes increase with wind speed. Seaward winds
with a strong southward component consistently produce
landward sediment fluxes that are aligned with the local
bay isobaths. Seaward winds with a weaker southward
component result in more variable sediment-flux directions,
potentially because of the sheltering effect of the island
which separates Middle and Heron Bays.

Fig. 3 Plots of mean a SSC and b sediment flux at MB binned by
wind conditions with arrows indicating flux direction. Bins are plotted
only if they include 20 or more data points. Circles indicate 5 m s−1

speed increments. Angled dotted line indicates orientation normal to
axis of Middle Bay (see “Introduction”); wind conditions above this

line correspond to landward winds. In (a), note increase in SSC with
strong landward winds. In (b), note seaward sediment flux for land-
ward winds and variable but generally landward flux during strong
seaward winds
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Wind Influences on Channel Dynamics

Wind speed does not exhibit a clear correlation with SSC
in channels as it does in bays. Instead, the wind–SSC
correlation is more subtle, but no less crucial, to the
sediment dynamics. Wind influence in the channels is
primarily manifested in the form of seiche motions. Seiches
are a key effect of both storms and sea breezes in channels,
and are typically produced by a sudden change in wind
characteristics, such as a directional change, an increase
in wind speed, or a rapid decrease in winds. Water-
level variability, flow velocity, and sediment fluxes are all
influenced by seiche activity, which takes on increased
importance in this microtidal environment. The combination
of high SSC in the bay and seiche motions in the channel
is a method by which considerable sediment is transported
within channels.

Although the specific wind dynamics leading to each
seiche event varied, we consider one example to elucidate
typical patterns. In early January 2017, variability in wind
forcing produced seiche motions at HC (Fig. 4). Moderately
strong winds blew westward and transitioned to northward
at about 5 m s−1, building bay waves to significant heights
of 0.2–0.3 m. Concurrently, bay SSC increased. As the wind
relaxed, the release of water-level setup initiated several
actions in rapid succession.

Water-level drawdown in the bay started a strong ebbing
seiche motion in the channel (denoted by “1” in Fig. 4).
Channel flows nearing 0.5 m s−1 resuspended sediment
which potentially had settled on the bed over the preceding 8
h of weak currents. During this ebb-directed seiche, material
was transported seaward out of the channels. A flood seiche
(2) brought water and moderate amounts of sediment back

into the channels. During the next ebb seiche (3), SSC in
the bays increased, and on the following flood seiche (4),
channel SSC markedly increased, as this high-SSC water
was transported back into the channel. Motions continued
(5, 6, 7, 8) for another 4 h. The pattern of increased fluxes
of water and sediment for this event occurred over about 8
h, with a seiche period of about 2 h.

For an open basin, the period T of the fundamental seiche
mode is (e.g., Gill 1982):

T = 4L√
gh

(2)

where L is a horizontal length scale, g is gravity, and h is a
vertical length scale. Representative values of 4–6 km for L

and 1–1.5 m for h give T values of 1.15–2 h. As such, the
seiche periods plotted in Fig. 4 are consistent with Fig. 2.

We use a coherent wavelet transform (CWT) to visualize
seiche influence on the velocity and sediment flux (Fig. 5),
because seiches do not occur as consistently as astronomical
tides, and the variability they produce can be subtle when
considering the full deployment time-series. The velocity
CWT shows a band of elevated energy at the diurnal tidal
period and, to a lesser extent, the semidiurnal period. The
energy in the tidal bands varies with the spring–neap cycle,
and seiches can occur during both spring- and neap-tide
periods, as shown in Fig. 5. At the seiche-period band, Fig. 5
shows at least three distinct seiche events in the velocity, on
1 January, 2–3 January (the event shown in Fig. 4), and 6–7
January. Similarly, the sediment-flux CWT shows increased
energy in the seiche band, as well as at higher and lower
periods.

The typical magnitude of seiche-induced velocities in
the channel is 25–50 cm s−1, greater than typical channel

Fig. 4 Seiche event on 2–3
January 2017 at Heron Bay and
Heron Channel. a Wind vectors
and significant wave height in
Heron Bay. b SSC at the bay
and channel locations. c
Along-channel velocity (positive
flood) and sediment fluxes
(positive import). Numbers in
(c) are referenced in the text
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Fig. 5 a Time-series of velocity
and sediment flux at HC in early
January 2017. Vertical lines
indicate extent of Fig. 4. b
Continuous wavelet transform
(CWT) of velocity computed
using a Morlet mother wavelet. c
CWT of sediment flux. Brighter
colors indicate increased energy
and black contours indicate the
95% significance level.
Triangles at right of (b) and (c)
indicate diurnal and semidiurnal
tidal periods; vertical lines span
periods of 1.25–3 h, the range of
seiche motions that correspond
to the dimensions of Grand Bay

tidal velocities of 20–40 cm s−1. Using traditional Fourier-
transform analysis averaged over the full deployment, 13–
21% of the velocity energy and 17–25% of the sediment-
flux energy in channels were in the seiche band, compared
to 46–62% and 32–43% for the tidal band. During periods
of considerable seiche activity in the channels (e.g., the time
range of Fig. 5), the seiche band represented 33–35% of the
velocity energy and 39–47% of the sediment-flux energy,
compared to 24–33% and 14–19% in the tidal band.

Net Sediment Fluxes

Channels

Over the 6-month deployment, channels were neutral to net
importers of sediment (Fig. 6). Sediment was imported at
MC at a rate of 120 t year−1. During the shorter period
available at HC, the import rate was equivalent to about
700 t year−1; the lack of the more quiescent summer
period at HC may lead to a biased value, rendering it not
directly comparable to MC. The HC cumulative sediment
flux shows evidence of the stronger tidal currents and seiche
motions in Heron Channel, as well as its larger cross-
sectional area. In contrast, at MC, a consistent landward
trend in import is present for the majority of the deployment.

Comparing the summer and fall versus winter trends at
MC suggests that stronger storms in the winter months
increased the magnitude of sediment import in the channels.
The elevated landward import rate beginning in early
December was driven both by punctuated increases from
seiche motions and a shift in the direction of the advective
flux component (1) from neutral to landward (dispersive
flux was consistently landward). The shift in flux direction
could be caused by changes in river flow, evapotranspiration
rate, or water-mass routing within the marsh interior. Using
the range 120–700 t year−1 and the drainage areas of Heron
and Middle Channels corresponds to an area-normalized
channel import rate of 300±40 t km−2 year−1. (Because the
field deployment did not capture a full year of observations,
the annualized values reported here may not represent
typical yearly conditions. Additional potential sediment
import during unmeasured frontal passage in late winter
and spring may render our reported values underestimates
of the true net sediment import. Similarly, unmeasured
calm periods would cause our values to overestimate the
import rate.) During the period of concurrent deployment,
net sediment fluxes at HC and MC were similar, despite a
Middle Channel creekshed area that is only about 25% that
of Heron Channel. One reason for this difference may be
that Middle Bay is about 3.5 times larger than Heron Bay
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Fig. 6 Cumulative sediment
flux at a the channel sites and b
the bay sites. No data from HC
are available from the first
deployment. Positive values
indicate import and negative
values indicate export. Channels
are neutral to sediment
importing, while bays
consistently export

and provides a greater pool of available sediment via a larger
marsh perimeter and seabed area. In this way, the larger bay
area may compensate for the smaller channel in the Middle
Bay–Channel system.

Events in mid August and September, as well as
early November, December, and January, were typically
seiche driven and resulted in both temporary import and
export. Peaks in velocity, sometimes exceeding 0.8 m s−1,
efficiently flushed or imported sediment from the system
over periods of 1–2 h. Indeed, channels often imported
considerable sediment on the flooding seiche wave, only to
be exported during the following phase of the seiche. After
export events, gradual re-import of sediment occurred in the
days following.

Over 1 year, the amount of material transported into (and
out of) Heron and Middle Channels is of order 2500–5000
t, values similar to the 3400 ± 2800 t year−1 estimated to
be delivered to Grand Bay from local marsh erosion. Taken
together, these values suggest considerable recycling of
material into and out of the channels before it is eventually
sequestered on channel flanks or the marsh platform, or lost
to seaward locations.

Bays

Although computing the sediment fluxes in the channels
is relatively straightforward, the unconstrained geometry of
the bays invites additional complexity. A naı̈ve approach
assumes that conditions at HB and MB are representative
of conditions across the full width of those bays. Given
the strong influence of wind on the flow dynamics and

the semi-enclosed nature of the bays, it is likely that
there is seaward flow in the deep part of the channels
(i.e., at the moorings) and landward flow in the shallows
during frequent landward wind events. In this environment,
assigning conditions as measured in the center of the bay
to shallower edge regions ignores such landward flow
along the flanks. The observed magnitude of seaward flux
also could be inflated by landward flux of sediment from
elsewhere in the greater Grand Bay system and recycled
back out via the deeper portion of Middle Bay. Nevertheless,
using the simple approach, Heron Bay exports about 5000
t year−1, while Middle Bay exports about 30,000 t year−1.
When normalizing by the perimeter of each bay, these
values become marginally more comparable, about 2 t m−1

year−1 at HB versus 5 t m−1 year−1 at MB.
The magnitude of net export nearly always increased

during wind events in the bays. Such events occurred in
mid August, mid September, early November, and early
December (Fig. 6), and each was characterized by similar
conditions. In general, moderate to strong winds from
the southeast—the direction of maximum fetch—produced
significant wave heights in the bays of order 0.3 m, often
increasing SSC to more than 100 mg L−1. Wind-driven
circulation dynamics in the closed-ended Heron and Middle
Bays resulted in net offshore velocities at the monitoring
locations. The combination of increased SSC and offshore
flow led to enhancement of the sediment export from
the bays (Fig. 3b). The strong offshore flux occurring
during these events may be partially balanced by onshore
velocities at the shallow bay margins, as described in the
“Wind Influences on Bay Dynamics” section.
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Flux Decomposition

The decomposed fluxes (1) illustrate the contrasting
sediment-transport processes active in the channels and
bays. Weak tidal currents and subdued seiche velocities in
the bays, which are the major components of the dispersive
flux, result in minimal values for this term (Fig. 7). Instead,
storm-scale advective processes—bed resuspension and
marsh-edge erosion—are most important within the bays
and dominated the decomposed fluxes. In other systems
with a more dominant fluvial influence, the advective term
would often be associated with changes in river forcing.
Here, in this environment lacking a nearby river source,
storm events are the most relevant advective process.

Considering the stronger tidal currents and seiche
velocities in the channels compared to the bays, along
with the tidally influenced SSC (Fig. 2), we might expect
dispersive terms to be more dominant there. Indeed, the total
channel sediment flux is roughly evenly distributed between
the advective and dispersive terms. Although subtidal
processes like storm events associated with frontal passage
are relevant in channels, shorter-term processes including
tidal flow and seiche motions are similarly important in
transporting sediment within channels.

ModeledWave Conditions

Modeled wave conditions within Middle and Heron Bays
are dramatically different with and without the presence
of the Grand Batture Islands. At representative locations
within Middle and Heron Bays, wave heights increased 10–
24% and wave periods increased 8–24% after loss of the
intact subaerial Grand Batture islands (Fig. 8). The inability
of the shoals to fully block waves allowed additional
offshore swell to penetrate the shallow waters within Grand
Bay. Wave power (E · cg) increased 34–109% at the
representative locations. Along the marsh edge of Middle
Bay, wave heights increased an average of 15% (Fig. 8
inset). We expect marsh erosion to have increased by a

concomitant rate with subaqueous Grand Battures given the
linear relationship between wave power and marsh erosion
(Marani et al. 2011; Leonardi et al. 2016). The increase
in erosion liberates more material which, in theory, can be
transported into the channels and onto the marsh platform
to enable to marsh to accumulate sediment as it transgresses
landward.

Discussion

Sediment Dynamics of a Barrier-Free, Divergent
System

Salt marshes are ephemeral environments perpetually in
flux (Fagherazzi 2013) and are a key element of the coupled
bay–marsh complex. External forcing mechanisms such
as sea-level rise, wave attack, and sea-level rise serve to
modulate the marsh among states of erosion, equilibrium,
and expansion. Barrier islands protect the back-barrier
environment from offshore waves (Defne et al. 2020), and
the loss of the barrier can result in increases of up to 700% in
wave energy impacting the coast (Stone and McBride 1998).
The modern Grand Bay system is responding to the loss
of the Grand Batture islands with increased marsh erosion
from wave attack. Observed lateral marsh erosion over the
past century combined with seasonal-scale measurements of
sediment fluxes in channels and bays lead to a conceptual
model of sediment dynamics within Grand Bay (Fig. 9).
Increased modern wave energy, formed by daily sea breezes
and frontal storm passage (Fig. 2), erodes the marsh
edge and creates a large pool of available sediment. Flux
divergence leads to a duality of fates for this material:
sediment export to the ocean as well as landward sediment
import. A majority of the material eroded from Middle and
Heron Bay is transported to points seaward (Fig. 6), and the
rate of export at MB is several times greater than that at
HB, reflecting the different sizes of the bays and amounts of
available sediment in each. In a similar fashion, the larger

Fig. 7 Fractional flux
decomposition showing
advective (Fadv/F ) and
dispersive (Fdisp/F )
components at the a channel and
b bay locations. Channel sites
exhibit a mix of advective and
dispersive forcing, while bays
primarily are driven by
advective processes
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Fig. 8 Percent change in wave
power without subaerial Grand
Batture Islands. Marker labels
indicate percent increase in wave
power at selected locations in
Heron and Middle Bays. Dashed
curve indicates approximate
location of former Grand
Batture islands, implemented as
a line of dry cells (angled white
line) in the model. Inset shows
edge cells from model domain
in Middle Bay to emphasize
change at the marsh edge; note
change in colorbar limits

size of Heron Channel leads to greater landward transport
at HC than at MC. The portion that is transported up
channels is likely deposited on channel flanks and the marsh
platform to assist in its landward transgression, bolstering
the resilience of the system in an effort to prevent drowning
(Mariotti and Carr 2014). These characteristics describe a
divergent sedimentary system whose source is the marsh
edge and whose sinks are the channel–marsh system and
points seaward.

30000 t y-1

5000 t y-1

Fig. 9 Conceptual diagram of Middle and Heron Bays showing marsh
erosion (brown arrows), sediment import to channels (black arrows),
and sediment export to the ocean (red arrows). Dashed arrows indicate
inferred wind-influenced flow velocity facilitating export in the deep
portion of the bays. Circles indicate mooring locations

Just as the seaward edge of the marsh is eroding, the
landward edge of the marsh appears to be transgressing.
Visual comparison of aerial photos over a timespan of 26–
27 years suggests landward migration of marsh vegetation to
areas previously featuring upland characteristics (Fig. 10).
Formerly unvegetated areas near tree islands were colonized
by marsh vegetation (Fig. 10 left), and regions previously
consisting of upland vegetation were degraded and replaced
by marsh vegetation (Fig. 10 center and right). Figure 10
right additionally shows landward migration of the marsh
shoreline. These changes indicate localized marsh–upland
transgression of 10–30 m, equal to rates of 0.4–1.1 m
year−1. The computed values are of similar order to the
marsh-edge erosion rates and prompt consideration of this
system as one successfully migrating landward and not
merely losing area at its seaward edge (e.g., Schieder et al.
2018). These visual comparisons suggest the feasibility of
using remote sensing to assess the landward and seaward
migration rates of the overall system.

FitzGerald et al. (2004) described a conceptual model
of marsh decline in mixed-energy barrier-island chains that
superficially resembles the dynamics of Grand Bay. In
that model, increasing rates of sea-level rise lead to loss
of barrier-island volume, changes in the tidal prism, and
conversion of marsh to open water. Similarly, the loss of
the Grand Batture islands has led to open-water conversion
within Grand Bay at the seaward marsh edge. Our results
suggest that the increased wave energy available from the
loss of the Grand Battures (Fig. 8) is at least as important
as sea-level rise in driving the marsh loss. Indeed, sea-level
rise is not a requirement for marsh loss; without sufficient
external sediment supply, marshes can retreat laterally via
wave attack alone (Fagherazzi et al. 2013). Here we suggest
an expansion of the FitzGerald et al. (2004) model in which
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Fig. 10 Top row: aerial photos taken in 1992 (National Aerial Photog-
raphy Program), and bottom row: photos from 2017/2018 (National
Agriculture Imagery Program), at three locations (see Fig. 1) along
the Grand Bay marsh–upland interface. The visually delineated 1992

marsh–upland boundary (dashed lines) and 1992 water–marsh bound-
ary (dash-dotted lines; right column) show migration in the 2017/2018
photos

storms (including waves from routine storms as well as
hurricanes) and sediment deficits conspire with sea-level
rise to erode the shoreline and force marsh transgression.

Net Sediment Fluxes in the Context of Grand Bay’s
Geomorphic Trajectory

The net flux values computed in the “Net Sediment Fluxes”
section can be compared to estimates of other relevant
sedimentary processes in Grand Bay, including sea-level
rise, vertical accretion, and erosion of the marsh edge.

Vertical Accretion Estimated from Sediment Fluxes

Local relative sea-level rise in the region is 4.31 ± 1.73
mm year−1, based on an average of three nearby NOAA
tide gauges (Fig. 1). By applying an appropriate sediment
density and assuming all sediment imported via a channel is
distributed evenly across its creekshed, equivalent sediment-
accretion rates can be computed for the Heron Channel

and Middle Channel creeksheds. Using a sediment density
of 540 ± 240 kg m−3 (Morris et al. 2016; Marot et al.
2019) results in an inorganic accretion rate of 0.6 ± 0.3
mm year−1 for the sediment-import rate computed in the
“Net Sediment Fluxes” section. In this context, sea-level
rise is at least four times greater than the sedimentation
rates estimated using our observational data. Because the
majority of inorganic deposition likely occurs on or near the
creek banks and organic deposition is dominant within the
marsh interior, this value is likely an overestimate of the
actual mineral deposition on the interior marsh (and perhaps
an underestimate in the near-channel marsh). As a result,
and despite the significant marsh-edge erosion occurring
at points seaward, inorganic deposition does not appear
sufficient to keep up with sea-level rise in this environment.
Given the importance of organic-matter delivery via mud
deposition (Mariotti et al. 2020), however, the combination
of organic and inorganic deposition could help narrow the
apparent gap between computed vertical accretion rates and
sea-level rise.
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Other Estimates Of Vertical Accretion

Other investigators have computed vertical sediment-
accumulation rates in Grand Bay using geochemical and
direct-measurement approaches. Darrow et al. (2017) esti-
mated an accumulation rate of 2 mm year−1 using 210Pb
radiochronology, from a core taken near the mouth of Heron
Channel, on the channel bed. Using surface-elevation tables
(Cahoon et al. 2002), marsh-platform elevation-change rates
of 2.5 ± 0.8 mm year−1 were computed at locations within
the Middle Creek watershed (see Supporting Information).
Both of these values are larger, by a factor of 3–4, than our
instrument-derived estimates of sedimentation. The differ-
ent time scales considered by the approaches could drive
some of the variability in the estimates. Additionally, the
SET approach includes accretion from organic material pro-
duced by vegetation, while our estimate is based solely on
water-column delivery.

An equivalent vertical accretion rate can also be com-
puted from observed lateral erosion rates. Given average
rates of erosion over the past 150 year, approximately
6000 m3 of material is delivered annually to Grand Bay
between South Rigolets Island and Point aux Pins. Assum-
ing equal delivery across the 20 km2 of marsh plain sur-
rounding Grand Bay results in an accretion rate of 0.3 mm
year−1. This value is far smaller than sea-level rise, but it
neglects important spatial variability in observed sediment
delivery and the potential for expansion at the landward
marsh boundary. Nevertheless, the geochemical, SET, and
erosion-rate estimates, in conjunction with those based on
the sediment fluxes, suggest that vertical accretion on the
marsh platform is less than local sea-level rise, which would
ultimately lead to marsh drowning.

Sediment Fluxes Compared to Erosion Rates

At the scale of Middle Bay, an estimated 1800 t year−1 is
eroded from the marshes surrounding the subembayment.
The net import measured at MC, about 120 t year−1,
represents less than 10% of this eroded material. If Middle
Bay marsh is assumed to be the sole sediment source for
Middle Channel, then the remaining portion of the eroded
marsh may settle on the seabed for later resuspension, or
be transported to locations outside of Middle Bay and,
potentially, outside of the Grand Bay system as a whole.
By contrast, Fig. 6 suggests more than 200 times as much
sediment is exported from Middle Bay as is imported to
Middle Channel. In this context, relying on local Middle
Bay erosion alone is insufficient to enable the magnitude of
seaward flux computed at MB. This suggests the bay-width
extrapolation as a potential source of error at the bay sites,
additional sediment delivery from marsh erosion in nearby
subembayments, or a deepening of the embayment from bed

erosion. Additionally, the 6 months of data presented here
may not fully capture typical annual conditions of Grand
Bay. Finally, the dynamics of the channelized and relatively
wide marshes near the instrumented locations may differ
from the narrower and less-channelized marshes on the east
side of Grand Bay (Fig. 1).

SSC Increase fromMarsh Erosion

With assumptions for eroded-sediment delivery, bay vol-
ume, and bay residence time, we can estimate an equivalent
bay SSC increase that results from Middle Bay marsh ero-
sion. In estimating delivery from marsh erosion Em, we
use lateral erosion rates of 0.5–3 m year−1, marsh-platform
heights of 0.2–0.6 m, marsh densities of 540 ± 240 kg m−3,
and a marsh-perimeter distance of 5000–6000 m. For bay
volume Vb, we use bay surface areas of 1.5–2.5 km and
mean depths of 0.75–1.5 m. We apply residence times TR

ranging from 1 to 8 days.
The SSC increase is then EmTR/Vb. Using these

assumptions, 95% of the SSC-increase values fall between
0.5–71 mg L−1, with a median value of 4.6 mg L−1. Given
that the average SSC at MB is 32 mg L−1 (median 24
mg L−1; 95% of values 8–101 mg L−1), the median marsh-
derived value corresponds to about an 18% increase in SSC.
Sea-breeze or event-scale dynamics will lead to greater
increases in SSC than the median value computed using the
long-term rates above. The strong temporal variability in
marsh-derived SSC suggests that the use of a single SSC
value as, for example, input to a marsh evolution model,
may not be appropriate in environments like Grand Bay.

Comparison to Indicators of Marsh Stability

A conceptual understanding of the dynamics within Grand
Bay enables us to place it within other models that use
sediment fluxes as an indicator for wetland stability. Ganju
et al. (2013) proposed an approach which accounts for
the location of a wetland’s dominant sediment source,
its proximity to the wetland, and the mechanisms and
timescales of sediment-source mobilization and transport.
Grand Bay lacks relevant external sediment sources and
relies on an internal sediment source—the marsh itself.
Accordingly, this sediment is well within a single tidal
excursion of the marsh and the channels that could advect
it landward. Material is mobilized on diurnal to subtidal
time scales by wind waves and is advected at the seiche,
tidal, and subtidal time scales within channels. In this sense,
it most resembles the Blackwater complex described in
Ganju et al. (2013), although with important differences.
The Blackwater system is also losing marsh from lateral
wave erosion in a rapidly expanding internal open-water
area, but tidal channels serve primarily to export sediment
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at the subtidal timescale. Because the erosion in Grand Bay
occurs seaward of the marsh instead of internally, channels
are able to make use of that sediment via landward fluxes,
albeit at a rate apparently insufficient to keep pace with
sea-level rise.

Despite massive lateral wetland loss within Grand Bay,
the intact marsh is relatively healthy. The unvegetated–
vegetated marsh ratio is approximately 0.1, with minimal
decadal change (Wasson et al. 2019), indicating marsh
stability with little deterioration (Ganju et al. 2017). If the
channel-as-importer role continues under higher sea levels,
deposition rates increase to values greater than estimated in
the “Vertical Accretion Estimated from Sediment Fluxes”
and “Other Estimates Of Vertical Accretion” sections, and
the marsh–upland boundary continues to migrate landward,
Grand Bay may be able to transgress successfully as wave
erosion continues to consume the marsh edge.

Conclusions

Oceanographic measurements, longer-term geochemical
and surface-elevation observations, and numerical model-
ing results elucidate the complex geomorphic transition
currently occurring over multiple timescales within Grand
Bay. Our observations describe a divergent sedimentary sys-
tem without a significant external sediment source that is
influenced by diurnal and storm-event winds which erode
the marsh edge and resuspend sediment. An increase in
wave energy over the past 70 years following the loss of
the subaerial Grand Batture islands has increased the lat-
eral erosion rate, leading to a self-cannibalizing bay–marsh
complex. Some of the water-column suspended material is
transported landward in channels on subtidal and seiche
time-scales. This material helps accomplish the process of
marsh transgression as the seaward edge of the marsh is
lost to wave attack and rising sea levels, and the marsh–
upland interface migrates landward. The remainder of the
material, and likely majority of the total, is exported to sea-
ward locations via tidal and wind-driven fluxes. Quantifying
these processes over a range of time scales and with a vari-
ety of methods helps determine the response of coupled
bay–marsh systems to external sediment availability, edge
erosion, and sea-level rise.
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