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Abstract
Long-term marsh sustainability is threatened by environmental changes, especially accelerated rates of sea-level rise (SLR) and
changing fluvial sediment supplies. Although direct observations of long-term marsh responses to these changes are challenging,
this study examines shorter-term responses via bimonthly sedimentation measurements over 5 years in Dyke Marsh Preserve
(DMP), a tidal freshwater marsh in the Potomac River (Chesapeake Bay tributary, USA). Observed patterns are evaluated with
physical drivers (winds, river discharge, water-level changes, suspended-sediment concentrations (SSC)) that influence spatio-
temporal variability within the marsh. Linear regression models reveal that water-level changes exert more influence on this
variability than SSC in a system with plentiful sediment supply. Sedimentation rates increase linearly with inundation time, but a
quadratic regression model explains more of the variability, especially for the inorganic fraction of sediment. This result indicates
that fluvial sediment supply is key for marsh accretion and suggests an optimal response of sedimentation to increased inundation
that non-linearly affects marsh vulnerability to future SLR. Ultimately, the SSC in adjacent waters is not available to nourish the
marsh unless it is transported and retained on the platform. Self-sustaining feedbacks among inundation, sedimentation, eleva-
tion, and plants likely aid in maintaining equilibrium elevations over time and thus also marsh sustainability.
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Introduction

Tidal marshes are among the world’s most valuable ecosys-
tems (Feagin et al. 2010; Luisetti et al. 2013), enhancing
coastal resilience to storms (Day et al. 2007; Barbier et al.
2013), filtering supply of terrestrial sediments and nutrients
to adjacent waters (Bruland 2008; Loomis and Craft 2010;
Ouyang and Lee 2014; Oczkowski et al. 2016), and providing
habitat for rare and threatened species (Beck et al. 2003). Yet,
more than half of US marshes have been altered or destroyed
in the last century (Craft et al. 2009; Pendleton et al. 2012),

and many existing marshes face an uncertain future due to
accelerated rates of sea-level rise (SLR), changes in fluvial
sediment supplies (Nicholls et al. 2011; Kirwan et al. 2011;
Rahmstorf et al. 2012; Weston 2014), and wind-wave erosion
(Marani et al. 2011; Fagherazzi et al. 2013; Leonardi et al.
2016).

Complex interactions among SLR, fluvial sediment supply,
and the vegetation community generally control marsh eleva-
tion (Allen 2000; Friedrichs and Perry 2001; Torres et al.
2006), and most tidal marshes have kept pace with post-
glacial SLR (Redfield 1972; Morris et al. 2002; Day et al.
2008; Engelhart et al. 2009). On the marsh platform, accretion
(defined here as accumulation of inorganic and organic mate-
rial (Lynch et al. 2015) and used interchangeably with sedi-
mentation) occurs primarily through sediment settling at slack
water (French and Stoddart 1992; Christiansen et al. 2000),
particle capture by vegetation (Stumpf 1983; Leonard and
Luther 1995), biogenic production, and direct organic-matter
deposition from root growth and litter deposition (Nyman
et al. 2006; Neubauer 2008). While organic sedimentation
can dominate in slowly accreting marshes, limits to plant
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productivity, and thus organic sedimentation, allow mineral
sediments to dominate in rapidly accreting marshes (Chmura
and Hung 2004; Mudd et al. 2009). At rapid rates of SLR and/
or when starved of sediments, vertical accretion of the marsh
surface can fail to keep pace with SLR, resulting in marsh
submergence (Reed 1995; Kirwan et al. 2010). Marshes in
many regions are threatened by both accelerated SLR and
declining fluvial sediment supply; e.g., in Chesapeake Bay,
where local relative SLR is much greater than the global av-
erage (~3–5 mm/y; Boon et al. 2010; Sallenger et al. 2012)
and many tributaries have declining sediment supplies in re-
cent years (Weston 2014).

Most insights on marsh accretion have been gained from
large-scale studies of salt marshes that often assume vegeta-
tion structure, mineral sedimentation, and associated process-
es are functions of elevation, so lower elevation sites that are
flooded longer and more often (Cahoon and Reed 1995;
Leonard and Luther 1995; Leonard 1997) have the highest
plant production and mineral sedimentation rates (Morris
et al. 2002; D’Alpaos et al. 2007; Day et al. 2008; Kirwan
and Megonigal 2013). Moreover, sediment supply to the
marsh surface is assumed to be limited by the SSC of adjacent
waters (Kirwan et al. 2010). Although recent work has fo-
cused on evaluating assumed responses of both plant produc-
tion (D’Alpaos et al. 2007; Marani et al. 2013; Belliard et al.
2015) and mineral sedimentation (Neubauer et al. 2002;
Lagomasino et al. 2013; Palinkas and Engelhardt 2016) to
inundation, much less attention has centered on understanding
mechanisms of sediment supply to marshes. This study focus-
es on wind-driven subtidal (longer than a tidal cycle) changes
in sea level and SSC, especially since SSC can vary over an
order of magnitude and at multiple timescales in estuaries and
coastal waters (Schoellhamer 2002; Moskalski and Torres
2012). The few observational studies examining the relative
influence of SSC and inundation on marsh sedimentation
focus on salt marshes and offer contrasting views. For
example, Murphy and Voulgaris (2006) conclude that inunda-
tion is more important than SSC for a salt marsh in South
Carolina, but Moskalski and Sommerfield (2012) find that
SSC is more important for a salt marsh in Delaware. These
differences highlight the considerable spatiotemporal variabil-
ity in marsh sedimentation and its internal and external
drivers, especially along a salinity gradient (Butzeck et al.
2015).

Tidal freshwater marshes (TFM) and salt marshes are both
located within the tidal frame and subjected to the same phys-
ical drivers of accretion. However, the strength of drivers dif-
fers between them. TFM are located in upstream reaches of
rivers and estuaries, where inputs of sediments and nutrients
may be enhanced from anthropogenic activities and/or the
presence of an estuarine turbidity maximum (region of
salinity-induced flocculation and settling of fine muds in the
upper reaches of an estuary; e.g. Ganju et al. 2013). TFM are

more likely to experience smaller tidal ranges, increasing the
importance of subtidal sea-level changes, and more localized
fluvial sediment supply (Coulter et al. 2004; Brakebill et al.
2010).

This study focuses on a TFM (Dyke Marsh Preserve;
DMP) in the Potomac River estuary (Chesapeake Bay water-
shed, USA) to evaluate how bimonthly to interannual wind-
driven variations in SSC and water level are related to marsh
sedimentation. (Note that the preceding discussion referred to
Bsea level^ for consistency with the literature; Bwater level^ is
used hereafter to reflect specific conditions at DMP.) If all else
were equal, higher SSC should result in higher sedimentation
rates. However, we hypothesize that variations in riverine SSC
are not directly related to marsh sedimentation in systems with
plentiful sediment supply, like the Potomac. Instead, wind-
driven changes in water levels, and correspondingly inunda-
tion, explain more of the variability in sedimentation by
influencing sediment supply to the marsh. These relationships
between sedimentation patterns in space (banks, interior) and
time (bimonthly, seasonal, interannual) and variations in SSC
and water level lend valuable insights into the response of
TFM to anticipated future changes in longer-term phenomena,
like SLR. The ultimate goal of this study is to better under-
stand mechanisms that translate regional SLR and SSC into
localized sedimentation rates that determine marsh elevations
and potential vulnerability to future environmental changes.

Materials and Methods

Physical Setting

Dyke Marsh Preserve (DMP) is a TFM located near
Alexandria, VA (USA), bounded by the Potomac River
(east) and the George Washington Memorial Parkway (west)
(Fig. 1). DMP is underlain by ~15-m thick alluvium deposits
of sand and gravel interlayered with silt and clay (NPS 1977).
Dredging these deposits reduced the marsh area from
0.75 km2 in 1937 to 0.34 km2 in 1976, when the National
Park Service (NPS) assumed direct management (Litwin
et al. 2011), and removed a promontory at the entrance to
Hog Island Gut (HIG; DMP’s largest tidal channel) that had
protected the shoreline fromwave erosion (Litwin et al. 2013).
Consequently, wave-induced lateral erosion currently domi-
nates marsh loss, at rates comparable to regional marshes
(Litwin et al. 2013). Accretion and vertical erosion on the
marsh platform vary widely, likely dependent on elevation
and geomorphic position, with accretion in many areas
throughout the marsh (Palinkas et al. 2013; Cadol et al.
2014). Elevations range from below the datum (NAVD88) to
slightly >0.6 m, with higher elevations on a remnant dike at
the northeastern border of the central marsh, lower areas in the
marsh interior, and gradually rising elevations towards
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western upland areas (Palinkas et al. 2013). Sediments gener-
ally are finer and less organic on the banks of the Potomac and
HIG than in the marsh interior. Over decadal time scales,
physical processes (fluvial discharge, tides) drive sedimenta-
tion on the banks, while complex interactions with the vege-
tation community are more active in the interior (Palinkas and
Engelhardt 2016). Long-term sedimentation rates can support
elevation gain in the face of relatively rapid relative SLR,
though it is unclear how these rates will respond to future
environmental changes (Palinkas and Engelhardt 2016).

DMP lies entirely within the floodplain of the Potomac and
experiences salinities <0.5. River discharge near DMP aver-
ages 323 m3/s (Carter et al. 1994) and is typically highest in
the spring (~560m3/s;March/April, the Bspring freshet^) from
mountain snowmelt and groundwater saturation, and lowest in

the summer (~100 m3/s) from evapotranspiration and ground-
water depletion (Fisher et al. 1998). The spring freshet gener-
ally precedes establishment of most marsh vegetation. Tides
near DMP are mixed semidiurnal, with a mean range of 0.5–
0.9 m (Carter et al. 1994); currents during ebb discharges in
HIG average 4.8 m3/s (Harper and Heliotis 1992). However,
in Chesapeake Bay and its tributaries, subtidal sea-level
changes from wind-driven water level setup on the Atlantic
continental shelf (Chuang and Boicourt 1989) can be much
larger than tides (up to ~1 m), and strong easterly winds
coupled with an incoming tide can flood the entire marsh for
several hours. Non-tidal currents in the Potomac respond to
both local winds and non-local effects propagating from the
Bay (Elliott 1978).

The growing season at DMP is relatively long (208 days;
Johnston 2000) due to warm, humid summers and mild win-
ters. The TFM at DMP comprises ~35% of the area and sup-
ports vegetation typical of Atlantic TFM (Simpson et al. 1983;
Leck and Simpson 1995). Dominant species at DMP include
Acorus calamus (L.), Impatiens capensis Meerb., Nuphar
luteum (L.) Sm. , Peltandra virginica (L.) Schott,
Schoenoplectus fluviatilis (Torr.) M.T. Strong, and Typha
angustifolia L. (Palinkas et al. 2013).

Field Methods

Sedimentation was studied at the same 27 sites as in Palinkas
et al. (2013) and Palinkas and Engelhardt (2016), using the
same rough geomorphic classification (banks of the Potomac
or HIG versus the marsh interior). These sites were co-located
with existing Surface Elevation Tables (SETs; n = 9) and plots
established by previous studies (n = 9 from Hopfensperger
et al. 2009; n = 3 from Litwin et al. 2011), as well as new sites
to broaden representation across the vegetated elevation gra-
dient (n = 6). Field activities generally occurred at low tide
when the marsh was exposed. At each site, a ceramic tile
(Pasternack and Brush 1998) was deployed in April 2010
and revisited bimonthly until October 2014; sediment depos-
ited on each tile was placed into a pre-weighed glass jar. In
spring (April/May) and late summer (August/September) of
each year, push cores (20 cm long, 5 cm diameter) were col-
lected to assess seasonal sediment character and rates, using
7Be (see below). The upper ~1–2 cm of cores collected in
spring and summer represented Bwinter^ and Bgrowing
season^ conditions (preceding ~4–5 half-lives of 7Be (~200–
250 days), the assumed limit of detectability).

Water-level data were collected with a vented pressure-
sensor gauge, which eliminates the need to compensate for
barometric-pressure changes. The gauge was installed on a
pier at Belle Haven Marina (BHM) in May 2010. Data were
logged at 15-min intervals, and gauge elevation was surveyed
with RTK-GPS. Because the gauge was installed just after
core collection began, and the 7Be calculations require
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water-level data preceding core collection, water levels at the
National Oceanic and Atmospheric Administration (NOAA)
tide gauge at Washington, DC, 12 km upstream of DMP, were
used for 2010 (http://tidesandcurrents.noaa.gov/) correcting
for a 4-h lag time due to position in the river. BHM water
levels were used for 2011–2014.

Site elevations were surveyed annually from 2011 to 2014
using RTK-GPS, with an accuracy of ~1 cm horizontal and
~2 cm vertical. All surveys included a USGS vertical control
benchmark located at BHM for additional validation of base-
station elevations. All reported elevations use NAVD88 as the
datum.

Flooding regime was characterized from tide-gauge and
elevation data by calculating inundation duration (percentage
of time a site was inundated during each deployment), fre-
quency (percentage of high tides that flood a site), and average
depth. Elevations were not available in 2010 and assumed to
equal 2011 elevations, which were used for Deployments 1–
11; 2012, 2013, and 2014 elevations were used for
Deployments 12–18, 19–23, and 24–25, respectively.

Laboratory Analyses

Immediately after collection, glass jars and push cores were
returned to the laboratory, where cores were sectioned into 1-
cm increments; jar and core sediments were then dried at
60 °C until constant weights were reached. Dry sediment
was analyzed for organic content via combustion in a muffle
furnace at 450 °C for 4 h (Erftemeijer and Koch 2001).

Push-core samples were also analyzed for 7Be (half-life
53.3 d), using gamma spectroscopy of the 477.7 keV
photopeak. 7Be is produced by atmospheric cosmic-ray spall-
ation and attaches to organic and inorganic sediments during
wet and dry deposition (Olsen et al. 1986; Dibb and Rice
1989). Because the entire marsh surface is exposed at least
some of the time, marsh sediments are naturally labeled with
7Be, as are sediments supplied by external sources like the
adjacent watershed and/or the Potomac. This atmospheric
contribution must be subtracted from depth-integrated sedi-
ment inventories prior to calculating sediment deposition or
erosion rates (inventories above and below atmospherically
supported values, respectively; Neubauer et al. 2002;
Palinkas et al. 2013) and was determined following Palinkas
et al. (2013). Observed daily rainfall totals at nearby National
Airport (http://www.nws.noaa.gov) were binned into
biweekly intervals to apply Kim et al. (2000) relationship with
7Be flux in Chesapeake Bay. The atmospheric inventory at
each site was then adjusted for interception by water when
the marsh is flooded and by vegetation. For the former, site-
specific elevations and the BHM tide-gauge record were used
to calculate the exposure time of each site for 77 d (mean
lifetime of 7Be) prior to core collection, assuming no 7Be
reaches the surface when it is flooded. Vegetative interception

of 7Be in TFM has not been studied but can be significant in
other systems (Casey et al. 1986; Kaste et al. 2011). For this
study, vegetation interception was assumed to equal the ob-
served total vegetation cover at each site in summer and spring
to account for potential interception by year-round litter
(Elmore et al. 2016) at all sites except those dominated by
Nuphar lutea and Peltandra virginica. No vegetative intercep-
tion was assumed for these sites in spring, because leaf tissues
of these species decompose rapidly, leaving the marsh surface
bare in winter.

Sediment inventories of 7Be were calculated from the spe-
cific activity of each depth horizon with detectable 7Be.
Specific activities were determined from ground, dry sediment
placed into identical jars filled to the same height to ensure
consistent counting geometry. A calibrated Canberra germa-
nium detector (Larsen and Cutshall 1981) then counted gam-
ma emissions for 24 h. Measured activities (dpm/g; disinte-
grations per minute per gram) were decay-corrected to the
time of collection, and sedimentation rates were calculated
following Palinkas et al. (2013). These rates are likely upper
estimates of the actual sedimentation rates. Lower estimates
are sedimentation rates calculatedwithout vegetation intercep-
tion. For simplicity, averages of upper and lower estimates for
each site at each sampling time are used herein. Note positive
and negative sedimentation rates reflect sediment deposition
and erosion, respectively. Thus, while ceramic tiles record
sediment deposition, 7Be integrates sediment deposition and
erosion and is more reflective of marsh elevation change (di-
rect comparisons to observed elevation change are possible by
multiplying sedimentation rates and bulk densities).

Ancillary Data

Several variables in statistical models were obtained directly
from publicly available sources between 1 January 2010 and
31 December 2014. Daily average wind speed and direction at
National Airport were obtained from NOAA (http://www.
nws.noaa.gov). Daily average Potomac River discharge at
Washington, DC, was acquired from the USGS (http://
waterdata.usgs.gov/); data from the full record preceding the
study (1930–2009) were used to calculate the flood threshold,
defined as the 99th percentile of values (2378.6 m3/s)
following Pasarić and Orlić (2001). Corresponding
suspended-sediment concentrations (SSC) at Washington,
DC, have been measured since 1977 (http://cbrim.er.usgs.
gov). Generally, SSC data were collected bimonthly in the
1980s and 1990s and monthly in the 2000s, with some gaps
in the record and more frequent samples during storms.
Sediment rating curves that quantify the relationship
between river discharge and SSC were developed with these
data by Palinkas and Engelhardt (2016); the most recent curve
(2008–2012) was used to calculate daily SSC values over the
study period.
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Calculations and Statistical Analyses

Daily SSC data were averaged over each deployment (tiles) or
season (cores) and combined with corresponding average sed-
imentation rates to calculate theoretical particle settling veloc-
ities, following Temmerman et al. (2003a). This approach as-
sumes settling only when the marsh is flooded (product of
deployment/season length and average inundation duration)
and calculates inorganic sedimentation rates by multiplying
settling velocity and depth-averaged SSC above the marsh
surface, then dividing by the dry bulk density. Potomac SSC
data were used to represent sediment supply to the marsh;
settling velocities were calculated for periods only with posi-
tive sedimentation rates. Dry bulk density was measured only
for cores; seasonal averages were consistently ~0.2 g/cm3,
which was used in all calculations. Expected sedimentation
rates also were calculated, assuming a particle settling velocity
of 0.01 cm/s (Temmerman et al. 2003a).

Because tile sediments were collected more frequently than
cores, tile data were averaged between the dates of core collec-
tion when comparing results. Pearson ProductMoment was used
to identify correlations among physical drivers (wind speed and
direction, SSC, water level). Linear regression models were used
to evaluate the relationship of these data to average tile sedimen-
tation rates. Multiple linear regression and polynomial regression
models were used to explore relationships among multiple ex-
planatory variables. Assumptions of linear regressions were test-
ed using the gvmla function in R, transforming data when nec-
essary. Differences among deployments were assessed using
paired t-tests. For all tests, p< 0.05 was the preferred level for
statistical significance; however, p ≤ 0.1 was used to identify
trends that may be physically meaningful if not statistically ro-
bust. R statistical software was used for all analyses. All averages
are reported as the mean ± 1 standard deviation.

Results

Physical Drivers and Elevation

Daily average river discharge ranged 12–5434 m3/s over the
study period (Fig. 2a). Average annual river discharge was
highest in 2011 (472 ± 633 m3/s) and lowest in 2012 (253 ±
308m3/s), averaging 347 ± 80m3/s. Seasonally averaged river
discharge was highest in the late winter and early growing
season and lowest during the growing season (Table 1).
Floods occurred on 18 days of the study, mostly during spring
freshets except spring 2012 and 2013. Other floods followed
large snow events (26–27 Jan 2010 and 1 Feb 2013) and an
intense storm event (31 Oct 2012; Hurricane Sandy) but not
after Tropical Storm Lee (peak discharge 2081 m3/s; 9
Sept 2011), the other significant storm during the study period
(Palinkas et al. 2014).

Water levels ranged from −1.2 to +1.6 m (Fig. 2b), driven
by semi-diurnal tides, river discharge, and winds. Seasonally
averaged water levels were lowest in winter, with moderate
river discharge and more westerly winds, and highest in the
early and late growing season, with higher river discharge and
more southerly winds. Daily average wind speeds ranged 0.3–
6.7 m/s (Fig. 2c), with larger wind events more prevalent in
winter; however, seasonal averages were similar. SSC (Fig.
2d) ranged 0.9–317 mg/L, averaging 22.1 ± 28.8 mg/L and
following temporal patterns of river discharge.

At bimonthly scales coincident with tile measurements,
water level was negatively related to both wind speed (p =
0.04, R2 = 0.13) and direction (p < 0.001, R2 = 0.56). DMP is
oriented roughly north-south, bounded by land and the
Potomac on the west and east, respectively. Thus, more west-
erly winds tended to transport water away from the marsh,
whereas more southerly winds tended to transport water to-
ward the marsh. Wind speed was positively correlated with
both wind direction (p = 0.03, R2 = 0.16) and SSC (p = 0.006
R2 = 0.25), with storms (higher wind speeds) coming from a
more westerly direction and resulting in higher SSC, likely
from runoff and/or resuspension. At seasonal scales coinci-
dent with core measurements, wind speed was correlated with
SSC (p = 0.02, R2 = 0.72), and wind direction was correlated
with water level (p = 0.005, R2 = 0.87).

Elevation across the marsh was relatively stable for 2011–
2013, averaging 0.42–0.43 m, then decreased significantly
(p = 0.07) in 2014 to an average of 0.38 m. In all years, aver-
age elevation was similar on the banks and in the interior
(p > 0.10). Average inundation time of tiles ranged from
12.4% (Dec 2010-Feb 2011) to 39.7% (Apr-June 2014). The
increase in inundation time after Apr 2014 reflects the wide-
spread elevation decrease between 2013 and 2014.

Sediment Characteristics and Deposition Rates

The organic content of sediments from tiles and in the upper-
most 1 cm of cores showedmuch variability at single points of
space and time (e.g. ranging 15.2–84.2% for cores), but aver-
age values were similar throughout the study. Differences
among sampling times and geomorphic units were not statis-
tically significant with either method, but some general trends
emerged. For tiles, average organic content was highest in
Aug-Oct 2011 and lowest in Apr-Jun 2013 (Fig. 3a). Higher
values generally occurred in the summer and at sites on the
banks (Fig. 3b). For cores, average organic content was
highest in the 2012 growing season and lowest in 2010–
2011 winter; higher values typically occurred on the banks
and during winter. Differences between bank and interior or-
ganic content likely reflect differences in the plant community
and its year-round presence on banks versus more seasonal
presence in the interior. Differences between tile and core
measurements were significant (p < 0.001 for all sites, banks
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only, interior only), with higher tile organic content, likely
from preferential trapping of plant litter and leafy debris by
tiles; core sediments presumably mix these materials with
older and less organic material.

Average bulk (organic and mineral) tile sedimentation rates
were lowest in Dec 2010-Feb 2011 and highest in Aug-Oct
2011 (Fig. 4a). These rates declined during the study, espe-
cially from September 2011 to October 2014, for all sites
(p < 0.001; R2 = 0.58), on the banks (p = 0.001, R2 = 0.48)
and in the interior (p < 0.001, R2 = 0.50). Spatially, bank
sedimentation rates were higher than those in the interior,
although differences were not statistically significant. Bulk
core sedimentation rates ranged from −4.14 g/cm2/y (net
erosion) to 3.67 g/cm2/y (net deposition), with higher aver-
age rates usually in the interior (Fig. 4b). On the banks,
average rates were highest in the 2011 growing season,
immediately followed by net erosion in winter 2011–2012
until the 2013 growing season. In the interior, average rates

decreased from the maximum in winter 2009–2010 until
winter 2010–2011, then were seasonally variable (higher
and lower during the growing season and winter, respec-
tively), with minimum values in winter 2013–2014.
Average sedimentation rates were higher on tiles than in
cores (Fig. 4c). These differences were not surprising, since
tiles only capture sediment deposition, whereas cores inte-
grate deposition and erosion. Sedimentation rates deter-
mined by these methods were statistically different in
paired t-tests including all sites (p = 0.001), as well as sep-
arate tests for sites on the banks (p = 0.04) and in the interior
(p = 0.01).

For tiles, organic content and sedimentation rates were neg-
atively correlated for all sites (p = 0.03, R2 = 0.15) and for sites
in the interior (p = 0.01, R2 = 0.21). For cores, lower sedimen-
tation rates generally corresponded with lower organic con-
tent, though the relationship was statistically significant only
in winter 2011 (p = 0.08).
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Relationships among Physical Drivers
and Sedimentation Rates

Tile sedimentation rates were positively correlated with water
levels across the marsh, on the banks, and in the interior
(Table 2); the correlation was more robust when organic con-
tent was included for interior sites (p = 0.008, R2 = 0.30).
Water levels were positively correlated with core sedimenta-
tion rates across the marsh and in the interior but not on the
banks. Neither tile nor core sedimentation rates were related to
wind speed or direction, or SSC.

Calculated average settling velocities for tile deployments
ranged 0.002–0.07 cm/s, averaging 0.02 ± 0.02 cm/s.
Expected inorganic tile sedimentation rates (assumed average
settling velocity 0.01 cm/s), ranged 0.02–0.51 g/cm2/y, aver-
aging 0.14 ± 0.12 g/cm2/y. The corresponding observed rates
ranged 0.03–0.26 g/cm2/y, averaging 0.14 ± 0.07 g/cm2/y.
Expected and observed rates were statistically similar (p =
0.74) and linearly correlated (p = 0.01, R2 = 0.23). For cores,
average settling velocities for seasons with net deposition
ranged 0.0004–0.01 cm/s, averaging 0.007 ± 0.004 cm/s.
Expected inorganic core sedimentation rates ranged 0.09–

Table 1 Average values of
physical drivers for each tile
deployment

Deploy-
ment

Time period Water
level
(m)

River
discharge
(m3/s)

Wind
speed
(m/s)

Wind
direction
(degrees)

Average
inundation
time (%)

SSC
(mg/
L)

1 Apr-Jun 2010 0.15 258.1 2.4 215.4 29.3 16.9

2 Jun-Aug 2010 0.15 64.0 2.1 226.3 29.8 4.4

3 Aug-Oct 2010 0.19 75.3 2.2 223.8 33.4 5.1

4 Oct-Dec 2010 0.07 151.7 2.4 244.4 23.5 10.0

5 Dec 2010-Feb 2011 −0.06 118.0 2.5 266.7 12.4 8.0

6 Feb-Apr 2011 0.18 829.2 2.8 236.8 30.0 51.4

7 Apr-Jun 2011 0.31 820.8 2.2 229.7 41.6 50.7

8 Jun-Aug 2011 0.18 79.0 2.1 220.5 30.6 5.4

9 Aug-Oct 2011 0.25 252.0 2.2 214.1 36.9 16.1

10 Oct-Dec 2011 0.19 449.0 1.9 218.5 30.3 28.6

11 Dec 2011-Feb 2012 0.03 458.5 2.4 263.3 17.9 29.4

12 Feb-Apr2012 0.08 333.1 2.5 227.9 22.6 21.5

13 Apr-Jun 2012 0.24 259.3 2.2 186.9 35.6 17.0

14 Jun-Aug 2012 0.19 86.3 2.0 235.8 31.8 5.9

15 Aug-Oct 2012 0.19 239.5 2.1 211.2 31.6 15.3

16 Oct-Dec 2012 0.14 142.2 1.9 186.1 27.3 9.6

17 Dec 2012-Feb 2013 0.09 502.4 2.3 243.8 22.7 31.8

18 Feb-Apr2013 0.10 466.6 2.9 253.6 26.4 29.9

19 Apr-Jun 2013 0.16 460.3 2.5 209.8 28.5 29.4

20 Jun-Aug 2013 0.19 193.7 2.1 218.9 32.1 12.8

21 Aug-Oct 2013 0.27 113.4 2.1 177.8 37.9 7.6

22 Oct 2013-Feb 2014* 0.0 398.5 2.3 238.3 15.3 25.4

23 Feb-Apr2014 0.12 642.7 2.6 195.2 23.8 40.7

24 Apr-Jun 2014 0.26 644.5 2.2 222.8 39.7 40.4

25 Jun-Aug 2014 0.20 121.4 2.0 199.1 34.9 8.2

Apr-Jun 0.22 488.6 2.3 212.9 34.9 30.9

Jun-Aug 0.18 108.9 2.1 220.1 31.8 7.4

Aug-Oct 0.23 170.1 2.1 206.7 34.9 11.0

Oct-Dec 0.13 247.6 2.1 216.3 27.0 16.1

Dec-Feb 0.02 369.4 2.4 253.0 17.1 23.6

Feb-Apr 0.12 567.9 2.7 228.4 25.7 35.9

In general, the annual growing season occurs from April to October, and a senescent period occurs from
November to March. BEarly growing^ season spans April–June, Bgrowing^ season spans June–August, Blate
growing^ season spans August–October, Bearly winter^ spans October–December, Bwinter^ spans December–
February, and Blate winter^ spans February–April

*Marsh was frozen in December 2014, and tiles were not recoverable
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0.22 g/cm2/y, averaging 0.15 ± 0.05 g/cm2/y. Corresponding
observed rates ranged −0.17-0.21 g/cm2/y, averaging 0.04 ±
0.13 g/cm2/y. Expected and observed core rates were statisti-
cally distinct (p = 0.03) and not correlated (p = 0.23).

Tile and core sedimentation rates were averaged between the
annual elevation surveys for comparison with observed eleva-
tion changes. There are three periods (year 1 = February 2011–

2012; year 2 = February 2012–2013; year 3 = February 2013–
2014) with coincident elevation and sedimentation measure-
ments, but only data from years 1 and 2 were considered since
nearly every site lost elevation in year 3 (Table 2). Observed
elevation changes were not correlated with average tile sedi-
mentation rates or organic content but were correlated with
average core sedimentation rates (p = 0.01, R2 = 0.16).
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Observed elevation changes were smaller (p = 0.01) than those
calculated by dividing tile sedimentation rates by corresponding
bulk densities; elevation changes were similar to corresponding
calculations with core data (p > 0.1) (Fig. 5).

During years 1 and 2, inundation duration, frequency, and
depth were positively linearly correlated with tile sedimenta-
tion rates (Fig. 6; Table 2) across the marsh, on the banks, and
in the interior, except for inundation frequency and bank rates.
No linear regression models were significant for core sedi-
mentation rates; however, quadratic regressions were signifi-
cant across the marsh and in the interior. Organic content was

negatively correlated with inundation duration, frequency, and
depth, for both tiles and cores across the marsh, on the banks,
and in the interior.

Discussion

The relationship between sediment supply and delivery to
marshes is complex, with feedbacks between water level and
SSC ultimately driving long-term marsh stability. Tidal

Table 2 Coefficients of
determination (R2) for linear
regression models of tile and core
sedimentation rates with physical
drivers

Physical Driver Tiles Cores

All Banks Interior All Banks Interior

SSC NS NS NS NS NS NS

Wind speed NS NS NS NS NS NS

Wind direction NS NS NS NS NS NS

Water level 0.24** 0.21** 0.14** 0.46** NS 0.24*

Inundation duration 0.43** 0.22** 0.52** NS R2 = 0.14** NS

NS

NS

R2 = 0.20**

Inundation frequency 0.28** NS 0.37** NS

R2 = 0.11*

NS

NS

NS

0.19*

Average depth of inundation 0.45** 0.22** 0.54** NS

R2 = 0.12*

NS

NS

NS

0.18*

All linear correlations were positive. Correlations with SSC, wind speed and direction, and water level include all
data over the study period. Correlations with inundation duration, frequency, and depth include data only for the
2 years of coincident elevation and sedimentation observations. For these parameters, values on the first line are
from linear regressions. If the linear regressionwas not significant (NS), the R2 value of the quadratic regression is
given on the second line

*p < 0.1; **p < 0.05; NS, not significant (p > 0.1)
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marshes must accumulate sediment at approximately the
rate of RSLR to maintain long-term equilibrium, which
depends on both available SSC in adjacent waters and net
sediment transport into the marsh. In this study, the ob-
served temporal variability in tile- and core-measured sed-
imentation across 5 years could be explained by subtidal
water level, not SSC, suggesting that any amount of SSC
in adjacent waters will not affect marsh accretion unless it is
transported into the marsh through directional transport
processes. These processes are complex, because they are
influenced by locally and regionally interacting drivers of
water level (Salas-Monreal and Valle-Levinson 2008;
Ganju et al. 2013).

Separating the influences of SSC and water level on sedi-
mentation was hindered in this study by lack of spatially var-
iable SSC data throughout the marsh. Expected sedimentation
rates, calculated with SSC, water level, and estimated particle-
settling velocities, were statistically similar to observed rates
on tiles, highlighting the importance of fluvial sediment for
inorganic marsh sedimentation. However, the linear regres-
sion models of observed versus expected rates and observed
rates versus water level had similar statistics (p < 0.05; R2 =
0.23 and R2 = 0.24, respectively), suggestingwater level as the
main driver, at least averaged over individual deployments. In
contrast, expected and observed rates in cores were statistical-
ly distinct, likely because calculations capture only deposition
whereas cores integrate both deposition and erosion. This re-
sult, and the correspondence of core sedimentation rates to
observed elevation changes, shows the importance of erosion
in determining net sedimentation and ultimately elevation
change.

The dominance of water level as a driver of marsh sedi-
mentation in this study is interesting in light of recent work
emphasizing the role of SSC in driving spatiotemporal sedi-
mentation patterns and morphological responses to environ-
mental change (D’Alpaos et al. 2011; Stralberg et al. 2011;
Butzeck et al. 2015). Observational studies also highlight the
role of SSC in determining spatial sedimentation patterns
(Moskalski and Sommerfield 2012). However, the link be-
tween SSC and sedimentation can be relatively weak
(French 2006), and even if SSC and sedimentation are posi-
tively linked, a marsh with higher SSC is not necessarily more
stable over time (Ganju et al. 2015). SSC reflects the quantity
of sediment available for transport; the net direction of trans-
port ultimately determines its fate. Sediment supply clearly
limits accretion rates in systems with low SSC in adjacent
waters, and a lag may exist between changes in SSC and
delivery to the marsh platform (D’Alpaos et al. 2011).
However, variability in supply is relatively unimportant for
systems like DMP, with plentiful fluvial sediment supply
(Palinkas and Engelhardt 2016), because there is Benough^
sediment to nourish the marsh. Instead, the mechanism of
supply is critical.

Marsh inundation provides insight into one possible trans-
port mechanism – water-level changes influenced by tides,
local and remote weather (temperature, winds, atmospheric
pressure), Chesapeake Bay circulation patterns, and propaga-
tion of Atlantic Ocean water-level changes. Generally, sedi-
mentation rates and the duration and frequency of inundation
are positively correlated (Cahoon and Reed 1995; Leonard
and Luther 1995; Leonard 1997, among others). At DMP,
inundation frequency was indeed positively correlated with
tile sedimentation rates (deposition was directly related to sed-
iment supply) but not linearly related to core sedimentation
rates. Instead, a quadratic regression fit was significant. In this
model, rates increase with inundation frequency to ~30–40%,
then decrease, suggesting a local optimum of sedimentation.
Cadol et al. (2014) observed a similar localized maximum of
elevation gain at mid-elevations in DMP; together these re-
sults indicate that increased inundation could increase marsh
vulnerability to rapid RSLR. The quadratic model was signif-
icant only for sites in the interior, suggesting that other pro-
cesses are more dominant on the banks (storm deposition,
flow routing by vegetation; Cahoon and Reed 1995;
Temmerman e t a l . 2005 ; Tho rn e e t a l . 2 014 ;
Vandenbruwaene et al. 2015; Nardin et al. 2016).

We offer two explanations for the observed localized sed-
imentation maximum, which are not mutually exclusive or the
only possible processes but rather suggest foci for future
study. The first explanation relates to feedbacks with the veg-
etation community; productivity in species-rich TFM
(Hopfensperger and Engelhardt 2008; Elmore et al. 2016)
and Mediterranean salt marshes (Day et al. 1999; Silvestri
et al. 2005; D’Alpaos et al. 2007; Marani et al. 2010) increases
with elevation. At DMP, stem counts and above-ground bio-
mass of erect but senesced plants at tile sites were higher at
higher elevations (Elmore et al. 2016). Moreover, sites inun-
dated <35% of the time, the midpoint of Boptimal window^
suggested above, had significantly higher stem counts than
those inundated more often (p < 0.001). The reduction in
near-bed shear stresses associated with dense vegetation com-
munities (Mudd et al. 2010; Elmore et al. 2016; Nardin et al.
2016) could facilitate sediment settling onto the marsh surface
at mid to high elevations; this process should be weaker in
sparser communities common at low elevations.

Another explanation for the optimal sedimentation re-
sponse relates to the Bsettling and scour lag^ concept well
established for supporting stable tidal landforms (Postma
1967; Pejrup 1988) and observed in field studies (Reed et al.
1999; Temmerman et al. 2003b). This concept is that tidal
waters carry suspended sediments into the marsh during flood
tide, with some sediment settling out of suspension and onto
the surface during the following slack tide. Waters receding
during ebb tide carry less sediment (Wang et al. 2017) due to
enhanced shear stresses required for sediment resuspension.
Water inundating the marsh on the next flood tide can be
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Brecharged^with sediment via exchange with adjacent waters,
resupplying sediment to the marsh and building elevation over
time. We hypothesize that long flood durations limit the op-
portunity for Brecharge^, delivering less sediment to the marsh
over time. While fully testing this hypothesis requires measur-
ing SSC in flood and ebb tides across a range of inundation
times and frequencies, core and tile sedimentation rates pro-
vide preliminary support. Core and tile data show that sedi-
mentation increases with longer inundation times, higher av-
erage water depth, and more frequent inundation (Fig. 6,
Table 2). However, core rates decrease for the longest inunda-
tion times, water depth, and inundation frequency, suggesting
a potential lack of complete recharge that will build less ele-
vation over time and enhance marsh vulnerability to RSLR.

Feedbacks among inundation, sedimentation, and elevation
could enhance marsh resiliency to environmental changes.
Maintenance of equilibrium elevations requires adjusting in-
organic and/or organic sedimentation to perturbations in ele-
vation (Marani et al. 2013). When elevation is lowered in both
salt marshes and TFM, inorganic sedimentation is enhanced,
because marsh surfaces are inundated longer, deeper, and/or
more frequently, increasing supply from adjacent waters and
resulting in elevation gain. In contrast, organic-matter deposi-
tion from high above-ground production increases at higher
elevations in TFM and Mediterranean salt marshes (but not
some North American salt marshes; Morris et al. 2002;
Kirwan and Murray 2007), allowing organic sedimentation
to dominate and potentially offset lower inorganic sedimenta-
tion at higher elevations (Elmore et al. 2016). Repetition of
these patterns over time allows the marsh to maintain an equi-
librium elevation. Our results from 2011 to 2012 and 2012–
2013 support these ideas for the study TFM, at least concep-
tually, as does the maintenance of sites as low versus high
marsh over the 5-years study. However, the widespread ele-
vation loss in 2013–2014 is striking in that feedbacks in low
and high marshes appear similar. Inorganic and organic sedi-
mentation rates that year were much lower than the previous
2 years; however, average organic content was slightly higher
(42% compared to 39% for 2011–2012 and 2012–2013), and
plant litter production was consistent across years (Elmore
et al. 2016). Thus, loss of inorganic input appears to drive
the sedimentation deficit. Water levels were much lower in
2013–2014, particularly from November–January when they
were significantly lower than previous years (p < 0.001), and
the corresponding decrease in inundation offers an explana-
tion for reduced inorganic sediment supply.

The hypotheses of an optimal response versus self-
sustaining feedbacks are not mutually exclusive, and there
are many subtleties that are beyond the scope of this study.
For example, the influence of water level is weaker in the
interior than on the banks, likely because floodingwaters must
overtop the banks before they can reach the interior
(Lagomasino et al. (2013) but see Ensign and Currin

(2017)). While further research is needed to fully explore
these hypotheses, this study provides evidence that the mech-
anism of sediment supply (inundation) can be more important
than the quantity of sediment available for transport (SSC),
which is critical insight for improving models of marsh re-
sponse to anticipated environmental changes. This study also
highlights the need for measuring the SSC that is actually
delivered to the marsh platform to assess potential marsh vul-
nerability to environmental change.

Summary

This study presented results from 5 years of bimonthly sedi-
mentation observations at DMP with coincident time-series of
physical drivers (winds, river discharge, water level, and
SSC). The main objective was to understand the influence of
these physical drivers on the spatiotemporal variability of
marsh sedimentation, so that potential marsh responses to en-
vironmental changes can be better predicted.

Local winds were correlated with both water level and
SSC. However, these correlations did not explain the majority
of the variability in water level or SSC, highlighting other
local and remote influences as physical drivers. Sediment or-
ganic content was relatively stable over space and time, while
sedimentation rates varied widely. The only single physical
driver that was significantly related to sedimentation rates in
linear regression models was water level and, corresponding-
ly, inundation time. Inundation time and sedimentation rates
were positively linearly related for tile observations (deposi-
tion only), as expected, but a quadratic regression model was
required for core observations that integrate sediment deposi-
tion and erosion and correspond to observed elevation
changes.

The dominance of water level, not SSC, as a driver of
marsh sedimentation in a system with plentiful sediment sup-
ply is a key result of this study and has important implications
for marsh resiliency to future environmental changes. Results
support two, non-mutually exclusive hypotheses for marsh
response to RSLR. The first proposes an optimal response of
sedimentation to increasing inundation, such that sedimenta-
tion increases to some critical value then decreases. This re-
sponse highlights the importance of water-level oscillations: at
longer inundation times, flooding waters have limited oppor-
tunities to Brecharge^ with sediment from adjacent waters,
delivering less sediment over time and enhancing marsh vul-
nerability to SLR. Another hypothesis posits that self-sustain-
ing, cyclical feedbacks among inundation, sedimentation, and
elevation maintain equilibrium elevations over time. Fully
testing these hypotheses in future work is critical for improv-
ing models of marsh response to anticipated environmental
changes.
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