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Abstract

Tidal marshes form at the confluence between estuarine and marine environments
where tidal movement regulates their developmental processes. Here, we
investigate how the interplay between tides, channel morphology, and vegetation
affect sediment dynamics in a low energy tidal marsh at the Paul S. Sarbanes
Ecosystem Restoration Project at Poplar Island. Poplar Island is an active restoration
site where fine-grained material dredged from navigation channels in the upper
Chesapeake Bay are being used to restore remote tidal marsh habitat toward the
middle bay (Maryland, USA). Tidal currents were measured over multiple tidal cycles
in the inlets and tidal creeks of one marsh at Poplar Island, Cell 1B, using Acoustic
Doppler-Current Profilers (ADCP) to estimate water fluxes throughout the marsh
complex. Sediment fluxes were estimated using acoustic backscatter recorded by
ADCPs and validated against total suspended solid measurements taken on site. A
high-resolution geomorphic survey was conducted to capture channel cross sections
and tidal marsh morphology. We integrated simple numerical models built in Delft3d
with empirical observations to identify which eco-geomorphological factors influence
sediment distribution in various channel configurations with differing vegetative
characteristics. Channel morphology influences flood-ebb dominance in marshes,
where deep, narrow channels promote high tidal velocities and incision, increasing
sediment suspension and reducing resilience in marshes at Poplar Island. Our
numerical models suggest that accurately modelling plant phenology is vital for
estimating sediment accretion rates. In-situ observations indicate that Poplar Island
marshes are experiencing erosion typical for many Chesapeake Bay islands. Peak
periods of sediment suspension frequently coincide with the largest outflows of water

during ebb tides resulting in large sediment deficits. Ebb dominance (net sediment
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export) in tidal marshes is likely amplified by sea-level rise and may lower marsh
resilience. We couple field observations with numerical models to understand how

tidal marsh morphodynamics contribute to marsh resilience.

Keywords: Delft3D, ADCP, tidal marshes, channel dynamics, numerical

modelling

Introduction

Tidal marshes provide a wide variety of supportive, provisional, regulatory,
and cultural ecosystem services (Barbier et al., 2011). Specifically, tidal marsh
ecosystems sequester pollutants, promote biodiversity, buffer coastal infrastructure
against large storms, encourage recreation and tourism and are increasingly
recognized as globally significant blue carbon sinks (Barbier et al., 2011; Fourqurean
et al;; 2012). Chesapeake Bay fisheries are widely supported by these highly
productive environments yet there is a struggle to acquire adequate funding for
marsh research and conservation (Boesch 1984; UNEP 2006). Despite their local
and global significance, a quarter to half of all tidal marshes on earth have
disappeared (Deegan et al., 2012, Millennium Ecosystem Assessment 2005).
Conservative projections of global sea-level rise forecast a minimum rise of 0.52 m
before 2100 and emphasize that those changes will not occur uniformly across
oceans (Parry et al., 2007). Recent models project a maximum rise of 0.64 m in the
Chesapeake Bay by 2050, and 1.74 m by 2100 (National Research Council 2012).
Receding shorelines would have devastating impacts on coastal infrastructure,

commerce, aquatic ecosystem services and resilience.
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Resilience can be characterized by the ability of an ecosystem to rebound
after a disturbance event (e.g., hurricanes and drastic sea-level rise). Aquatic
ecosystems are generally thought to be moderately resilient under dynamic climate
regimes (Bernhardt and Leslie, 2013). However, unprecedented warming and sea-
level rise at rates three to four times higher than the global average appear to be
testing the natural resilience of Chesapeake Bay ecosystems (Sallenger et al.,
2012). In recent decades, 13 low relief Chesapeake Bay islands have been lost to
inundation and erosion, while hundreds of thousands more acres of tidal marsh
habitat are predicted to disappear (Glick et al., 2008; Craft et al., 2009). Some
developed Chesapeake Bay islands have been entirely abandoned while other
communities persist by armoring their shorelines to limit erosion; substantially less is
being done to protect ecologically significant habitat surrounding these islands.

Efforts have recently been made to better understand the developmental
processes driving tidal marsh formation (Mudd et al., 2004). The geomorphic and
biotic dynamics that lead to the creation of tidal marsh islands under controlled,
artificial, and in-situ conditions have previously been investigated (Fagherazzi et al.,
2012; Kirwan et al., 2007; Temmerman et al., 2005; Morris et al., 2002). These
experiments generally demonstrate a negative correlation between vegetation
density and canopy flow, i.e. turbulence (Leonard and Luther, 1995; Leonard and
Croft, 2006). It is well established that aquatic vegetation modifies flow fields and is
capable of dissipating wave energy (Anderson et al., 2014; Nardin et al., 2018).
Vegetative traits such as leaf area and stem diameter can influence roughness
which,.in turn, can alter attenuation of low energy waves and sediment deposition
rates (Ward et al., 1984). The magnitude of roughness and the associated changes

to waves are a function of the modelled vegetation. Widespread taxa such as
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Spartina spp are often chosen for tidal marsh models due to their prevalence in
marshes and ecological significance. Relatively little research has examined the role
of vegetation in the aggregation and erosion of mineral sedimentation in tidal
marshes (Baustian et al., 2012). Previous studies used idealized numerical modeling
to show how vegetation density and channel morphology change tidal flow in
mangrove forests (Bryan et al., 2017), arid intertidal systems (Kearney and
Fagherazzi, 2016) and in the evolution of delta mouth bars (Nardin et al., 2013;
Nardin and Edmonds, 2014; Lera et al., 2019). These works suggest that shallow
water vegetation, similar to tidal marsh vegetation, would increase the frictional effect
vegetation has on tidal currents; thereby inducing sediment trapping. If numerical
models-are expected to simulate real world environments and inform management
decisions with accuracy, similarly complex models must be developed for each
ecosystem (Nardin et al., 2016).

Coastal islands and tidal wetlands are being subjected to an unprecedented
degree of inundation and erosion that is resulting in their widespread disappearance
(Croshy et al., 2016). An active attempt to conserve and restore these ecosystems is
underway but has been insufficient to compensate for the area lost. Ecological
restoration has long been considered an “acid test” for ecology (Bradshaw, 1984),
where restoration practitioners test how well the scientific community truly
understands the complexities involved in ecosystem formation. In many cases,
restoration projects are not as successful as practitioners would like, with most
projects lacking adequate funding to afford post project monitoring or fail to include
criteria for measuring success (Suding, 2011). Improved understanding of sediment

dynamics in low profile tidal marshes would help improve conservation prioritization
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models and redirect resources toward areas with the highest potential impact and
chances of long-term restoration success.

We seek to characterize the hydrologic and geomorphic regimes present in a
portion of restored Spartina alterniflora tidal marsh at the Paul S. Sarbanes
Ecosystem Restoration Project at Poplar Island (Poplar Island), Maryland. In this
study, we used in-situ field measurements of tides, vegetation, and channel
morphology to inform an investigation into the factors that influence sediment
transport and flood-ebb dominance in the system. Specifically, we define an ebb
dominated system as having a net loss of sediment while flood dominance describes
a marsh complex that captures sediment and promotes vertical accretion (Brown and
Davies,2010). We complemented these observations by building hydro-geomorphic
numerical models in Delft3D to systematically evaluate the role of vegetation with
stand characteristics that imitate the effect S. alterniflora has on tidal marsh
development. By modelling simple channel configurations in a vegetated platform
with varying channel depths, widths, and vegetative characteristics, we can assess
how these factors interact to determine ebb-flood dominance in tidal marshes. Lastly,
we characterize the morphological implications of different channel-vegetation

scenarios and their significance for tidal marsh accretion and resilience.

Materials and Methods
Study site

Poplar Island is an active ecosystem restoration site constructed of sediment
that is dredged from the navigation channels approaching Baltimore Harbor to
restore remote island habitat in the Chesapeake Bay. Spanning 5.6 km by 0.8 km,

Poplar Island is representative of numerous islands throughout the region (Fig. 1a)
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that have been subjected to severe erosion and inundation by rising sea levels.
Originally 461 ha, Poplar Island had degraded to approximately 1.6 ha before a
collaborative effort between the Maryland Department of Transportation, Maryland
Port Administration, Maryland Environmental Service and the U. S. Army Corps of
Engineers began an effort to restore the island in 1998 (Fig. 1b). The island is
subdivided into containment cells, half of which will be tidal marsh and half upland
habitat when the project is complete (Fig. 2a). As of May 16, 2017, 24.47 Million
Cubic Meters (MCM) of fine-grained (median sand <10%, Stevenson et al., 2013)
dredged materials have been placed on Poplar Island, totaling 694 ha of restored
mixed upland and wetland habitat (Kelly W., 2017). Our measurements come from a
single tidal marsh, Cell 1B, with neighboring marshes connected by two channels,
one to the North (NE) and one to the South (SE), and two adjacent 1.8 m? box
culverts that connect the marsh to the Chesapeake Bay (Fig. 2b). Cell 1B was
graded and opened to tidal exchange in 2011 and planted with nursery gown S.
alterniflora (low marsh) and S. patens (high marsh) in 2012. The mean great diurnal
tide range (difference between mean higher high water (MHHW) and mean lower low
water (MLLW)) at this site is 0.468 m (Kent, 2015). Target elevations were: high
marsh 0.75 m above MLLW, low marsh 0.57 m above MLLW, with flooding typically
occurring twice per day in the low marsh and once per day in the high marsh.
Preliminary surveys and hydrodynamic modelling in and around Poplar Island have
provided a useful, but incomplete picture of the environmental forces sculpting the

marsh complex.

Tidal flux
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We simultaneously deployed Nortek Aquadopp Acoustic Doppler Current Profilers
(ADCPY)in the marsh’s three channel inlets in early July and deployed the same
three ADCP instruments throughout the tidal marsh interior in mid-July (Fig. 2).
ADCPs are acoustic based instruments that measure acoustic backscatter at varying
water column depths and have been a well-established method of estimating
suspended solid concentrations (SSC) and net sediment transport (Holdaway et al.,
1999; Gartner, 2004). ADCP units were deployed under a variety of resolutions at
different locations (Table 1). Instruments recorded every 3 minutes at 1-2 MHz,
averaged over 60 seconds, and at height intervals (cell size) of 5, 10, or 25 cm.
Water depths were calculated from pressure values recorded by ADCPs and
validated against depth measurements taken with meter sticks (Fig. 3). SSC was
calculated from backscatter intensity measurements using the Lohrmann, 2001
equation (Eqg. 4). SSC estimates were validated against total suspend solid (TSS)
measurements taken from ISCO autosamplers deployed alongside each ADCP unit,
sampling hourly during the first 24 hours. ADCPs were bottom mounted on weighted
PVC or metal plates and placed approximately at the center of each channel, roughly
corresponding to thalweg (Monismith, 2005). ISCOs were deployed 5-10 m away
from ADCP units near the thalweg to avoid disturbing waterflow, except at the culvert
(CUL) where the ISCO probe was two to three meters from the profiler. All ADCPs
were deployed with the transducer head pointed into the tidal marsh, making the
interior-oriented velocities a reasonable estimate of tidal fluxes.

Sediment fluxes (q) were computed as concentration (c) times velocity (u)
times the cross-sectional area (A) of the flow. Where subscript i denotes an
instantaneous measurement.

q; = ciuA; (1)
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Equation (1) provides the ability to calculate flux at discrete time steps.
Applying an averaging period based on tidal cycles and summing n measurements

over that period, net tidal flux (g) can be calculated.

q =2 qlt (2)

Cross-sectional area at the main culvert was calculated by multiplying the
fixed channel width by water depth at three-minute intervals. Irregular channel areas
were calculated using the mean-section method where (d1) is the depth from water
level to the surface at point 1, (d2) is depth at point 2, and (w) is the distance
between points d: and d> which was standardized at 0.5 m. Total area (A) is the sum

of partial section areas (Ay).

4, == (3)
Sediment flux
ADCPs record backscatter intensity (Bl) on a 0 to 255 count scale. We
converted these values using a version of the applied sonar equation (Deines, 1999)
found in the R package ‘oce’ (Version 0.9-21), where Bl is converted to SSC in
decibels by multiplying count by 0.43. Modifications were made to account for signal
loss due to spherical spreading and water absorption (Fisher and Simmons, 1977)
while particle attenuation was ignored due to relatively low salinity levels (Lohrmann,
2001).
SCC (db) = Amp * 0.43 + 20log10(r) + 2a,,r (4)
ADCP measurements of SSC are reliant on sediment being the primary
constituent in the water column. The ISCO took hourly samples of bottom water, 30-
40 cm above the seafloor, to estimate sediment particle size and percent organic

matter for our numerical models. Using an ISCO sampler allowed for the calibration

of backscatter intensity and provided a second line of evidence to support the validity
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of backscatter calculations. Organic content was determined by loss on ignition (Heiri

et al;; 2001).

Vegetation and cross section survey

Line transects were established at angles perpendicular to measured
channels where vegetation was sampled. Vegetation consists primarily of S.
alterniflora. Measurements of stem density, canopy height, and stem diameters were
recorded at 20 m intervals using 0.1 m? quadrats (Fig. 4). Stem densities were
determined by counting each stem inside the quadrat. Mean stem diameter was
calculated from measurements taken on ten stems per quadrat at a height of 15 cm
from the soil surface using a Vernier caliper. Canopy height was determined by
averaging the heights of the five tallest individual stems within each quadrat.
Vegetative characteristics were used to characterize stand features in our numerical
flow-model built in Delft3D.

Channel cross sections were measured within the marsh complex using a
Topcon Hiper V GPS GLONASS L1 L2 RTK. The RTK georeferenced depth points in
NAVD88 datum, allowing us to empirically determine channel shape and depth for
model construction. The instrument’s base was placed on known coordinates (Poplar
Island benchmark CM 2: https://www.ngs.noaa.gov/INGSDataExplorer/) located on
the western side of Cell 1B (Fig. 2b). Within the tidal marsh area, we used a rover

receiver mounted on an extendable pole to survey channel elevation.

Numerical model setup

We configured a numerical model to replicate the geomorphic characteristics

of an interior channel (SC). We focused our modelling on SC because it is located
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deep inside of the marsh complex and away from the actively eroding marsh edge.
All numerical models were built using Delft3D to simulate the hydrodynamic and
morphodynamic processes acting during flood-ebb tidal cycles. Our models were
tested under a range of configurations to understand how the presence and density
of tidal- marsh vegetation influenced channel development over time. Delft3D allows
users to create two- and three-dimensional models that accurately simulate
geomorphic development. We conducted a sensitivity analyses to determine the
most informative configuration for our investigation. We found that using a depth-
averaged model (2D) was less computationally intensive and produced very similar
results when compared to alternative 3D approaches. As a result, all future
references to numerical models assume a 2D configuration.

Our models were built on a 0.09 km? numerical domain with a 100 m long
channel running through the center (Fig. 5a). Our model grid was built using 6 m?
cells, with a high-resolution refinement of 2 x 6 m along the centerline. Two
resolutions were selected to optimize run time and data restitution accuracy. We
simulated three equal area channels with unique morphologic features to examine
channel evolution (Fig. 6). Model one simulates fluid flow and sediment transport
based on the observed features at SC. Models two and three represent idealized
scenarios with deep, narrow channels (6 x 0.8 m) and shallow, wide channels (24 x
0.245 m).

Simulated tidal channels are incised into an erodible coastline where no flux
boundary condition is imposed and the mean water level is zero. Water level
boundary conditions were set to replicate measured sea-level variation (i.e. tides)

from the open basin (Fig. 5b). The simulated tide is semidiurnal and approximates in-
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situ Chesapeake Bay conditions (Fig. 5¢). Bathymetric variation was limited by
assigning equal bed elevations to the open basin and channel thalweg.

Bottom roughness was modeled using Chézy's formula with a constant value
(Cb) of 65 vm/s. We satisfy Courant-Frederichs-Levy’s numerical stability criteria by
using a time step of 0.2 min (Lesser et al., 2004). Horizontal eddy viscosity was set
equal to a uniform value of 0.001 m?/s and the horizontal eddy diffusivity was set at
10 m?/s. We reduce modelling error by setting a 180 min spin-up interval that allowed
the hydrodynamics to stabilize prior to allowing morphological updating.

Sediment boundary conditions were set to continuously supply suspended
silts with a grain size of 20 um. We focused on modelling cohesive sediment
transport because our ISCO field surveys showed that non-cohesive sediment made
a very limited contribution to SSC. As a result, we imposed a seaward sediment
boundary condition with a constant input of 0.64 kg/m?, similar to Nardin et al., 2013.
All sediment was characterized by reference density of hindered settling of 1600
kg/m?3 specific density of 2,650 kg/m?3, dry bed density of 800 kg/m?® and a settling
velocity of 0.001 m/s converted using methods from Van Rijn, 1993.

We simulated tidal marsh vegetation at all points in the modelling domain
where flow equaled zero (high marsh) and along channel banks. We modelled
vegetation with six unique combinations of stem density (n = 2, 6, 10) and height
(hy, = 0.1, 1.6 m) based on field observations (Table 2a). Vegetation heights were
chosen to represent winter (h, = 0.1 m) and summer (h,, = 1.6 m) growing
conditions. By simulating submerged and emergent vegetation, we can examine how
suspended sediments interact with vegetation during different seasons to understand

how.plant phenology affects sediment behavior and tidal marsh accretion.
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Vegetation model

Vegetation substantially reduces tidal flow (e.g. Liu et al., 2003; Mazda et al.,
1997; Temmerman et al., 2005; Wu et al., 2001), due to enhanced frictional drag
caused by stem and leaf characteristics which can be modelled in Delft3D. Frictional
drag is expressed as an effect on hydraulic bed roughness and flow resistance.
Delft3D incorporates vegetation effects by allowing users to specify roughness
classes.

Vegetation was modelled using equations proposed by Baptist et al., 2005,
which represents marsh grasses as rigid cylindrical stems characterized by height
(hy), diameter (D), density (n) and a drag coefficient of the vegetation structure (Cp).
In the presence of fully emergent vegetation (vegetation taller than water depth), the
flow velocity profile is constant beneath the surface. In contrast, submerged
vegetation (vegetation below than water depth) develops a constant velocity profile
from the base of the channel to the top of the stems. A logarithmic velocity profile is
then fitted from the top of the submerged vegetation to the water surface.

We first applied the Baptist equation to the submerged vegetation simulation,
where the Chézy friction value for fully submerged vegetation (Cis) is calculated by
deriving n from n = mD (where m is the number of stems per square meter and D is
the stem diameter), k is the Von Karman constant, g is acceleration due to gravity

and Cy is the bed roughness according to Chézy.

1 NG h
Crs =——=+—=In(— 5
==+ (3) (5)
When modelling emergent vegetation, we removed the logarithmic growth
term and assumed a constant vertical velocity profile that results in a simplified

Chézy friction value (C):
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Cr = F=—= (6)

Data Analysis

To better understand the relationship between sediments and vegetation, we
calculated a sediment concentration ratio (Rc). Rcis an estimate of the potential
volume of suspended sediment trapped by vegetation across the simulated high
marsh during the last four tidal cycles. Positive R values indicate that sediment is
less able to settle due to the presence of vegetation. SSCyeg and SSChno veg are
determined by estimating the total suspend sediment in the water column at the end

of eachsimulation.

_ 55Cyeg=SSCno veg

RC
S$SCno veg

(7)
Coupling the hydrodynamic and morphodynamic models allowed us to further
investigate sediment dynamics within our modelled marsh configurations. For that

reason, we calculated a sediment accretion ratio (Ra):

R. = BLyeg—BLno veg
=
BLno veg

(8)
Ra is a comparative term that estimates bed level change in the designated
“high marsh” zones between vegetated and non-vegetated simulations. BLeg is the
net change in bathymetry when vegetation is present, while BLno veg represents non-
vegetated cases. Positive R4 values indicate that marsh accretion occurs more
rapidly when marsh vegetation is present. Both Rc and Ra are calculated as
averaged values across the vegetated marsh platform and exclude the channels

(Table 2b).
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Results
Water fluxes and tidal symmetry

Multiple low and high tide events were recorded during this study. We
regularly observed the strongest tidal currents during ebb tides (Fig. 7). The
magnitude of ebb tides varied but were never weaker than their associated flood tide
at any of the three inlets. We therefore classified this tidal marsh as having an
asymmetric tide that is ebb dominant (i.e. stronger ebb tides).

We compared water fluxes at each of the three inlets entering our study site
which allowed us to determine that water is primarily exchanged through the culverts
(CUL) (Fig. 3b). Water fluxes at the NE inlet were near zero (median = 0.04 m3/s) for
the first deployment and did not greatly contribute to interconnectivity between
wetland cells. Median positive and negative fluxes were 11 and 19 times lower than
those measured within CUL. Water fluxes in the SE inlet (median = 0.21 m?/s) were
observed to be greater than those in the NE inlet but substantially lower than CUL
with positive and negative fluxes being 4 and 10 times less. CUL fluxes during ebb
tides had a median value of -2.07 m3/s while flood tide fluxes had a median of 1.15

m?3/s.

Flood-ebb dominance

Field observations provide evidence of ebb dominance (net sediment export) at our
study site. Sediment and water fluxes exhibited very similar distributional trends
throughout both sampling periods (Fig. 3b-c). Only fluxes in the culvert (CUL and
CUL2) were bimodally distributed while all other sites were characterized as having

slightly skewed or normal distributions. Bimodality would be expected in channels

This article is protected by copyright. All rights reserved.



heavily influenced by flood and ebb tides. The semidiurnal structure of the tide
diminished with distance from the culvert, as tidal currents are diffused by
topography and vegetation. Normal distributions may be indicative of a diminished
effect by tidal processes. Current directions ranging from ~ +50° to +90° represent
flood tides and ~ —90° to —130° were classified as ebb tides within the culvert.
Sediment fluxes in the culvert where similar during the ebb and flood tides with a
median ebb value of - 0.083 kg/m® and 0.048 kg/m? during flood tides. Median ebb
and flood sediment fluxes within the culvert were 3 to 8 times higher than those
occurring in the main and secondary channels.

Water velocities were highest in the culvert during the ebb tide and reduced
linearly from the surface to the channel bed. Flood tide velocities followed a similar,
less noticeable trend. In contrast, SSC was observed to be most extreme during
peak flood tides and during transitional periods while ebb tides generally had
moderated SSC levels (Fig. 8d). SSC was more normally distributed during flood
tides where moderate water depths had relatively low SSC observations. This trend
emerged in both ADCP deployments at CUL under various weather conditions.
Irregular velocity patterns were observed at both inlets, suggesting that external
forces may be influencing marsh development at connecting points between
neighboring marsh complexes (Fig. 8b-c). Additionally, water velocities and fluxes
were relatively low inside MC and SC. External factors such as channel morphology,
vegetation, and wind may have promoted additional mixing in this area. Velocity was
lowestin MC and had the least variable SSC values. SC, however, had several
periods where velocity magnitudes were unusually large but maintained the lowest
observed SSC of all our ADCP sites with observations dropping below 50 dB.

Sediment appears to drop out of the water column the further it travels from the
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culvert. Coupling this observation with observed ebb tides having a higher SSC than

flood tides, a case for ebb dominance can be established.

Modelled Tidal Hydrodynamics

Tidal flow is the main variable affecting flow circulation and hydrodynamics at
Poplar Island. Field data suggests the existence of an asymmetric ebb dominant
current that we sought to replicate using Delft3D FLOW. The main channel of Cell
1B (MC) was selected as a reference point for our numerical models. Hydrodynamic
simulations at MC closely resembled tidal patterns measured by ADCPs during field
deployments.

Plotting water level against depth averaged velocity allows for the comparison
of flood and ebb current magnitudes at every stage of the semidiurnal tide. The
longitudinal depth averaged velocity (y component) mimics the tides by decreasing
during ebb and increasing during flood tides. The transverse velocity (x component)
is so small that it can be neglected along the centerline and increases almost linearly
moving toward the lateral side of the channel, where the vegetation height and
density increase.

Flood and ebb current velocities ranged from 0.8-1.0 m/s and 1.0-1.1 m/s,
respectively, indicating that the simulated tide is asymmetric and ebb dominant,
similar to in-situ observations. We found that initial channel geometries significantly
altered velocity during the flood tide. Shallow, wide channels experienced notably
lower depth-averaged velocity when compared to deep, narrow channels or the
modelled SC channel (Fig. 9a-b). We found that stem density had a relatively small
effect on current velocity. In contrast, peak flood and ebb velocities within the

channel nearly double in the presence of emergent vegetation (Fig. 9c-d).
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Channel geometry significantly affects the suspended sediment delivered to
the high-marsh. When vegetation is simulated at a constant stem height and density,
variation in channel morphology lead to substantial sediment concentration
disparities (Fig. 10a). Low velocities in the shallow, wide channels result in relatively
small R¢ observations in the high marsh when compared to deep, narrow channels.
Low current velocities allow sediment to settle throughout the marsh but limit the
magnitude of scouring and erosion. Chanel morphology directly influences water
column velocity, thereby indirectly affecting the capacity of currents to penetrate
marsh vegetation.

SSC changed in direct relationship to tidal symmetry and water level (Fig. 10).
Stem density only affected SSC when vegetation was emergent and had the SC
morphology (Fig. 10b-c). Emergent vegetation creates hydraulic resistance to flow,
causing a decrement in velocity and maximum bed shear stress. In contrast,
simulating tidal marsh vegetation at 0.1 m with various stem densities does not
produce any significant variations in SSC. Vegetation height is the most influential
plant characteristic for predicting accretion rates in our models (Fig. 11).

For short vegetation (Fig. 11a) percent Rc increases exponentially as stem
density increases, producing a 6.5% growth in SSC. Low stem densities (n=2)
produce 1% more growth in SSC than non-vegetated simulations. Similarly, high
stem densities (n=10) produce 7.5% more SSC than non-vegetated cases. In
contrast, emergent vegetation (Fig. 11b) R. increases toward a horizontal asymptote,
generating only a 5% increase in SSC but trapping substantially more sediment as a
whole. Low densities of emergent vegetation produce 91% more SSC than non-
vegetated cases, whereas higher densities produce 96% more SSC. In other words,

density has a slightly larger effect on SSC for short vegetation than for tall
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vegetation. We fitted an exponential function (R>=0.965) to stem height at 0.1 m and
a logarithmic function (R?=0.827) when height was 1.6 m. Submerged vegetation
had a significant effect on R¢, where increasing stem density led to an associated
increase in Rc. Emergent vegetation, according to the Baptist equation, should have
a uniform velocity profile leading to more efficient sediment trapping. However, when
vegetation height is 1.6 m the behavior of R changes substantially and gradually
tends to reach a constant value. We found that emergent stem densities greater than
n=6 are less important for accumulating sediments than previously thought. We
observed a slight decreasing trend in Rc when we simulated stem densities of n=8
and n=10.

Our models suggest that vegetation obstructs the movement of both water
and sediment, thereby reducing SSC as material is allowed to settle during low
velocity periods. Ra was correlated with increased channel width and vegetation
volume (plant height x stem density) (Fig. 12). Vegetation was found to inhibit
sediment accretion at large volumes and suggests that an optimum ratio of stem

height and density exists for resilient tidal marshes (Fig. 12b).

Discussion

Channel morphology and plant phenology profoundly affect flood-ebb
dominance in tidal marsh ecosystems (Carr et al., 2018). Our numerical models
demonstrate the impact channel design and vegetation has on the long-term stability
and resilience in marsh habitat. We found that dense, submerged vegetation and
wide, shallow channels generally minimized peak tidal velocities and promoted
marsh accretion more quickly. Rc and Ra were based only on SSC estimates from

the high marsh which allowed for direct comparisons between vegetated and bare
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channel simulations. We observed the R, coefficient to be inversely related between
submerged and emergent vegetation. Dense, submerged vegetation appears to
promote sediment deposition while dense, emergent vegetation limits deposition. We
posit that higher stem densities hinder flows from spreading throughout the marsh
and releasing suspended sediment (Leonard and Reed, 2002). However, more in
depth studies are needed to validate this observation. Nevertheless, these results
are consistent with modelling studies in other vegetated environments (Nardin et al.,
2016). Sediment deposition and marsh accretion is vital for long term restoration
success and should be prioritized if future dredge islands are expected to persist.
Our field observations suggest that sediment is being exported from the
Poplar Island’s Cell 1B tidal marsh (Fig. 7 and 8). Net sediment fluxes at the culvert
and main channel were negative, indicating the export of suspended sediments. In
contrast, the secondary channel had a positive net flux, where sediments were
accumulating. It is not unusual for marsh complexes to have spatially heterogeneous
characteristics that lead to sediment eroding and aggregating non-uniformly (Moffett
et al., 2010) between and across channels. Sediment was unable to accumulate at
the seaward edge of the tidal marsh but increased with distance from the culvert,
suggesting that wave energy may be less formative for interior marsh morphology.
Sediment fluxes within the secondary channel exhibited greater variability than those
of the main channel but were observed to have lower SSC. Tidal energy has a
strong developmental influence on channel morphology and flood-ebb dominance
that dissipates as water moves deeper into the tidal marsh interior and over
vegetated surfaces (Mdller et al., 2014). In low energy channels non-cohesive
sediments are allowed to settle along banks and on the marsh platform. In contrast,

high velocity flows near the culvert erode channel banks in the root zone, a process
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called root scalping, and pull suspended particles out of the marsh complex (Priestas
et al;, 2015; Leonardi et al., 2016).

In addition to negative net sediment fluxes at our study site, we are concerned
by the lack of incoming sediment from the Greater Chesapeake Bay. Tidal marshes
are unlikely to persist where sea levels are projected to rise quicker than their
platform (Morris et al., 2002). Ebb dominance compounds the effect of sea level rise
by reducing platform height and destabilizing banks.

The greatest concentration of suspended sediments was observed at the
culvert during peak ebb tides, suggesting that sediments are being exported from the
marsh interior into the Chesapeake Bay. SSC for both inlets were observed to be net
positive-at much smaller scale, indicating a degree of inter-wetland connectivity and
sediment import. Cell 1B is characterized by a minor ebb-asymmetry and ebb
dominant conditions. These findings suggest that poor sediment retention should be
considered a threat to ecosystem stability. While tidal inputs cannot be altered
without reconstructing culverts in this wetland, future research may consider
monitoring sediment transport at multiple wetland cells simultaneously to limit
confounding spatiotemporal factors and better understand sediment fluxes.

Although we still have an incomplete understanding of the forces driving tidal
marsh resilience, our study demonstrates that channel design and vegetation
development are crucial factors for restoring tidal marsh habitat. Belliard et al., 2016
suggests that vegetative effects on sediment deposition could be sufficient for tidal
marshes to withstand low amounts of sea level rise, but at moderate to high levels
(>10 mm/yr) numerical models predict marsh degradation. It is therefore imperative
that restoration actions and contemporary modelling frameworks improve quickly

enough to accommodate our most severe sea-level rise projections. The channels at
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Poplar Island do not appear to be adequately designed to promote geomorphic
marsh resilience. We observed a relatively low amount of sediment re-entering our
study area after removal during ebb tides. We show that vegetation and channel
stability are inherently linked, yet the species-specific characteristics of vegetation
can. do much to promote or inhibit tidal marsh resilience. While our results
demonstrate the value of incorporating vegetation and channel structure into
numerical models, they do not help to decipher the unexplained source of exported
sediments we observed during our field campaign.

Our modelling efforts are an attempt to better understand how to promote
vertical accretion in restored tidal marshes. Tidal marsh ecosystems are dynamic
and can-be difficult to simplify in a model. We sought to isolate the contribution of
channel morphology, vegetation, tidal symmetry, and time in determining marsh
evolution. If validated in other marshes, our models could help to develop best

practices for conserving and restoring coastal ecosystems.

Conclusions

Understanding the factors that most significantly affect tidal marsh formation
and degradation are vital to improving the resilience of coastal wetlands. In this
research, we used field observations in conjunction with numerical models to show
how vegetation and channel morphology effect flood-ebb dominance in an idealized
tidal marsh. In-situ measurements of tides and SSC showed that our observed
system is characterized by an asymmetric ebb tide with ebb dominance (Fig. 7),
suggesting that erosion and sea-level rise are likely to become a more exaggerated
and confounding threat to restored tidal marshes in the Chesapeake Bay over time.

In-situ measurement of tides and SSC allowed us to compare the marsh’s current,

This article is protected by copyright. All rights reserved.



ebb dominant state and its tidal asymmetry to our modelled systems. Coupling
hydrodynamic and geomorphic numerical models is still relatively new but immensely
powerful for isolating variable effects. Our model showed that stem density affects
flood tides more than it does ebb tides, but that emergent vegetation more
significantly reduced current velocities. SSC was equally influenced by vegetation
density and height, and sediment was prone to fall out as water slowed down when
passing through tall, dense vegetation. Channel geometry had a lesser influence on
sediment retention than did vegetation; shallow, wide channels distributed water over
a greater surface area leading to lower velocities and enhanced sediment trapping
by vegetation when compared to deep, narrow channels that led to scouring (Fig.
10). Lastly, our numerical model showed that tidal symmetry did not influence flood
tide velocity in shallow, wide channels or narrow, deep channels.

If Poplar Island is representative of tidal marshes throughout the Chesapeake
Bay, greater emphasis needs to be placed on channel design and the important
effect that robust vegetation has in promoting sediment retention. Improving tidal
marsh modelling accuracy and precision is more important than ever in the face of
rapidly rising sea levels. A recent economic analysis found that the cost of restoring
marine ecosystems ranges between $150,000-400,000 USD per hectare
(Bayraktarov et al., 2016). Our numerical models show the importance of coupling
biotic and abiotic factors while emphasizing sediment aggregation effects in tidal
marsh restoration. Our investigation highlights the importance of constructing model
systems prior to beginning restoration efforts to maximize success in creating

resilient tidal marshes.
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Name Latitude Longitude E;:sgg?;:;}m Start time End time ﬁ?g]r\?gln g ) E;LI)Slze ﬁ:;zl)utlon
Cul 38°46'15.38"  76°22'35.89" 0.150 7717 12:00 71217 13:45 180 5 2
Cul2 38°46'15.38"  76°22'35.89" 0.150 7/19/17 12:00  7/21/1710:00 180 5 2
NE 38°46'22.30"  76°22'34.55" 0.150 7717 12:00 7/12/1713:45 180 10 2
SE 38°46'10.93"  76°22'41.83" 0.100 7/7/17 12:00 7/12/17 13:45 180 25 1
MC 38°46'18.69" 76°22'41.93" 0.150 7/19/17 12:00  7/21/1710:00 180 10 2
sC 38°46'15.84"  76°22'44.13" 0.100 7/19/17 12:00  7/21/1710:00 180 25 1

Table 1: Details of ADCP deployment locations
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RunID  Channel width [m] Channel depth [m] hv [m] n [1/m]

RO1 24 0.25 0.1 2
RO2 24 0.25 0.1 6
RO3 24 0.25 0.1 10
RO4 24 0.25 1.6 2
RO5 24 0.25 1.6 6
RO6 24 0.25 1.6 10
RO7 6 0.80 0.1 2
RO8 6 0.80 0.1 6
RO9 6 0.80 0.1 10
R10 6 0.80 1.6 2
R11 6 0.80 1.6 6
R12 6 0.80 1.6 10
R13 12 0.83 0.1 2
R14 12 0.83 0.1 6
R15 12 0.83 0.1 10
R16 12 0.83 1.6 2
R17 12 0.83 1.6 6
R18 12 0.83 1.6 10

Table 2a: Numerical model configurations with varying initial channel morphology
and vegetation characteristics. hy shows vegetation height in meters and n refers to
stem densities.
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Run ID Channel width [m] Channel depth [m] hv [m] n [1/m]

R19 24 0.25 0.1 4
R20 24 0.25 0.1 8
R21 24 0.25 1.6 4
R22 24 0.25 1.6 8
R23 6 0.80 0.1 4
R24 6 0.80 0.1 8
R25 6 0.80 1.6 4
R26 6 0.80 1.6 8
R27 12 0.83 0.1 4
R28 12 0.83 0.1 8
R29 12 0.83 1.6 4
R30 12 0.83 1.6 8
R31 18 0.32 0.1 2
R32 18 0.32 0.1 4
R33 18 0.32 0.1 6
R34 18 0.32 0.1 8
R35 18 0.32 0.1 10
R36 18 0.32 1.6 2
R37 18 0.32 1.6 4
R38 18 0.32 1.6 6
R39 18 0.32 1.6 8
R40 18 0.32 1.6 10
R41 24 0.25 no veg

R42 6 0.80 no veg

R43 12 0.83 no veg

R44 18 0.32 no veg

Table 2b: Model configurations used to calculate the sediment dynamic ratios Rc
and Ra.
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Figure 1: Location of our field site (a) in the greater Chesapeake Bay watershed. (b) The
historic extent and reduction of Poplar Island between 1847 and 1993.
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(a)

Figure 2: Poplar Island today (2005) (a) where marshes are being restored in cells on the
eastern portion of the island. We focus on cell 1B (b) where diamonds denote our 1st ADCP
deployment locations, circles indicate the 2nd deployment locations, vegetation and sediment
line transects are shown in yellow and the triangle identifies the GPS base location (courtesy
of Google Earth and U.S. Army Corps of Engineers).
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Figure 3: Time series of site observations collected during 1st deployment of ADCPs during
July 2017. (a) Water level data collected and from ADCP unit inside the culvert. (b)
Instantaneous water fluxes smoothed by a moving median at each channel inlet. (c)

Instantaneous sediment fluxes smoothed by a moving median at each channel inlet. (d)
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Figure 7: Smoothed tidal velocities measured in the main culvert at Poplar Island, Cell 1B.
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Figure 8: Tidal stages plot from the 1st deployment, where (a) shows velocities from the
culvert paired with SSC (b) measured simultaneously. (c-d) depict the same observations for
the northernmost inlet, and (e-f) for the southern inlet. Hollow circles represent mean
observations recorded at three-minute intervals over five days. Colored lines show mean
hourly observations averaged over the same five-day period where blue lines signify flood
tides and brown depicts ebb tides.
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Figure 9: Flood-ebb dominance plots extracted from the numerical modelling output at the
observation point with variation in channel shape (a-b), and stem density (c-d). The top
panels show the same results: the unfilled circles represent the unaveraged outputs collected
during the last 4 tidal cycles and were omitted from subsequent panels to increase clarity. The
blue lines in a-b represent a shallow, wide channel, red is the deep, narrow channel, and grey
is the real cross section. Vegetation in the top plots had uniform heights of 1.6 m and stem
densities equal to 6 m-1 but varied in the lower plots with stem heights of 0.1 m (c) and
density of 1.6 m (d). Where blue lines denote the lowest stem density (n = 2 m-1), red is
moderate (n = 6 m-1), and green is high density (n = 10 m-1).
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Figure 10: Suspended sediment concentration plots extracted from the numerical modelling
results at the observation point. The top panel (a) display the data collected in 48 hr with
shape variation. The blue dashed lines represent the shallow, wide channel configuration, the
red lines the deep, narrow channel configuration and the grey line the real channel section
taken from SC. The bottom panels display the vegetation variation with height stems of 0.1 m
(b) or height stems of 1.6m (¢) and density of n=2 m—1 (blue), n=6 m—1 (red) and n=10 m—1
(green).
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Figure 11: R. coefficient at varying vegetation densities at channel SC. (a) Blue lines denote

vegetation at a height of 0.1 m while (b) red lines show vegetation at 1.6 m. Trendlines are
dashed.

This article is protected by copyright. All rights reserved.



120 ~

100 | +— short vegetation

80 | |—e— tall vegetation
60
40 -
20

W/D (-)

1.07 1.57 2.07 2.57 3.07 3.57 4.07 4.57

Figure 12: Accretion coefficient for differing vegetation volumes. Vegetation height at 0.1 m
is shown in blue and 1.6 m is in green.
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