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Intertidal coastal environments are prone to changes induced by sea level rise, increases
in storminess, temperature, and anthropogenic disturbances. It is unclear how changes
in external drivers may affect the dynamics of low energy coastal environments because
their response is non-linear, and characterized by many thresholds and discontinuities.
As such, process-based modeling of the ecogeomorphic processes underlying the
dynamics of these ecosystems is useful, not only to predict their change through
time, but also to generate new hypotheses and research questions. Here, we used a
three-point dynamic model to investigate how seagrass might affect the behavior of
coupled marsh-tidal flat systems. The model directly incorporates ecogeomorphological
feedbacks among wind waves, salt marsh vegetation, allochthonous sediment loading,
seagrasses and sea level rise. The model was applied to examine potential behaviors
of salt marsh systems in the Virginia coastal bays. Differences due to the presence
or absence of seagrass and stochastic vs. constant drivers lead to the emergence of
complex behaviors in the coupled salt marsh-tidal flat system. In intertidal areas without
seagrass, small tidal flats are unlikely to expand and provide enough sediment to the
salt marshes to combat sea level rise. However, as the tidal flat expands, the concurrent
increase in sediment supply due to wave-induced processes allows for the salt marsh
to maintain pace with sea level at the expense of salt marsh extent. The presence of
seagrass has two effects: (1) it decreases near bed shear stresses thus reducing the
sediment flux to the salt marsh platform; (2) it reduces the wave energy acting on the salt
marsh scarp, thus reducing boundary erosion. Model results indicate that the reductions
in wave power and near bed shear stresses when seagrass is present provide an overall
stabilizing effect on the coupled marsh-tidal flat system; but as water depth increases
due to sea level rise or as external sediment supply increases, light conditions decline
and the system reverts to that of a bare tidal flat.
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INTRODUCTION

Much concern has been expressed recently regarding the
susceptibility of salt marshes to the threat of sea level rise
(SLR) owing to the critical ecosystem services they provide
(Allen, 2000; Fagherazzi et al, 2004; Kirwan et al, 2016).
The vertical accretion of a salt marsh is dependent on both
organic sediment production and inorganic sediment supply
(Allen, 1990). Organogenic sediment production is a function
of local marsh characteristics, seasonal drivers and tidal range
(Kirwan et al.,, 2008, 2009; Mudd et al., 2010; Kirwan and
Mudd, 2012) whereas the availability of inorganic sediment to
the marsh platform is dependent on transport of suspended
sediments from the adjacent tidal flats and channels (Stumpf,
1983; Christiansen et al., 2000; Fagherazzi and Wiberg, 2009;
Fagherazzi et al., 2013; Mariotti and Fagherazzi, 2013). Lateral
erosion or accretion of the marsh platform depends directly on
both inorganic sediment supply and the wave energy conditions
at the bay-marsh boundary, both of which are influenced by the
morphological characteristics of the adjacent tidal flats. Lateral
erosion of the salt marsh edge can result in accumulation of
inorganic sediment on the marsh platform(Chmura et al., 2001),
thus linking the evolution of the salt marsh platform to the
adjacent tidal flat.

While some studies have focused on anthropogenic influences
and other geomorphological constraints, most tend to promote
allochthonous sediment supply as the primary factor controlling
whether salt marshes are prone to drowning or able to maintain
pace with sea level rise (Fagherazzi et al., 2012). Moreover, recent
work has shown that the horizontal extent of marshes is highly
unstable with salt marshes either eroding or accreting depending
on the relative size (and hence fetch) of the tidal flat to which
they are coupled (Mariotti and Fagherazzi, 2013). As such, the
combination of both lateral and vertical processes describes the
susceptibility of salt marshes to erosion and sediment supply.
These processes are also affected by other factors including,
but not limited to, bathymetry, wind characteristics, submerged
aquatic vegetation (SAV), benthic biofilms, and oyster reefs. The
importance of waves as the dominant mechanism of mineral
sediment supply may diminish for salt marshes that are located
near rivers providing large suspended loads, interior portion of
the marsh where tidal creek dynamics likely control inorganic
sediment supply, or in bays with large tidal ranges where tidally-
driven sediment resuspension becomes dominant. Here a simple
coupled tidal flat-salt marsh ecogeomorphic model is applied to
examine the long-term and short-term behavior of salt marshes
affected by SLR, external sediment supply and the presence or
absence of the seagrass Z. marina.

STUDY SITES

The Virginia Coast Reserve (VCR) is a coastal barrier system
located on the Atlantic side of the Delmarva Peninsula
comprising numerous bays fringed by low salt marshes colonized
by Spartina alterniflora. Most of the area of these shallow tidal
bays lies between —2 and 0.5m MSL with the salt marshes
roughly 0.3 m above MSL (Fagherazzi and Wiberg, 2009). Tides

are semidiurnal with a mean tidal range of 1.2 m, with estimated
relative sea level rise (RSLR) rates of 3—-4 mm year’1 (NOAA,
2017a). Offshore average wind speeds 43m aloft at station
CHLV2 (NOAA, 2017b) (latitude 36.91, longitude —75.71) range
from 3.7 to 11.3m s~! with a mean of 7.5m s™! over a 31
year period and predominantly are from the SSE, SSW and
N (Fagherazzi and Wiberg, 2009). Assuming a fully developed
sea surface roughness height, average wind speed 10 m aloft is
~6.7m s~!. The VCR has limited riverine input with internal
resuspension dominated strongly by wind waves (Lawson et al.,
2007). Sediment size ranges from primary fine sand near the
inlets and back barrier portions of the bays to mud in the
mainland portions of the bays (Wiberg et al., 2015).

MODEL FORMULATION
The Coupled Marsh-Tidal Flat Model

Our model builds upon a previously developed model (Figure 1,
Mariotti and Carr, 2014) where an idealized back barrier marsh
is coupled to an adjacent tidal flat. This model was used to
investigate conditions typical in bays along the Atlantic Coast of
the United States: average winds of 8 m/s, tidal range of 1.4 m,
allochthonous sediment supply ranging from 0 to 150 mg/L, and
RSLR ranging from 0 to 12 mm/year (Mariotti and Fagherazzi,
2013). The model demonstrated that marsh retreat leads to
larger tidal flats, leading toward a more intense wave regime
which further contributes to marsh retreat. This same increase in
waves also increases suspended sediment concentrations, thereby
promoting marsh vertical accretion and allowing marshes to keep
pace with larger rates in sea level rise. In this manner, marsh
retreat becomes a mechanism that produces resilience to sea level
rise for the marsh platform, albeit at the expense of lateral extent.

In this model the tidal flat is connected to some external
body of water (bay/tidal channel/tidal inlet) which acts as a
source of allochthonous sediment. Ignoring SLR, autochthonous
sediment production and allochthonous sediment influx, the
model conserves the total amount of sediment between two
conceptual boxes of unit width defined by three independent
variables. These boxes are defined completely by the average
marsh platform depth (i.e., water depth above the marsh
platform), d,,, average depth to the tidal flat, dy, both relative to
Mean High Water (MHW), and the length of the tidal flat, by,
provided that the total basin is constrained to a total length L
(Figure 1). In this manner, any change in the tidal flat depth or
tidal flat length due to wind wave erosion affects both the depth
and width of the marsh platform, and vice versa.

Changes in tidal flat length with time, by are constrained by
the difference between marsh boundary erosion, B, [LT~!], and
marsh boundary progradation, B, [LT1].

I;f = [Be - Bu] (1)

Following Mariotti and Fagherazzi (2010), the erosion of the
marsh boundary, B, is linearly proportional to the wave
power density (W m™!) at the marsh boundary with an
erodibility coefficient k. set to 0.16m year‘1 (Mariotti and
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Tidal Flat

External reservoir

Salt Marsh

| wseq

tidal flat, Fm.

L

FIGURE 1 | Schematic of the basin. Three independent variables are used to describe the basin geometry: salt marsh depth, dm, tidal flat depth, d, and tidal flat
width, b. Assuming a fixed width of the basin, L, the marsh width, bm, is a dependent variable. Changes in configuration (orange) arise from exchange of sediment
(purple) from the external reservoir and the tidal flat, F¢, fluxes arising from boundary erosion or accretion, Fe, and the sediment flux to vertical marsh surface from the

Carr, 2014). Marsh progradation, B,, is set proportional to
the suspended sediment concentration (SSC) on the tidal
flat, with an empirical coefficient of proportionality k, = 2
(Mariotti and Carr, 2014).

Wave characteristics are calculated following Mariotti and
Fagherazzi (2013) using the formulation of Young and Verhagen
(1996) based on wind speeds 10 m aloft. The wave generated
shear stress acting on the sediment surface is estimated by 7,4 =

2
% pr<%gn—%) given water depth, h, significant wave height,

H;, wave number, k, wave period, Ty, p is water density, and the
wave friction factor parameter, f,,, which is calculated following
Lawson et al. (2007). The wave power density acting on the
salt marsh scarp is also estimated from these wave parameters
(Schwimmer, 2001; Mariotti and Fagherazzi, 2010).

Changes in marsh platform elevation with time are computed
as:

dnm = —[Fu+ 0Ol /p +R, ()

where F,, [ML™2T!] is the sediment flux exchanged with the
tidal flat, O [ML~2T~!] is the organogenic sediment production,
computed as function of the standing biomass, and R [LT71]
is the rate of sea level rise (Mariotti and Carr, 2014). The flux
between tidal flat and salt marsh is computed through the tidal
dispersion mechanism, F,, = [C; — Cy] min [r,d,, ]| /T, where
r is the tidal range, T,, is the tidal period, C, is the reference SSC
on the tidal flat and C,, is the reference SSC on marsh platform.
The reference concentration on the tidal flat is estimated as
proportional to the excess shear stress S = %ﬂ_“’ following

Smith and McLean (1977) with C, = psﬁsks where p; is the
sediment density and A is an erosion parameter which is here
set to 0.0001. The reference concentration on the salt marsh is
computed analogously to that on the tidal flat, using the salt
marsh depth to compute the 4. In addition, when marsh
vegetation is present, this concentration is set equal to zero

(Marani et al.,, 2010), accounting for the significant wind wave
dissipation promoted by the vegetation.

The change in tidal flat depth with time is controlled by three
terms,

d.f = [Be — Ba] [dm — dy] /by + [(bm/bp)Fm + Fc] /p + R. (3)

The first term is the redistribution of sediment
eroded/accumulated at the marsh boundary. The second term is
the net flux of sediment from the flat to the marsh, and represents
the dispersive fluxes exchanged with the salt marsh and the some
external adjacent body of water, F. = [C, — C,] min [r, df] /Tew,
where C, is the external suspended sediment concentration.
It can be noted that B,, B, and F,, redistribute the sediments
within the marsh-flat system, while the terms F. and O allow for
net sediment loss or gain.

This simple model allows us to investigate coupled salt marsh-
tidal flat dynamics without seagrass. A more detailed model
description and behavior can be found in Mariotti and Carr
(2014). Because the model assumes that allochthonous sediment
must first pass onto the tidal flat before being resuspended
and delivered to the marsh platform, the tidal flat acts as a
geomorphologically active system that is directly coupled to the
salt marsh. Application of the model to conditions at the VCR
allows for examination of the impact of seagrass on this coupled
system.

The Bio-Morphodynamic Submodel for
Seagrass on the Tidal Flat

Seagrasses can play an important role in modifying the wave
environment, especially when they fill a large fraction of the water
column (Fonseca and Cahalan, 1992; Méndez et al., 1999; Chen
et al,, 2007; Bradley, 2009; Hansen and Reidenbach, 2012). While
seagrasses can modify significant wave height and wave period,
near bed orbital velocities and shear stress are less affected (van
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der Heide et al., 2007; Hansen and Reidenbach, 2012). To this
end, the effect of submerged vegetation on the wave-induced
shear stress was modeled by the attenuation of significant wave
height through the wave attenuation coefficient:

o (N (4)
aHs = _<NH5+N)

where N is shoot density, and Ny, is the half saturation
constant for attenuation set here at 400 shoots m~2 following
measurements from Hansen and Reidenbach (2012, 2013), and
Thomas (2014). Wave height attenuation only occurs if the
wave period is large enough interact with the canopy, e.g.,
/T, < J4wg(h — hean) where hegy, is the canopy height and
g is gravitational acceleration.

Provided the wind speed at 10 m aloft, U;g, nondimensional
wave energy, ¢, calculated following Young and Verhagen (1996),
and the wave attenuation coefficient ap; (Equation 4), significant
wave height can be calculated as:

4
Uy

H, = 4aps, | — ©)
g

In general, wave attenuation by vegetation is complex and can
depend on the relative velocity of the canopy to the wave orbital
velocity, leaf and shoot morphology, and canopy bending among
others factors (Méndez et al., 1999). However, the addition of this
complexity is beyond the scope of this simple model.

In order to account for temporal changes in shoot density
within the tidal flat a simple logistic growth model similar to
the model of van der Heide et al. (2007) was utilized to estimate
rate-of-change in shoot density:

dN

N
E = I’lgrowg(l, T)N |:1 - N] _f(T)”mortN (6)

where the maximum specific growth rate r1g,o,, = 0.08 day_1 (van
der Heide et al., 2007) is modified by both the light environment,
I, and temperature g(I,T), with a maximum shoot density, N,
= 1000 shoots m~2. Mortality is a constant fraction of shoot
density nmorr = 0.013 day_l, modified by water temperature,
() = orT=29 with 61 set to 1.05 following Zharova
et al. (2001) and Carr et al. (2012). While other characteristics
besides light, depth and temperature contribute to determining
seagrass growth and consequent depth limitations (Koch, 2001),
a sediment modified light environment was used here to focus on
the feedbacks between seagrasses, sediment resuspension, and the
wave environment. The flat depth is modeled as a single elevation
and seagrasses are assumed to fully cover the tidal flat if light
conditions are favorable for their establishment and growth. To
this end a light limitation function is defined as

I1-1¢c(T)
i e <I<Ik
gL, T) = 1 I>1Ix (7)
0 I<Ic

where I is the photosynthetically active radiation (PAR) reaching
the sediment surface, Ix is the saturation irradiance value
calculated as:

Ix = Ixa08f % 8)

and I¢ is the compensation irradiance, calculated as:
T-20
Ic = Ica0f; 9)

with Ixz0 and Icy being the saturation and compensation
irradiance at 20°C respectively.

The PAR reaching the sediment surface is determined
following the Lambert-Beer Equation:

I = Iye Kadys (10)

given seasonally varying PAR, Iy, and water temperature, T
(Figure SI1, Porter et al, 2014). The water column light
attenuation coefficient Ky is site specific, and affected by multiple
water column characteristics including, but not limited to, total
suspended solids, colored dissolved organic matter, and chl a
(Gallegos, 2001). Here the attenuation coefficient is based on the
equation from Lawson et al. (2007), developed for a central bay
in the VCR, which depends primarily on suspended sediment
concentration. SSC used for light attenuation, C;, is calculated
as an average of the external allochthonous supply, C, and the
resuspended sediment concentration on the tidal flat, C.

Crdf +Cor G,
= — + — 11
Ct Z(df 7 + > (11)

In this manner as external sediment loading increases, the light
condition on the tidal flat deteriorates described by Equation 7.
Interaction of parameter choices for seagrass (Table 1) and the
seasonal drivers (Figure SI1) results in shoot densities of 0-700
shoots m~2, similar to those found in the VCR (McGlathery et al.,
2012).

Hourly wind speed measured at National Data Buoy Center
station CHVL2 were acquired for 1984 to 2015 (NOAA,
2017a,b) and all winds were rescaled to 10 m aloft assuming
a fully rough sea surface (SethuRaman and Raynor, 1975).
To account for autocorrelation and seasonality in the hourly
wind speed record, a 4th order Markov Chain Monte Carlo
approach (Karatepe and Corscadden, 2013) was used to generate
synthetic hourly time series of wind speed and direction.
Monthly transition probability matrices, where the probability
of a given wind speed and direction for any hour of the
year is based on wind speed and direction during the prior
2h, were calculated in order to capture the strong seasonality
in wind speed at the VCR, characterized by both high
winds speeds and increased variability in the winter months
(Table SI1). Similar seasonality is achieved in the synthetic
record (Tables SI1, SI2).
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TABLE 1 | Seagrass model parameters and sources.

Parameter Value Units Description Source
Nmax 1,000 shoots m—2 Maximum shoots density
hcan 0.3 m Canopy height
Ngrow 0.08 day~! Specific growth rate Verhagen and Nienhuis, 1983
Nmort 0.013 day*1 Specific mortality rate (8.7-10.2) x 103 (Zharova et al., 2001)
(6-7.7) x 1073 (Olesen, 1996)
0.013 (Verhagen and Nienhuis, 1983)
k20 295.13 mols m~2 day ! Saturation irradiance at 20 °C Zharova et al., 2001
lc20 27.7 mols m~2 day~" Compensation irradiance at 20 Zharova et al., 2001
°C
Ok 1.04 - Shape parameter Zharova et al., 2001
6c 117 - Shape parameter Zharova et al., 2001
or 1.05 - Shape parameter Zharova et al., 2001
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FIGURE 2 | (A) The collection of tidal flat depth nullclines (blue lines) and 1000 year trajectories (black) of the system showing little lateral change until the nullcline
depth has been reached for RSLR = 4 mm year— ', Co = 30 mg/L and constant wind speed, Ugonst = U =6.87m s~ . (B) Those same nuliclines, or nulicline plane,
now shown as contours of tidal flat depth (m) in the plane of tidal flat width and marsh depth. (C) Contours are added showing curves of constant rate of change
(m/year) of tidal flat width (red) along the surface defined by the tidal flat depth nullcline contours (blue). In this case, for almost all flat width and marsh depths, the
system would exhibit lateral erosion. Positive and negative values signify lateral erosion and progradation respectively, the thick red line represent where the lateral
erosion rate is zero. (D) Addition of the contours of marsh depth rates of change (mm/year, green) along the same tidal flat depth nulicline surface and trajectories of
the system initiated on the nullcline surface. Positive and negative values signify vertical accretion and loss respectively, the thick green line represent where the marsh
vertical accretion rate is zero. Again as the system is initiated along the tidal flat depth nullcline surface (B), trajectories (D, black) exhibits lateral erosion and
progression to a equilibrium marsh depth.

MODEL BEHAVIOR UNDER CONSTANT
DRIVERS

Stability and trajectories of the coupled marsh-flat system were
explored by examining the nullcline surfaces (e.g., the surfaces

in df, dms bf space where df = 0,d, = 0, and bf = 0).
Intersections of these equilibrium surfaces, or lack thereof, are
difficult to visualize (Figure SI2), so we rely on the differences in
rates of adjustment of flat depth, marsh depth and tidal flat width
to their respective equilibrium surface to reduce dimensionality.
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FIGURE 3 | Contours of lateral rates of change in tidal flat width (m /year, red), and vertical changes in marsh depth (mm/year, green) alongside 1000-year trajectories
(black) of the system initiated at various tidal flat widths and marsh depths along the tidal flat depth nulicline surface (blue contours) for various winds (RSLR = 4 mm
year’1 , Co = 10 mg/L). (A) Constant wind (Ugopst = U =6.87m 51 ), No seagrass, red contours indicating erosions, and marsh drowning of low-lying marshes with
fetches up to 4 km exhibited by trajectories ending with red x. (B) Constant but higher wind (Ugonst = Ugs=8.5m s™1), no seagrass, showing faster erosion, deeper
flat, and only very low-lying marshes drowning for fetches <3.5km. (C) Constant wind and seagrass (Ugonst = U =6.87m s~ 1, N =250 shoots m~2) showing
reduced erosion of the salt marsh and a shallower system with ‘enhanced’ drowning of low-lying marshes up to fetches of 5 km. (D) Constant higher wind with
seagrass (Ugonst = Ugs=8.5m s~1, N = 250 shoots m~) showing erosion and drowning of low-lying marshes up to fetches of 5km.

Tidal flat depth and width adjusts faster (~m-cm year—!) than

the depth the marsh platform (~mm year™!). However, these
i

dm,cquil

rates relative to their respective nullclines (i.e., % >

by
bf,equil
that the tidal flat depth adjusts to the nullcline depth, followed by
adjustment of the marsh platform depth and slower adjustment
of the tidal flat width.

As an example, model run trajectories (Figure 2A, black)
for RSLR = 4mm year—!, Co = 30 mg/L and constant wind
speed, Ugppst = U = 6.87m s !, shows movement toward
and then along the nullcline depth surface (Figure 2A, blue).
This tidal flat depth equilibrium surface (blue lines Figure 2A)
can be represented by contours in the plane of tidal flat width
and marsh depth (Figure 2B). Assuming the system is at the
equilibrium tidal flat depth (Figure 2B), changes in tidal flat

width, bf (Figure 2C, red), and marsh depth, d,, (Figure 2D,
green), along the tidal flat depth nullcline surface, depth,, can
be examined for a constant set of parameters (e.g., constant
wind speed, Ugnst > seagrass density, Nopns). In this manner

) with, df, equil (~m), dm,equil (~cm), bf,eqm'l (~km) indicate

it is apparent if a system at equilibrium depth is eroding
or prograding (positive or negative red contours respectively),
and if the marsh is experiencing vertical accretion or loss
(positive or negative green contours respectively). This allows
for simplification in visualizing both behaviors and potential
unstable and stable equilibria of the system (where contours of

d,, = 0and bf = 0 intersect).

For these constant driver runs, the constant wind speed was
determined from a 500 year long synthetic time series and set
equal to either the temporal average wind speed, Uonst = U, or
the 85th percentile of wind speed, Ugonst = Uss, and behaviors of
tidal flat width and marsh depth adjustments rates were examined
along the depth,, 17 and depth,, .y, surfaces both with and without
seagrass.

Under most conditions, clear erosional or progradational
behavior of the bay-marsh boundary, and thus the system, is
apparent. As external sediment loading increases (10, 30 to
50mg L™!) a the lateral erosion rates diminish, and there is
a shift from an erosional to progradation system for narrow
flat widths (Figures 3A,B, 4A,B, 5A,B). Similarly, the depth
the marsh platform decreases as external sediment loading
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FIGURE 4 | Contours of lateral rates of change in tidal flat width (red), and vertical changes in marsh depth (green) from MHW alongside 1,000 year trajectories (black)
of the system initiated at various tidal flat widths and marsh depths along the tidal flat depth nulicline surface (blue contours) for various wind conditions, RSLR =
4mm year—!, Co = 30 mg/L. (A) Erosion, no seagrass, marshes maintaining pace with RSLR (Ugonst = U =6.87 m s~ ). (B) Faster erosion, no seagrass, marshes
maintaining pace with RSLR (Ugs = 8.5m s~1). (C) Appearance of stable equilibria (C, black dot) in the presence of seagrass at around 3 km wide tidal flat, marshes
maintaining pace with RSLR (Ugonst = U = 6.87m s~ 1, N = 250 shoots m~2). (D) Slow erosion in the presence of seagrass, with marshes maintaining pace with
RSLR (Ugs = 8.5m s~ 1, N = 250 shoots m~2).

increases (Figures 3A,B, 4A,B, 5A,B). Depending on model
parameters, unstable equilibria appear under some scenarios
(Figures 5A,B).

If a constant density of seagrass (Neoust = 250 shoots m~2)
is added, we see some erosional configurations without seagrass
shift to progradational in the presence of seagrass, with all
cases exhibiting significantly shallower tidal flat depth, and
a slightly increased marsh depth (Figures 3-5). Interestingly,
at small tidal flat widths (concurrent wide marsh platform),
low-lying salt marsh and small external sediment loading, the
presence of seagrass inhibits the ability of the marsh platform
to maintain pace with SLR (Figures 3C,D, RSLR = 4mm
year !, C, = 10mg L™!). Conversely, in a system with higher
external sediment loading the marsh platform keeps pace with
sea level rise and the introduction of seagrass also produces stable
equilibria under specific constant wind conditions (Figure 4C,
RSLR = 4mm year~!, Co = 30mg L™!). However, a change
in the constant driving wind conditions Ugpnsy = Uss from
average wind speed U to Ugs removes the stable equilibria
(Figure 4D), indicating that persistent presence of a stable
equilibria under stochastic drivers (e.g., variable wind speed) is
unlikely.

Different drivers (Ugonst> RSLR, C,) and presence/absence of
seagrass generates three general behaviors: erosional (Figure 3),
progradational (Figure 5), and drowning (trajectories ending in
red x in Figure 3, Figure SI3). On top of these three general
behaviors, the system under constant drivers is either (1)
unstable, (Figure 5A) or (2) stable, prograding or eroding to
some stable configuration (Figure 3C) depending on the initial
state (df, dus by) of the system.

MODEL BEHAVIORS UNDER VARIABLE
DRIVERS

Long-term model behavior over 500 years was explored for
external sediment supplies of 10-40 mg/L and RSLR scenarios
of 3-6 mm/year for flat widths of 500-7,000m initiated at
the associated bare sediment equilibrium depth along ncysgs as
defined in the constant wind speed runs (Figure 6). Shorter-
term behavior (300 year model runs) was explored for tidal flat
depths of 1.5-5m and tidal flat widths of 0.5-7.5km (RSLR
= 4mm year !, C, = 30mg L7!) in 0.25m and 0.25km
increments respectively (Figure 7). All scenarios were run using
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synthetic stochastic seasonal winds averaged over a tidal cycle,
and stochastic water temperatures with a time step of a tidal cycle
(12.5h). Each modeled scenario used a constant rate of RSLR and
external sediment supply, and a constant seasonal cycle of PAR
(Figure SI1) for a basin width, L = 10 km. Seagrass was initiated
at 1 shoot m~2 and allowed to either die off or increase depending
on light conditions. These model runs were then compared to
identical runs with no seagrass and with seagrass initiated at 500
shoots m 2.

Model behavior and results under stochastic winds were
different than those obtained with constant winds. For model
runs with Cy < 30 mg L1, the tidal flat depth-width trajectories
were consistently deeper than ncyss (Figures 6A,B). At 30 mg
L~! and RSLR of 4mm year™! the trajectories followed closely
ncygs for tidal flat widths >5,000 m (50% of the total basin width,
Figures 6C,D) similar to the effective wind speed estimated by
Mariotti and Carr, 2014. At Cy >40mg L™!, the system under
stochastic drivers was consistently shallower (Figures 6E,F).

The establishment of seagrass on the tidal flat resulted in
a shallower tidal flat system across all sediment loading and
sea-level rise scenarios (Table2). In contrast to the stable

equilibria (Figure 4C) or erosion (Figure 4D) predicted under
constant drivers when seagrass was present, both a stable
equilibrium (Figure 6C) around 2.0m water depth, and a
unstable equilibrium, as noted by the erosive behavior larger
tidal flat width (Figure 6D) emerge. Seagrass extant at smaller
fetches (narrower flats) than the unstable equilibria remain in
the attractive domain of a stable equilibria, while those at larger
fetches possess a limited lifespan as the salt marsh slowly and
continually erodes, the tidal flat deepens, and light conditions
deteriorate (Figures 6D, 8). For all runs, erosion rates under
stochastic forcing were less than those under constant forcing
(yellow points Figure 6).

To examine the depth limit for seagrass, and the locations
of the unstable and stable equilbiria, we ran the model for 300
years with the same sequence of stochastic drivers in 250 m width
increments along ncygs for 30 mg/L and RSLR of 4 mm/year
with meadows initiated at 1 (Figures 7B,E) and 500 shoots m-2
(Figures 7C,F). By 5.4km and 3.3 m water depth seagrass was
unable to fully establish. However, meadows initiated at 500
shoots m-2 were able to persist for up to ~30 years before
collapsing, and a fold bifurcation emerged from ~3.3 to 3.6 m
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depth and bay widths of ~5.4-6.1 km for that specific sequence of
stochastic winds. A different sequence of stochastic winds under
the same constant drivers of RSLR and sediment loading from
the 500-year model runs showed meadow collapse from 4.5 to
5km bay widths at ~3.2 m depth, and the inability of a meadow
to establish at bay widths >5km and depths >3.25 m.

Examining the total erosion rate (contours in Figures 7A-C)
shows the impact of the system starting away from a stochastic
nullcline depth surface, as well as the broad impact of seagrass
on tidal flat depth. Once the system has adjusted vertically,
the average erosion rate over the last 5 years of the model
run (contours Figures 7D-F) clearly indicates the presence
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and general location of stable and unstable equilibria in the
presence of seagrass (zero erosion contour line Figures 7E,F). It
is interesting to note that the unstable equilibria for meadows
establishing from 1 shoots m~2 occurs around 2.2 m water depth
and a flat width of 3.75km (Figure 7E), whereas for meadows
established at 500 shoots m~2 this unstable equilibria occurs at
around 4 km tidal flat width and 2.3 m water depth. This indicates
that while there is a depth bifurcation with regards to seagrass
establishment, there is also a lateral bifurcation (~250 m) which
indicates if a meadow will persist over a longer time scale (i.e., if
it is one side of the unstable equilibria or the other).

CYCLICAL BEHAVIORS INDUCED BY
LIGHT-DEPENDENCE

Interestingly, as the tidal flat widens and deepens, cyclical
behavior in shoot density and tidal flat depth was present
(Figures 6D, Figure SI4), in which the system behaves
coherently for decades in a bare sediment state before switching
to a vegetated state. Decadal long cycles of this behavior
are noted prior to full collapse of the meadow (Figures 6D,
7, 8, Figure SI4). The vegetated state maintains an overall
better light environment across a range of depths until some
shallow depth is reached (Figure8B), at which point an

increase in wave resuspension of sediment deteriorates the light
environment. This poorer light environment is maintained
during the continual deepening and collapse to an unvegetated
deeper tidal flat. Eventually, the wave stress diminishes due
to increased water depth, resulting in an improvement in
light conditions and potential subsequent reestablishment
of seagrass (Figure8C). As a result, slow recovery to a
shallower system occurs until another eventual collapse
(Figure 8B).

This cyclic behavior does not last indefinitely. The tidal flat
is continually widening (Figure 8A) and deepening (Figure 8B)
through time due to wind wave erosion of the salt marsh
scarp, with consequent decline in the benthic light environment.
Eventually the light conditions are so poor that the system
only exhibits an unvegetated state (Figure 8C). In other words,
alongside a depth limit for establishment, as fetch increases,
a fetch-dependent shallow depth limit emerges above which
seagrass cannot persist. Once the flat is wide enough for this to
occur, the system begins to cycle in depth and shoot density, then
fully oscillates between a bare and vegetated states. Finally the
fetch-dependent shallow depth limit coincides with the bare state
depth nullcline and no further oscillations occur.

These decadal time-scale cycles may have important
implications for our understanding of the stability of either a
bare or seagrass-dominated system state, especially as they may
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TABLE 2 | Comparison between average lateral erosion/progradation rates (+ m
year‘1) of the salt marsh for 500 year model runs initiated at flat widths of 1-6 km,
sea level rise rates of 2-6 mm year‘1 and external sediment loading of 10-40
mg/L.

C,

RSLR ° 10 20 30 40

1,000m 2 1.06 0.77 0.47 0.24
0.19 —0.01 -0.20 —0.31

4 drown 1.38 0.98 0.67

drown 0.32 0.09 —0.07

6 drown drown drown 1.23
drown drown drown drown

2,000m 2 1.42 1.04 0.69 0.41
0.25 —0.02 -0.29 —0.48

4 2.07 1.66 1.12 0.77

drown 0.26 -0.02 -0.22

6 drown drown 1.75 1.19

drown drown 0.35 0.05

3,000m 2 1.58 1.18 0.82 0.52
0.28 0.01 -0.22 —0.30

4 2.25 1.67 1.21 0.83

0.72 0.25 0.00 —0.14

6 drown 2.52 1.72 1.20

drown  0.80 0.29 0.07

4,000m 2 1.67 1.27 0.90 0.58
0.31 0.06 0.10 0.58

4 2.34 1.78 1.26 0.87

0.76 0.29 0.17 0.87

6 drown 2.45 1.73 1.21

drown 0.67 0.43 1.20

5,000m 2 1.72 1.32 0.95 0.61

0.35 0.16 0.89 0.61

4 2.38 1.76 1.30 0.89

0.80 0.37 1.29 0.89

6 drown 2.43 1.73 1.21

drown 0.71 1.69 1.21

6,000m 2 1.75 1.35 0.98 0.63
0.39 0.33 0.98 0.63

4 2.40 1.78 1.31 0.90

0.85 0.55 1.31 0.90

6 drown 2.41 1.78 1.20

drown 0.89 1.78 1.20

Non-shaded rows are results without seagrass, shaded rows are runs where seagrass
was allowed to develop and numbers in green are cases where seagrass is extant at the
end of the model run.

also exist in the attractive domain of some stable equilibrium
(Figure 9). This complex behavior in establishment and
maintenance of seagrass suggests that the depth, width, and the
presence and significance of alternate state dynamics depends
critically on the interaction of the state of the system and on the
sequence of external drivers.

DISCUSSION

For the shallow coastal bays of the VCR, the presence or
absence of seagrass altered the picture depicted in the simple
model of Mariotti and Carr (2014), which demonstrated the
dual role of wind waves on salt marsh stability. While lateral
erosion of the salt marsh overall promotes vertical stability
of the salt marsh platform, the presence of seagrass provides
a strong lateral stabilizing effect on the coupled system, with
lateral migration rates reduced from m-cm to cm-mm per year,
and shallower tidal flats in comparison to a system without
seagrass. In some cases the system switched from a retreating
to a prograding marsh, even under low allochthonous sediment
supply (Table 2). In scenarios considering high rates of sea
level rise, low sediment loading and/or small tidal flats, the
seagrass tended to act as a sediment sink, overall decreasing the
sediment supply to the salt marsh and consequently increasing
the susceptibility of the salt marsh to drowning. Moreover,
with reduced lateral erosion rates, the increases in wave regime
and sediment supply associated with the retreat of the marsh
boundary occur more slowly, also increasing the potential for
the salt marsh to drown. In this regard, seagrass maintains
shallow tidal flats with better light conditions at the expense
of the adjacent marsh platform (Table2). In contrast, if the
tidal flat is wide enough, seagrasses act in a beneficial way
to the marsh by both maintaining shallower tidal flat depths
and reducing wave energy acting on the marsh boundary. It
seems logical that a shallower, vegetated flat should come at the
expense of the salt marsh depth because of lower suspended
sediment concentrations, and therefore reduced sediment flux
to the salt marsh platform. However, due to senescence of
vegetation in the fall and winter combined with shallow water
depths, increased flux to the salt marsh is also possible. Rescaling
the flux to the marsh by the ratio of tidal flat depth to tidal
flat width (e.g., Fiudy/by), normalized fluxes to the salt marsh
system from the tidal flat with and without seagrass are similar
in magnitude with strong seasonal differences, despite different
fetch and depth conditions (Figure 10). Thus, if the tidal flat is
wide enough, the presence of seagrass can provide a stabilizing
effect on the marsh boundary, while still supplying enough
sediment to the salt marsh for it to maintain pace with sea-level
rise.

Interestingly, long term oscillations in the state of the system
display a reduction in erosion or increase in progradation when
ameadow is lost due to increased wave resuspension of sediment
from the tidal flat (Figures 7A, 8A). Similarly, when a meadow
re-establishes, there is an increase in lateral erosion because the
presence of seagrass reduces resuspension. This reduction or
enhancement in erosion is transitory while the system moves
from a vegetated to unvegetated state or the reverse.

In cases where the salt marsh continues to erode, increased
fetch (accompanied by deeper flats, larger waves and poorer
light conditions) will eventually result in conditions that cannot
support the presence of seagrass. However, prior to the system
being fully unable to support seagrass, the state of the system
may oscillate between shallow and deeper flats and the presence
and absence of meadows. This behavior might be thought of as
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a type of flickering (Scheffer et al., 2001, 2012; Carpenter and
Brock, 2006; Scheffer, 2009) that exhibits a slow oscillation rather
than a rapid transition between states. Similarly, the reduction in
shoot density in subsequent oscillations could be thought of as a
damped oscillator, or a critical slowing down of the system (van
Nes and Scheffer, 2007; Dakos et al., 2008; Biggs and Carpenter,
2009; Scheffer et al., 2012). In the case of an eroding system, this
oscillatory behavior is indeed indicative of long term collapse
to a bare state (Figures 8, Figure SI4). However, if a system is
prograding (Figure 9), such oscillations do not necessitate loss of
a vegetated state.

These results pose a conundrum when interpreting the results
of observational studies of systems exhibiting bistable behavior,
such as bimodality in a distribution: is the bimodality an

indicator of true alternative stable states or might it be associated
with longer term oscillatory behavior? Is it possible for system
to maintain a limit cycle? In our results the oscillations are
transitory and not a limit cycle, but care should likely be taken
when attributing alternate state dynamics, especially as behavior
at longer time scales is uncertain.

The concept of marsh stability is difficult to define in that
horizontal and vertical equilibrium is tenuous at best (Fagherazzi,
2013). However, our results show that horizontal and vertical
coupling allows for a more stabilized system due to feedbacks
between fetch, wind waves and erosions and sediment fluxes.
The presence or absence of seasonally varying seagrass has the
potential to both increase and decrease the resilience of the
system as a function of the basin geometry. For large salt marshes
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coupled to small flats, the presence of seagrass exacerbates the
potential for drowning. For larger tidal flats, seagrass stabilizes
both tidal flat depth and width (e.g., reduces erosion rates), and
at the same time allows for seasonal sediment fluxes to the salt
marsh (Table 2, Figure 10).

While long-term changes in the configuration of the marsh-
flat system occur on time scales longer than the variability
in wind wave and light conditions, model results using
representative constant forcing rather than variable wind speed
and water temperature produced discrepant behavior. For
example, constant representative winds applied a constant shear
stress to the tidal flat and a constant wave power to the scarp edge
resulting in much higher lateral marsh erosion rates compared

to model results using stochastic forcing. Similarly, seasonally
varying vegetation altered the behavior of the coupled system.
This indicates that seasonality of the drivers and vegetation
are both important when considering the co-evolution of the
system.

Some generalities however can be drawn from our results.
First, the presence of seagrass overall acts to reduce marsh erosion
rates (Table 2, Figure 7). Second, for large marshes coupled to
small bays the presence of seagrass may exacerbate drowning as
seagrasses act to sequester sediment. As SLR rates increase, this is
more likely to occur. Third, presence of seagrass has more impact
on erosion rates than increased sediment loading to the system
(Table 2).
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As with any model, simplifications and/or omissions can
result in poor representations of real processes. While this model
considers key feedback mechanisms affecting system behavior,
care should be taken when interpreting results. For example,
the depth of the Bay is idealized by a single representative
depth, ignoring irregular bathymetry which would affect both
wave growth and dissipation as well as currents and sediment
redistribution. Sediment is represented by a single settling
velocity, rather than a grain size distribution, which varies
spatially in the Bay system (Wiberg et al., 2015). The salt
marsh in this model is assumed to capture all of the sediment
that is delivered to it. Moreover, because there is no explicit
salt marsh vegetation, seasonality in above ground salt marsh
biomass and capture efficiency is ignored. Similarly, the impact
of seagrass root and rhizome mat on sediment resuspension
is not well understood and not included. Impacts of the
presence of seagrass on tidal currents, which are only implicitly
accounted for by tidal dispersion, was also ignored as the
VCR is dominated by wind wave resuspension (Lawson et al.,
2007). These simplifications likely impact mineral sediment
accretion rates. All sediment, mineral or organic, is conserved
in the model. In reality, refractory carbon material from the
salt marsh is likely not conserved and fully deposited onto
the tidal flat due to remineralization. Sea-level rise rates and
external sediment loading are assumed constant in our model
but may vary in time in natural systems. The approach used to
generate stochastic wind speeds only reproduces values within
the measured distribution, ignoring potential impacts of climate
change on increased storminess. As well, the impacts of storm
surge and changes to the tidal cycle due to Spring and Neap

tides are not included, but likely impact sediment redistribution.
Light and water temperature conditions vary considerably,
both spatially and temporally. While water temperatures were
stochastically generated, only a single seasonal record of PAR was
used. These simplifications were necessary, however, to allow us
to examine the interactions of drivers, the state of a system and
nonlinear feedbacks, potentially leading to new questions. For
example, if seagrass promotes shallower bays, how long does it
take for bathymetry to adjust after a wholesale loss of seagrass
from the system? Given the extirpation of seagrass from the
coastal bays of the VCR in the 1930%, is there evidence of an
increased export of sediment from the bays to the salt marsh
platforms? Is the present recovery merely part of a longer-term
cycle? Do seagrasses provide seasonal cyclical pulses of sediment
to the salt marsh platform?

CONCLUSION

Understanding behaviors of intertidal coastal environments
is difficult due to nonlinear responses under various drivers
including impacts of sea level rise, increases in storminess,
temperature, and anthropogenic disturbances. Process-based
modeling of the ecogeomorphic processes that define the
dynamics of these ecosystems, allows for exploration of how these
systems may change through time and generate new hypotheses
and research questions. A three-point dynamic model was used
to examine how seagrass adjacent to a salt marsh may impact
long term morphological behavior under constant and stochastic
forcing for different external sediment supply and rates of sea
level rise. The presence of seagrass has two effects: (1) it decreases
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near bed shear stresses thus reducing the sediment flux to the
salt marsh platform; (2) it reduces the wave energy acting on the
salt marsh scarp, thus reducing boundary erosion. Model results
indicate that the reductions in wave power and near bed shear
stresses when seagrass is present provide an overall stabilizing
effect on the coupled marsh-tidal flat system; but as external
sediment supply increases and light conditions decline, the
system reverts to that of a bare tidal flat. System behavior differed
between constant and seasonally varying stochastic drivers,
indicating that the interaction between seasonality and variability
of the drivers and vegetation is important to understanding the
co-evolution of the coupled seagrass-marsh system.

DATA AVAILABILITY STATEMENT

The model outputs used for this study are available by request
to the corresponding author. Wind speed data utilized in this
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Administration’s (N.O.A.A.) National Data Buoy Center at
http://www.ndbc.noaa.gov/station_page.php?station=chlv2.
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