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Abstract The role of intertidal creek networks in overmarsh circulation is not well constrained. In this
study, we systematically remove intertidal creeks from a high-resolution salt marsh digital elevation model
and conduct new flow simulations with each iteration. Overall, removal of first- and second-order creeks
reduced drainage density by 65%, and this had a negligible effect on overmarsh circulation and tracer
distribution. However, upon removal of third- and fourth-order creeks, drainage density was reduced by 80%
of the original value, and changes in peak velocity magnitude across various spatial and temporal scales
reveal a system-wide switch from ebb to flood dominance. This response coincides with the interruption of
topographically connected creeks that facilitate the direct exchange of water and tracer between the marsh
interior and the larger subtidal system. Further, this reduction in hydraulic connectivity gives rise to less
expansive tracer dispersal and a systematic decline in tracer residence time. Together, these results reveal
that for the Groves Creek marsh, lower-order intertidal creeks have a minor role in overmarsh circulation,
while higher-order creeks increase the potential for short circuiting of flow; they greatly influence overall
flood and ebb dominance, and net tracer dispersal and associated retention time. Results reported here
provide new insight on, for example, salt marsh restoration and the requisite digital elevation model
bathymetry for robust simulations of overmarsh circulation.

1. Introduction

Intertidal creeks are ubiquitous features of salt marsh landscapes, and they have long been assigned a major
role in salt marsh morphodynamics as conduits for material exchange (e.g., Allen, 1992; Esselink et al., 1998;
French & Spencer, 1993; Leonard, 1997; Pestrong, 1965; Pethick, 1984; Reed et al., 1999). For instance, field stu-
dies indicate that the variable density of intertidal creeks greatly influence the distribution and characteristics
of particulate organic matter (Chen et al., 2016; McLeod et al., 2012). On the other hand, field and numerical
studies indicate that intertidal creek flows have a minor role in broader overmarsh circulation. For instance,
Dankers et al. (1984) noted that tidal exchange over the marsh edge has a considerable influence on the
transport and fate of particulate and dissolved material. In another study, French and Stoddart (1993) found
that about 39% and 47% of the tidal prism flowed over the marsh edge on flood and ebb, respectively, with
flows transitioning from topographically influenced to hydraulically controlled over the tidal cycle. Hence,
overbank flows, but not necessarily intertidal creeks, are major components of salt marsh tidal exchange.
Similarly, the work of Shaw et al. (2016) revealed that for a microtidal, river-dominated system, overbank flows,
rather than creeks and channels, are the primary mechanism for water delivery to the marsh interior.

Modern technology allows for the rapid acquisition of large swaths of topographic-bathymetric data that
facilitate studies of flow processes. However, the variable density of these data has led to questions about
how digital elevation model (DEM)-bathymetric inaccuracies might affect the representation of subtle topo-
graphic features and, therefore, the assessment or estimates of flow at the ocean bed (Maleika, 2015), terres-
trial channels (McKean et al., 2014), and for estuarine landscapes. For the latter, Cea and French (2012)
found a strong response in current velocity to bathymetry, while water level fluctuations were influenced
more by bed friction of a shallow estuary. Also, Camacho et al. (2014) performed uncertainty analyses of
velocity for 3-D hydrodynamic simulations, and they documented discrepancies in current velocity and sali-
nity for locations where DEM depths underpredicted observed elevations.

These findings contrast with the results of Temmerman et al. (2005) who used a 3-D hydrodynamic-
sediment transport model to assess the interactions of topography, vegetation, and water level fluctuations
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on spatial variations in flow and sedimentation. Their 0.05-km? flow domain came from a lidar DEM
reduced to 3-m point spacing and with a vertical accuracy of +0.13 m. Hence, surface depressions and creeks
that were less than 3 m wide or of decimeter scale relief were not highlighted in the flow domain. Despite this
apparent limitation, the model validation was robust, leading the authors to conclude that topography has a
nominal effect on flow and sediment transport relative to the influence of vegetation and tides. More
recently, Falcao et al. (2013) investigated the influence of bathymetric interpolation errors on intertidal
flooding. They found that vertical offsets of <0.25 m had no effect on the computation of water level and
inundation extent during high water but found discordance at low tide.

Recently, Blanton et al. (2010) simulated tracer circulation and retention in a mesotidal salt marsh.
Comparisons between observed and simulated discharge, axial velocity, and water level reveal that the
model successfully replicated the hydrodynamic processes of relatively large subtidal channels. However,
the modeled tracer distributions were less robust in that, for instance, the model failed to replicate peak tra-
cer concentrations at the outer extent of the basin. These results led the authors to speculate that contami-
nant dispersal and retention, and overall salt marsh circulation, are highly sensitive to geomorphic structure,
particularly flows through small-scale intertidal creeks unresolved in the lidar bathymetry. In other words,
Blanton et al. (2010) implied that first-order creek systems facilitate greater overall salt marsh circulation.
Later, the same site was surveyed in high detail using a real-time kinematic global positioning system,
and Sullivan et al. (2015) used the resulting DEM in simulations of overmarsh flow. They showed highly
complex flow patterns in both space and time, and they associated this response with the submergence/
emergence of decimeter-scale topography. Moreover, they found that the complex flow patterns were not
necessarily related to flows through creek networks. The disparate findings from this set of studies collec-
tively show that the hydraulic interactions among creek flows and overall marsh circulation are not
well constrained.

Here we ask the following: What is the effect of intertidal creeks on the temporal and spatial variability in
patterns of tidal circulation in and around salt marsh systems? We address this question by systematically
removing intertidal creeks from the high-resolution, high-accuracy DEM of Sullivan et al. (2015) and con-
ducting corresponding flow simulations. An ancillary benefit of this work arises from the fact that it provides
deeper insights into the level of topographic detail required for accurate flow simulations in salt marsh envir-
onments; it sheds light on, for example, the level of creek system detail necessary for restoration of surface
water flows in disturbed or reconstructed salt marsh systems. Overall, we report the effects of creek removal
on flood/ebb dominance of peak velocity magnitude, tracer dispersal, and associated residence times, all
being metrics relevant to material exchange (e.g., carbon sequestration), restoration, and contaminant
cycling in salt marshes. This work is driven by the following hypothesis: Small-scale intertidal creeks have
a small role in overmarsh circulation.

2. Study Site

The Groves Creek study site is a 1.4-km? section of a larger salt marsh system ~20 km south of Savannah,
Georgia, USA (Figure 1a). The basin is partially enclosed by a 1- to 3-m bluff at the forest-marsh boundary
along the west and south. To the north the site is bound by Groves Creek, a sinuous, 3.2-km-long subtidal
channel with a ~100-m-wide mouth open to the Wilmington River, ~11 river kilometers from the coastal
ocean (Figure 1a). At 3.1-km upstream of the mouth, Groves Creek narrows to about 40 m where it splits into
three branches, West, Middle, and East, with lengths of 1.4, 0.7, and 0.5 km, respectively (Figure 1a).
Together, Groves Creek and the branches constitute the subtidal system with maximum depth of 4.5 m at
the mouth, to 1.2 m inland near the ~1-m-wide tips of the three branches proximal to the terrestrial edge
(Figure 1b). The entire subtidal system accounts for 0.16 km? or about 11% of the study area. The eastern
boundary has moderate channel development that is susceptible to inundation directly from the subtidal
Wilmington River (Figure 1b).

[TEs1]

A manual perimeter trace around the subtidal system reveals 165 intertidal creeks or conduits with “v’
“u”-shaped mouths that intersect Groves Creek with mouth top widths greater than 5 m, mouth bed eleva-
tions ranging from —0.79 to 0.20 m, a mean elevation of —0.16 m + 0.26 m (Figure 1b). All elevations are
reported relative to the North American Vertical Datum - 1988 (NAVDS8). Spacing between creek mouths
ranges from 4 to 300 m with an average of 47 m + 54 m (Figure 1b). The larger spacing occurs along the
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Figure 1. (a) Groves Creek is a semienclosed creek-marsh system located approximately 20 km south of Savannah, GA,
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USA. Groves Creek has three subtidal branches labeled E, W, and M for East, West, and Middle, respectively. (b) The

high-resolution reference digital elevation model is shown. White, gray, light blue, dark blue, and black areas represent
levee, platform, surface depressions, intertidal creeks, and subtidal channel, respectively. Also shown are the 36 at-a-sta-
tion sites for monitoring the velocity residuals for subtidal (circles), intertidal (triangles), and platform (squares) locations.

Dashed, white ellipses highlight locations where intertidal creeks and surface depressions form direct connections

between the marsh interior and the Wilmington River. The small red line near station 2 marks the location of the tracer

release.

meanders of Groves Creek and tighter spacing along straight reaches (Figure 1b). The maximum along-creek
lengths are highly variable, ranging from 4 to 550 m, with an average of 74 m + 89 m (Figure 1b). Creek
mouth widths vary from <1 to 20 m, with narrower creeks typically found in the northern areas
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(Figure 1b). In particular, most of the narrow, relatively short and straight creeks occur along the first 2.3 km
of Groves Creek, and these features tend to dissect well-defined levees (Figure 1b). To the east along the
Wilmington River, the longest and deepest creeks cross the marsh edge (Figure 1b) and are approximately
normal to the river. The longest is Hannah's Creek (Figure 1a) at 550 m, becoming narrower and shallower
upstream, going from 14 to 4 m, and with —1.2 to 0.09 m bank full elevations, respectively (Figure 1b). This
creek provides a conduit for flows between the basin interior and the Wilmington River (Figures 1a and 1b).

Within the marsh interior, some creeks form complex networks that are connected at their heads by surface
depressions (Figure 1b). In particular, creeks along and at the heads of the subtidal branches form a distinct
system of reticulated or circular creeks that define small intertidal islands (<500 m?). These creeks dissect a
large 0.24-km? depression in the southeast, hereafter referred to as “dissected marsh,” which has a mean ele-
vation of —0.52 m (Figures 1a and 1b). Hence, the Groves Creek salt marsh has two types of intertidal creek
systems, reticulated and branching, contained by 0.24 and 1.16 km? subbasin areas, respectively; Strahler
stream ordering was applied to the latter. Collectively, the intertidal creek systems occupy 19% of the
study area.

Higher in the tidal framework are the surface depressions, sparsely vegetated areas between 0.21 and 0.44 m
with a mean elevation of 0.34 m + 0.07 m. These depressions occupy 0.18 km?, or 13% of the basin
(Figure 1b). Contiguous surface depressions form an arc-shaped trough paralleling Groves Creek and con-
nect the heads of several creek networks (Figure 1b). The position and orientation of these low-lying areas

facilitate early and far-reaching inundation, and late and prolonged drainage on ebb (Sullivan et al., 2015).

Still higher in the tidal framework is the marsh platform comprising 0.64 km?, or 46% of the study area. This
expanse of vegetated, low-relief area occurs between 0.45 and 0.74 m with a mean elevation of
0.61 m + 0.07 m (Figure 1b). Intertidal creeks and surface depressions divide the landscape into smaller iso-
lated subplatform areas, particularly to the north and east of the marsh interior (Figure 1b). In particular,
there are three locations where creeks and surface depressions form troughs that cut across the marsh plat-
form and form direct links to the subtidal system (Figure 1b). The first is located ~0.6 km north of the terres-
trial border (Figure 1b) and connects the marsh interior to Groves Creek. Two others occur at the head of
Hannah's Creek and connect the marsh interior to the Wilmington River (Figures 1a and 1b).

The highest areas comprise sets of discontinuous levee that occupy 10% of the basin and reach 0.75 to 1.30 m.
The local relief along levees is about 0.40 m, and the mean elevation is 0.85 m + 0.07 m (Figure 1b). Most
levees along the first 2 km of Groves Creek vary in height and width but are typically crosscut by intertidal
creeks (Figure 1b). Smaller, isolated levees tend to form along the banks of the subtidal branches, and along
the banks of the larger creeks; see for instance position 3.537 X 10°, 4.978 x 10° on Figure 1b.

The vegetation is a monoculture of the smooth cordgrass Spartina alterniflora (S. alterniflora) with spatial
variations in density and height dependent on surface elevation (Alexander et al., 2017; Sullivan et al.,
2015). For instance, tall S. alterniflora has stem heights that exceed 2 m and a stem density of about 112 stems
per square meter that grows on the high channel banks and levees. The short form, which typically occurs on
the marsh platform, has an average stem height of 0.28 m and a stem density of about 446 per square meter.
These values are based on clippings from 1-m? quadrats at an off-site location.

3. Methods
3.1. Model Description and Setup

The area experiences a mixed, semidiurnal, ebb-dominant local tidal regime (Blanton et al., 2010). The sys-
tem has a typical spring tidal range of 3.2 to 3.8 m, while neap tide range is 1.2 to 1.5 m. This modeling study
corresponds to a 5-day period between 31 October and 5 November 2010. During this interval, the tidal range
varied from 2.1 to 3.2 m, and during high-high tide conditions the mean water depth over the marsh plat-
form was ~1 m, and the entire basin was submerged.

Here we used the validated model of Sullivan et al. (2015), which uses a 2-D depth-averaged finite difference
numerical scheme for hydrodynamic simulations (Delft3D run in 2-D mode; e.g., Lesser, 2000). The simula-
tion approach consists of integrated modules that compute water currents, water quality, and particle trans-
port. The standard hydrodynamic module is Delft3D FLOW, and it accurately simulates flows where
horizontal length scales are significantly larger than the vertical (Lesser, 2000). It relies on a finite
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difference approach to compute water level and depth-averaged velocity at each node. The output was sub-
sequently coupled to the PART module to simulate the advection and diffusion of a tracer. The PART mod-
ule of Delft3D provides a detailed description of concentration distributions, resulting from instantaneous or
continuous releases of salt, oil, temperature, or other conservative or simple decaying substances by means
of a particle-tracking method using the 2-D (or 3-D) flow data output from the FLOW module (Delft3D-
FLOW UM, 2013; Van den Boogaard et al., 1993). PART is based on the principle that the movement of par-
ticles in water can be described in three dimensions, whereby a dynamic tracer concentration is obtained by
calculating the mass of particles in each computational grid cell. The PART module uses a random walk
approach where the movement of particles results from advection due to currents, and from the random
movement of particles related to the horizontal dispersion coefficient Hp (Csanady, 1973), where

Hp = at’, (1)

and t is the length of time that a particle of water stays in the system, and a and b are dispersion coefficients
that influence the time variation of the random spreading process and emerge from model calibration (Bent
et al., 1991). For these 2-D flow simulations, a roughness length parameter of 0.001 m was specified (Nepf &
Ghisalberti, 2008; Raupach, 1994; Sullivan et al., 2015), and this in turn helped determine the logarithmic
vertical velocity profile.

Flow was simulated on a grid of 1-m horizontal spacing with 5.2 x 10° computational nodes. A computa-
tional time step of 1.5 s was used to establish numerically stable simulations, and results were output at
10-min intervals. The domain was closed to the west and south along the terrestrial border and closed to
the north along the outer bank of Groves Creek. The domain was open to flow along the eastern boundary
defined by the observed water level time series from subtidal station 1 (Figure 1b).

The horizontal eddy viscosity was set to 0.0005 m?/s (Temmerman et al., 2005), and bottom roughness was
applied as two spatially variable Manning »n values of 0.10 and 0.017 for vegetated and unvegetated marsh,
respectively, that follow from model calibration described in Sullivan et al. (2015). These values are compar-
able to the range of published salt marsh values reported in the literature (see Sullivan et al., 2015) and yield
excellent agreement between observed and simulated water levels as shown by the model efficiency of
0.99 + 0 for water level, 0.89 + 0.04 for depth averaged velocity, and 0.57 + 0.22 for tracer concentrations
(Sullivan et al., 2015).

Due to the stochastic nature of the dispersion process, the tracer simulation required a large number of par-
ticles to obtain the best results. Here the modeled dye tracer consisted of 7.0 x 10° particles, a compromise
between achieving high accuracy and maintaining computational efficiency. The accuracy of the tracer
simulation was set as the lowest concentration that can be represented by a single particle in a computa-
tional cell; in this case 4 ppb. Horizontal dispersion parameters were set to a = 0.20 m?/s**® and
b = 0.02 (Sullivan et al., 2015).

3.2. Characterization of Creek Networks and Model Scenarios

The high-resolution DEM of Sullivan et al. (2015) is referred to as the reference. The creek networks corre-
sponding to the reference were identified and ordered according to Strahler (1952) by the following
approach. Creek lines were generated from the reference using the hydrology tools in ArcGIS 10.3 software
(sensu Tarboton et al., 1991), which is a widely accepted, well known method that has been successfully
applied to salt marsh landscapes (e.g., Lawrence et al., 2018; Vandenbruwaene et al., 2012, 2013).
Additionally, a minimum creek depth of 0.10 m was specified to limit the extent of first-order creeks.
Overall, this approach was successful in identifying creeks and creek networks, and the resulting creek
map was used to estimate the total length and average mouth width of each creek order. This method did
not work for the reticulated drainages of the dissected marsh; therefore, creek lines within this area were
generated manually. We then tested the model sensitivity to reticulated drainages by manually removing
all points from the reference and a revised DEM was generated. The net result was a DEM with reticulated
drainage “filled in.” Spatial variations in hydrodynamic roughness coefficients corresponding to the revised
surface were updated using the criteria for unvegetated and vegetated conditions described above. The DEM
with filled in reticulated drainages was applied to flow and tracer simulations, and the resulting residual
velocities, tracer circulation, and residence time were compared to the reference simulation (details
provided therein).
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The branching creek networks identified with the Tarboton approach were sequentially removed from the
DEM by filling in the upstream parts of creek networks up to the desired Strahler order (Figure 1b). The
net result was a straightening of the local contours. Further, estimates of average mouth width provided cri-
teria to constrain the filling process. In this case, we took the average mouth width for first-order creeks as
4 m; all elevation points within 4 m of first-order creek lines were removed. This process was applied sequen-
tially to remove parts of creek networks through Strahler order 4. Order 5 creeks fell within the subtidal
range of elevations and were not included in the creek removal process. Note, with removal of each creek
order, a new DEM was generated and new roughness values were assigned to filled in areas that concep-
tually transitioned from intertidal muddy creek bed and bank to salt marsh platform, or from unvegetated
to vegetated conditions. We then conducted simulations of overmarsh flow and tracer circulation for each
altered surface.

Changes imparted to the landscape by the above methods were quantified using drainage density. The drai-
nage density, Dd, for each surface was calculated as the ratio of total creek length to total basin area, 1.4 km?
(e.g., Marani et al., 2003; Vandenbruwaene et al., 2012). One important outcome of the creek removal pro-
cess was the apparent disruption of conduits linking intertidal creeks and marsh interior. Overall, the
numerical simulations conducted over the sequence of altered DEMs provided a geomorphic context for
assessing the role of intertidal creeks in overmarsh circulation, with drainage density and geomorphic-
hydraulic connectivity as independent variables. Here we defined hydraulic connectivity as intertidal creek
networks that are topographically connected, thereby facilitating direct exchange of flows between the
marsh interior and the larger subtidal system (Ashley & Zeff, 1988).

3.3. Overmarsh Circulation

We assessed the effects of creek removal on overmarsh circulation at various temporal scales and at a
range of locations. Simulation monitoring stations were selected for subtidal, intertidal, and platform
areas using random sampling in ArcGIS. A threshold spacing of at least 100 m was chosen based on
the approximate length scales of flow complexity within the marsh interior (Sullivan et al., 2015) and
on the pathways that facilitate hydraulic connectivity (Figure 1b). In the subtidal area, there were six ran-
dom sites and the six monitoring sites of Sullivan et al. (2015). Further, there were 12 random stations
from the intertidal and platform areas, 36 in total. For each station, the peak velocity residual, Rpv,
was computed per tidal cycle as

Rpv = vebbMAX-vfloodMAX, 2

where vebbMAX and vfloodMAX are the peak ebb and flood velocity magnitude, respectively, and Rpv was
used as an indicator of flood or ebb dominance. For instance, a stronger peak ebb magnitude yields a positive
Rpv, and we take this to represent ebb dominance (e.g., Austin et al., 2009), which is a first-order indicator of
the preferred direction of water fluxes (Austin et al., 2009; Brown & Davies, 2010; Cavalcante, 2015;
Dronkers, 1986; Friedrichs & Perry, 2001; Jewell et al., 2012; Lincoln & Fitzgerald, 1988). Likewise, a stron-
ger peak velocity magnitude during flood will yield a negative Rpv, or flood dominance. An Rpv of zero indi-
cates balance between peak ebb and flood velocity magnitude. For each simulation, Rpv for each station and
for each tidal cycle was computed. The mean Rpv for subtidal, intertidal, and platform areas was compared
to the reference. This approach was useful because it provided an unbiased assessment of how creek removal
influences system wide tidal current dominance and enabled a local-scale evaluation of water circulation.

3.4. Tracer Circulation

Conservative tracer distributions were simulated as an instantaneous source released 60 m south of subtidal
station 2 (Figure 1b) at 16:00 UT, or 2 hr after low tide, on 1 November, coincident to the location of an ear-
lier dye release (Sullivan et al., 2015). For each creek removal scenario the modeled tracer circulation was
compared to the reference flow conditions. In particular, we evaluated the effects of creek removal on the
spatial distribution of tracer at 2 hr before and after high tide of the tidal cycle subsequent to the tracer
release. Also, the standard distance of particles, SD, (e.g., Mitchell, 2005; Shahriari & Blumsack, 2017) was
computed as
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where x and y are the coordinates of each tracer particle, i; X and Y represent the mean center of all particles
(i.e., center of tracer mass); and 7 is equal to the total number of particles, to provide a measure of tracer dis-
persal. Next, the time series of the total tracer mass in the basin was used to quantify changes in residence
time for each simulation. Residence time, Rt, is defined as the time it takes for the initial tracer mass within
the basin to become diluted 63% with water from the Wilmington River (e.g., Arneborg, 2004; Gillibrand,
2001; Monsen et al., 2003) and represents the 1/e threshold approximation of the pulse residence time rela-
tive to the injection point (e.g., Viero & Defina, 2016).

4. Results
4.1. Creek Order, Creek Removal, and Drainage Density

Removing the reticulated creek system from the DEM had negligible effect on simulation results when com-
pared to the reference condition. For instance, there was a <0.05% change in all metrics after the removal
(see Tables S2 and S7 for details). Hereafter, for computational efficiency all flow simulations are conducted
without the reticulated system. The branching intertidal creek systems have a maximum Strahler order 5
(Figure 2), and total creek length per Strahler order declines quasi-exponentially from order 1 to 5
(Table 1), consistent with other salt marsh networks (e.g., Novakowski et al., 2004; Ragotzkie, 1959).
Therefore, simulations conducted on the progressively smoother land surface in fact have ~50% of the creeks
removed with each iteration of “in-filling” and the total marsh area affected by each iteration also
declines exponentially.

The first manipulation of the reference DEM was to fill in the reticulated and order 1 creeks; the total creek
length goes from 30.5 to 15.4 km, and Dd from 21.7 to 11.0 km/km? (Table 1). Removal through order 2
reduces Dd to 7.6 km/km? (Figure 3b). Removing orders 1-3 gives Dd of 5.7 km/km?. At this level of smooth-
ing the surface depressions that connect the marsh interior to the dissected marsh persist, but the conduits
connecting the marsh interior to Hannah's Creek are not detectable (Figure 3c). With the removal of orders
1-4 the Dd is 4.7 km/km?, and parts of the system appear as closed basins. In the following sections, the
effects of creek removal on overmarsh circulation are shown as comparisons of the results in response to
the removal of orders 1 through 2, and 1 through 4, hereafter referred to as “1-2” and “1-4,” respectively,
relative to the reference conditions.

4.2. At-a-Station Velocity

The peak velocity residuals, Rpv, computed for the reference and the creek removal scenarios at the 36 sta-
tions are listed in Tables S1-S6. The spatial context is given by references to Figure 1b. In the subtidal part of
the system the reference residual velocity, Rpv, varies from 0.01 to 0.62 m/s, and the mean is 0.16
m/s + 0.11 m/s. The lower residuals occur in the East and Middle branches (stations 3, 9, 11; Figure 1b),
while the higher values occur near the eastern marsh edge (station 6; Figure 1b). For 1-2 the range is 0.01
to 0.45 m/s with a mean of 0.17 m/s + 0.07 m/s, with the high and low values in Groves Creek and at eastern
marsh edge, respectively. At 1-4, there is a mix of negative and positive values that range from —0.22 to
0.68 m/s, but the overall mean is positive, 0.18 m/s + 0.19 m/s. The negative values are in the Middle and
East branches of Groves Creek (stations 9, 11, and 12; Figure 1b).

The intertidal areas contain Rpv values that range from 0.01 to 0.45 m/s, with a mean of 0.07 m/s + 0.08 m/s.
Lower values occur in the marsh interior (stations 1, 5, 6, and 12; Figure 1b), while the highest occur near the
Wilmington River (station 8; Figure 1b). With 1-2 the response is variable; negative and positive values
range from —0.01 to 0.44 m/s, but the mean is positive: 0.05 m/s + 0.04 m/s. The negative and positive values
correspond to the marsh interior (stations 1, 3, and 12; Figure 1b) and the area near the Wilmington River,
respectively. For 1-4, Rpv is negative at all intertidal stations, ranging from —0.01 to —0.14 m/s with a mean
of —0.02 + 0.02 m/s. The platform values are consistently positive in the reference scenario, ranging from
0.00 to 0.03 m/s with a mean of 0.01 + 0.005 m/s. The 1-2 values range from —0.01 to 0.03 m/s, but the overall
mean is 0.00 m/s + 0.02 m/s. With 1-4, Rpv is negative at all 12 platform sites, ranging from —0.01 to
—0.07 m/s with a mean of —0.02 m/s + 0.002 m/s.
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Altogether, the reference Rpv values are consistently positive at all 36 sta-
tions, and the same is true for the 1-2 scenario. However, for the 1-4 case,
the subtidal response shows a mix of negative and positive values, and Rpv
values at all intertidal and platform sites are negative. Overall, the mean
Rpv values reported in this section are equal to or greater than the stan-
dard deviation and are, therefore, representative of residual peak velocity
conditions across the 5-day record.

Creek Order

1 The regression plots in Figures 4a and 4b provide a comparison of the at-a-
s station response to creek smoothing. A 1:1 correspondence indicates no
response while points above or below the line indicate deviation from
the reference condition. In particular, the figures show that continued
smoothing may cause the residuals to shift from positive to negative, indi-
’F cating a change to flood dominance (Austin et al., 2009; Cavalcante, 2015;

T T T
4.974 4.976 4.978

Figure 2. Strahler creek order for the Groves Creek basin ranges from 1 to 5.
Digital elevation model points associated with reticulated (colored white)

u
4.980

T

4502 4904 I s508 ™ Friedrichs et al., 1990; Jewell et al., 2012). For the reference and 1-2 con-
ditions (Figure 4a) the system-wide response indicates ebb dominance,
and the correlation coefficients, R>, of 0.53, 0.86, and 0.88 for subtidal,

creeks and those through Strahler order 4 were systematically removed to intertidal, and platform sites, respectively, reveal only moderate to slight

produce a series of altered digital elevation models.

Table 1

deviation from the reference. However, for 1-4 (Figure 4b) three of the
12 subtidal stations became flood dominant, and these sites are associated
with the branches of Groves Creek. Further, all intertidal and platform stations plot below the 1:1 line
(R? = —0.89 and 0.51, respectively), indicating that the 1-4 case produces a consistently stronger peak for
flood conditions relative to ebb. In other words, this level of creek infilling gives rise to a switch from ebb
to flood dominance for 92% of the 36 stations.

4.3. Tracer Circulation

4.3.1. Tracer Dispersal—Flood (2 Hours Before High Tide)

Maps of tracer distribution correspond to conditions of the first full tidal cycle following the tracer release.
The reference distribution shows a 2-km-long half oval shaped front of 100-500 ppb open to the northwest,
centered on Groves Creek (Figure 5a); the southern reach of the front is set by the flow boundary. Several
features interrupt this general view: First, there are <0.013-km?® pockets of 300-500 ppb in the dissected
marsh area. Second, there is a 0.02 km? area 0.1 km east of the dissected marsh where tracer concentrations
are 50-100 ppb. Third, there are <0.02-km? pockets of 200-300 ppb near the upper reaches of Hannah's
Creek (Figure 5a).

Summary of Total Length (km), Average Mouth Width (m), and Elevation (m) for Reticulated Drainage and Orders 1, 2, 3, 4, and 5 Creeks and Groves Creek

Length (km) Length (km) Length (km) Length(km) Length (km)

remaining: remaining:  remaining:  remaining:  remaining:
Reference % of total ~ Average mouth Average mouth  Reticulated Order 1 Order 2 Order 3 Order 4
length (km) creek length width (m) elevation (m) removed removed removed removed removed
Reticulated 34 11.1 n/a n/a 0 0 0 0 0
drainage
Order 1 11.7 38.4 44 4+/-29 0.38 +/—0.35 11.7 0 0 0 0
Order 2 4.8 15.7 59 +/—2.7 0.25 +/—0.32 4.8 4.8 0 0 0
Order 3 2.6 8.5 7.64 +/— 2.9 0.04 +/—0.30 2.6 2.6 2.6 0 0
Order 4 1.4 4.6 10.54 +/—41 —0.15+/—0.34 1.4 1.4 1.4 1.4 0
Order 5 0.6 2.0 16.1 +/—2.8 —0.91 +/-0.16 0.6 0.6 0.6 0.6 0.6
Groves Creek 6.0 19.7 29.2+4+/-209 —2.6+/—0.91 6.0 6.0 6.0 6.0 6.0
Total creek 30.5 n/a n/a n/a 21.7 15.4 10.6 8.0 6.6
length (km)
Dd (km/kmz) 21.7 n/a n/a n/a 19.3 11.0 7.6 5.7 4.7

Note. The table highlights the change in total creek length and associated Dd (km/km?) for each creek removal scenario (gray-highlighted rows).
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Figure 3. The (a) reference, (b) 1-2, and (c), 1-4 digital elevation models are shown. From high to low elevation, the contour intervals reflect the elevation range of
levees (white), marsh platform (gray), surface depressions (light blue), intertidal creeks (dark blue), and subtidal channel (black). The series of digital elevation

models highlight (b) the removal of small, lower-order creeks and (c) the disruption of topographically connected conduits that enable flow short-circuiting once
higher-order features are removed.

The general distribution for 1-2 is similar, but with higher concentration areas shifted eastward, and with a
continuous, 500-m-long, and 0.03-km? swath of 500 ppb near the heads of Hannah's Creek (see for instance
3.5368 x 10°, 4.982 x 10° m in Figure 5b). At 1-4, concentrations range from 100 to 500 ppb with up to
300 ppb along the northern reaches of the front (3.5372 x 10°, 4.98 x 10° m) and as much as 500 ppb within
the southern limits of the basin (Figure 5c). Specifically, there is a 700-m-long, 0.035-km? swath of 500 ppb
extending from the dissected marsh to ~60 m west of Hannah's Creek (Figure 5c).

Comparisons between the reference and 1-2 scenario show slightly enhanced tracer dispersal (Figure 5b),
and a 4% increase in SD (Table 2). Moreover, the areas of 500 ppb are shifted eastward relative to their initial
position, and, in particular, there is a more extensive reach of high concentration near Hannah's Creek
(Figure 5b). On the other hand, with 1-4 the tracer is less disperse throughout (Figure 5c), with a 26%
decrease in SD (Table 2). Also, the tracer is more concentrated along the northern reach of the front, and
high concentrations are largely confined to the marsh interior. Furthermore, less tracer occurs at the head
of Hannah's Creek (Figure 5c). Taken together, these observations show that removal of smaller, lower-order
creeks causes slightly enhanced tracer dispersal, but that change is diminished when all but order 5 creeks
are removed.

4.3.2. Tracer Dispersal—Ebb (2 Hours After High Tide)

At 2 hr after high tide (Figure 6a), reference concentrations range from <10 to 400 ppb. Most of the higher
concentrations occur as <0.01-km? pockets along the terrestrial border and near higher-order creek
networks, while the lower concentrations occur to the north (Figure 6a). The resulting distribution nearly
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Figure 4. Regression plots used to compare at-a-station mean diurnal peak velocity residuals, R, resulting from the refer-
ence and (a) 1-2 and (b) 1-4 simulations. Note the overall switch to flood dominance at 1-4 (b).

encircles the inner part of Groves Creek, and the outward 1.5-km-long nonuniform front develops several
“points” associated with focused flow away from the marsh interior and toward the small intertidal creek
networks to the north (Figure 6a). Moreover, concentrations of up to 80 ppb occur beyond the mouth of
Hannah's Creek (Figure 6a), while tracer appears to exit the system via Groves Creek.

At 1-2 the distribution is similar, with concentrations of <400 ppb and higher values largely associated with
the southern border and the marsh to the east (Figure 6b), and a nonuniform front of <100 ppb along the

rt rt
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Figure 5. (a) Reference maps of simulated tracer dispersal 2 hr before high tide. Warm and cool colors show areas of high
and low tracer concentration, respectively. (a) Reference simulation and (b) removing 1-2 order creeks result in slightly
enhanced dye dispersal and higher concentrations shift eastward toward Hannah's Creek, while removing 1-4 order
creeks (c) results in less dispersal to the marsh interior.
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Table 2

Summary Table of Metrics Used to Describe the Effects of Creek Removal on Tracer
Dispersal, SD (m), Percent of Tracer Remaining at the End of Each Tidal Cycle,
and Associated Residence Time, Rt (days)

Reference 1-2 1-4
SD, Flood (m) 310.61 323.30 230.48
SD, Ebb (m) 401.82 410.21 352.50
% tracer remaining (11 hr) 90 87 83
% tracer remaining (23 hr) 68 67 62
% tracer remaining (36 hr) 41 40 39
% tracer remaining (48 hr) 25 22 20
% tracer remaining (61 hr) 17 14 12
% tracer remaining (74 hr) 11 8 7
Rt (day) 1.86 1.75 1.59

marsh platform. Also, there is a plume of <100 ppb leaving Hannah's
Creek, but no tracer leaves through Groves Creek (Figure 6b). With
1-4, concentrations are <500 ppb, and these high values occur as
two pockets retained in the marsh interior, one 0.04 km? area along
the southern terrestrial border at 3.537 x 10°, 4.977 x 10° m
(Figure 6¢), and a second 0.03 km? region along the eastern marsh.
At this time, no tracer leaves the system, but up to 20 ppb occurs
within the main subtidal channel (Figure 6c).

Comparing the reference and 1-2 ebb scenario reveals that the tracer
is slightly more disperse with a 2% increase in SD (Table 2) and the
higher concentration center of mass is shifted eastward ~60 m rela-
tive to the reference (Figure 6b). Also, the tracer exiting the mouth
of Hannah's Creek (Figure 6b) is more concentrated. However, 1-4
results in less dispersal with a 12% decrease in SD (Table 2), and

higher concentration tracer remains in the marsh interior. Also with 1-4, no tracer leaves the system at
2 hr after high tide, and higher concentrated tracer appears within the main branch of Groves

Creek (Figure 6¢).

In summary, the tracer distribution at 1-2 is similar, albeit slightly enhanced relative to the reference. In par-
ticular, tracer is more disperse during flood, and higher concentration areas are shifted eastward. However,
with 1-4 much more tracer is confined to the marsh interior, and there is less dispersal throughout the basin.
On ebb, the reference and 1-2 scenarios show that the tracer primarily exits the system via Hannah's Creek,
highlighting a short-circuiting of flows between the marsh interior and the Wilmington River. On the other
hand, at 1-4 the tracer is confined to the marsh interior, less tracer passes through Hannah's Creek, and
thus, Groves Creek assumes a larger role with respect water and tracer removal from the marsh interior.
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Figure 6. (a) Reference maps of simulated tracer dispersal 2 hr after high tide. Warm and cool colors show areas of high
and low concentration, respectively. (a) Reference simulation and (b) removing 1-2 order creeks result in higher con-
centration areas shifted eastward, while (c) 1-4 produces dye retention in the marsh interior, no dye exiting Hannah's
Creek, and higher concentration tracer in the main stem of Groves Creek.
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networks facilitate greater subtidal exchanges.

4.3.3. Tracer Residence Time

0s Figure 7 shows the temporal trend of total tracer mass within the basin for
the reference and creek removal scenarios. The reference curve demon-
strates a roughly exponential decrease in total tracer mass with each pas-
sing tidal cycle after an initial lag. In particular, the initial mass declined
by 10% at the end of the first tidal cycle (Figure 7; Table 2), followed by a
~40% decrease with each subsequent cycle (Figure 7). This level of
2 exchange requires 1.86 days to reduce the initial tracer mass by 63%, with

50.00 60.00 70.00 80.00

Time Elapsed Since Tracer Release (hr) 11% remaining after 5 days (Table 2)

Figure 7. Time series of total tracer mass for reference, 1-2, and 1-4. All sce- ~ With 1-2, there is a 13% reduction after the first tidal cycle, followed by a
narios show the tracer mass declining exponentially with time after an ~40% decrease over the following tidal cycles (Figure 7; Table 2). The resi-

initial lag.

dence time, or time to 63% reduction, estimated from the tracer mass time

series is 1.75 days (Table 2). After 8 days 5.1% of the initial tracer mass
remains in the system (Table 2). With 1-4, 17% is removed after the first tidal cycle (Figure 7). As with the
other cases, an exponential decline is apparent as ~41% removal with each tidal cycle (Figure 7). The resi-
dence time resulting from the 1-4 scenario decreases to 1.59 days (Table 2), with 7% of the initial tracer mass
remaining in the system at the end of the 5-day period (Table 2).

Comparing the reference and creek removal scenarios reveals that in all cases, the initial tracer mass
declines roughly exponentially after an initial lag, decreasing by ~40% with each tidal cycle. Overall, creek
removal produces a systematic decline in tracer residence times for the Groves Creek salt marsh. In particu-
lar, with the removal of relatively small, lower-order creeks the tracer retention time is a 5% shorter.
Likewise, removal of larger, higher-order creeks leads to a 14% reduction in tracer residence time, and
37% less tracer remaining in the system at the end of the 5-day period. Therefore, the role of intertidal creeks
in tracer dispersal and retention is to facilitate wider dispersal and increased pathways for tracer exchange.

5. Discussion

The Groves Creek salt marsh is similar to other salt marshes in that small creek systems fill in much of the
marsh interior and cut across levees or banks where they intersect the subtidal zone (Allen, 2000; Ashley &
Zeft, 1988; Friedrichs & Perry, 2001; Leopold et al., 1993; Novakowski et al., 2004; Pethick, 1980). In this
work, we assess the role of intertidal creeks in overmarsh circulation because they are ubiquitous features
of salt marsh systems, but the length of time that they transmit water as conduits for open channel flows
is in many cases negligible relative to the platform inundation. One product of systematically removing
creeks through Strahler order 4 (of 5) and running flow simulations for each scenario was the revelation that
higher-order creeks are associated with flow short-circuiting (e.g., different flood and ebb flow path lengths
to larger subtidal sources) and influence numerical simulation of flood/ebb dominance and tracer dispersal
much more than lower-order creeks. Specifically, we found that removing creeks through Strahler order 2,
thus reducing the Dd by half, did not noticeably impact flows. On the other hand, removal through Strahler
order 4 caused several of the short-circuiting features to be disconnected, and this had a notable effect on the
properties of overmarsh circulation and tracer exchange across a range of spatial and temporal scales. We
discuss both sets of results below.

The 1-2 case reduces Dd by 65%. Nevertheless, the overall response in Rpv across 36 random stations was
negligible. In particular, in both the reference and the 1-2 scenarios there was a stronger peak ebb velocity
relative to flood, or ebb dominant conditions. Further, the 1-4 scenario reduces Dd by 80%, and the topo-
graphic conduits that link flows between the marsh interior and the Wilmington River are broken. In
response, the overall Rpv from 33 of the 36 monitoring stations indicate a switch to flood-dominant condi-
tions. Together, these results reveal the following: (1) overmarsh circulation at various temporal and spatial
scales is sensitive to the geomorphic representation of the landscape, and in particular to the degree of
hydraulic connectivity of the marsh landscape. Moreover, (2) lower-order intertidal creeks have a minor role
related to the local establishment of such preferential surface flow pathways.
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This finding on the role of intertidal creeks, hydraulic connectivity, and flood/ebb dominance has possible
implications for salt marsh restoration and morphodynamics. For instance, it is known that stronger peak
flood velocity combined with a short flood duration favors landward movement of sediment onto the marsh,
thereby promoting accretion in the marsh interior (Aubrey, 1986; Christiansen et al., 2000; Leonard et al.,
1995; Stevenson et al., 1988; Van de Kreeke & Robaczewska, 1993; Van Maren & Winterwerp, 2013). It fol-
lows that flood dominance can be attributed to young salt marsh basins with low intertidal relief relative to
the tidal prism (Boon & Byrne, 1981; Friedrichs & Aubrey, 1988), and ebb dominance with “old” or highly
incised marsh (high Dd). In the case of Groves Creek, we speculate that the switch to flood dominance for 1-
4 is analogous to flow conditions during earlier development of the Groves Creek landscape when Dd was
lower and hydraulic connectivity was less developed. Also, the reference represents a mature marsh with
high Dd and well-developed creek networks (Bartholdy et al., 2018; Boon & Byrne, 1981) that increase the
potential for short-circuiting. As for the significance of this work toward salt marsh restoration, this work
shows that low-order creeks have a minor role in overall high tide circulation and, therefore, replication
or restoration of such creeks is not critical to replication of flow dynamics.

Much more information on the role of intertidal creeks in overmarsh circulation can be gleaned through
assessing tracer dispersal. In particular, the reference produces greater tracer exchange via Hannah's
Creek relative to Groves Creek, and the same is true for 1-2, in addition to slightly enhanced dispersal.
However, at 1-4 the tracer is less disperse, and Groves Creek assumes a dominant role in tracer exchange
(see data in Table S7). Hence, lower-order creeks have minimal impact on tracer simulations, while remov-
ing higher-order creeks limits tracer dispersal and alters pathways for tracer exchange between the marsh
interior and the larger subtidal system. This finding contrasts with Blanton et al. (2010), who speculated that
circulation of Groves Creek is highly sensitive to small-scale “capillary” creeks less than ~1 m in width and
depth. Whereas they attributed their limited tracer dispersal and retention to the absence of small-scale
creeks in their flow domain, we speculate that this condition arose because the short-circuiting conduits
were not adequately resolved in the bathymetry of their simulations. The latter finding is also particularly
relevant to establishing salt marsh restoration guidelines and goals.

The tracer retention estimates highlight a systematic, albeit subtle, decrease in residence time as Dd is
reduced. With 1-2 residence time decreases by 5%, and with 1-4 it is 14% shorter. From a geomorphic per-
spective, we propose that a low Dd means that the number of topographic pathways for tracer particles
decreases and this preferentially routes particles toward the hydraulic connections between the marsh inter-
ior and the subtidal system faster, thereby reducing residence time. In the case of 1-4, however, tracer dis-
persal is limited to the marsh interior, and within close proximity of the Groves Creek system, shortening
the path distance required for particles to re-enter the subtidal system on ebb, and this also reduces residence
time. This finding has potential implications for assessing contaminant dispersal in salt marshes, and with
material exchange between the marsh and the subtidal system. High Dd and associated residence time will
promote wider and prolonged exposure of the marsh surface to suspended materials and could positively
impact eco-geomorphic feedbacks that promote accretion associated with sea level rise (Day et al., 1998;
French & Spencer, 1993; Leonard, 1997; Kirwan & Megonigal, 2013; Reed, 1995; Wolaver et al., 1988).
However, a 4-m-tall bluff encloses the basin along its lowest elevation, and this will inhibit the creation of
new marsh, or migration, at the landward margin, which is also vital to the stability of coastal wetlands under
the effects of sea level rise (Cahoon et al., 2006; French, 2006; Kirwan & Megonigal, 2013). Furthermore,
reduced sediment supply due to anthropogenic forcing (Syvitski et al., 2005; Tweel & Turner, 2012;
Walling, 2006) and climate change (Day et al., 2008) is a major cause for subsidence and salt marsh loss on
local (Weston, 2014) and global (Syvitski et al., 2009) scales. Hence, we contend that the Groves Creek marsh
may represent a landscape that is “sinking” relative to modern sea level (e.g., Alexander et al., 2017), and, asa
consequence, low-order creeks positioned higher up in the tidal framework are no longer of primary impor-
tance for flows. Further, with respect to contaminants reaching the salt marsh (e.g., Hamby et al., 1993), our
results show that young marshes are less likely to retain contaminant as long as old marshes.

Another important implication of this work relates to marsh restoration. Recent studies have shown that
restored marshes generally lack the topographic diversity of their natural counterparts (Brooks et al.,
2015) and, more relevant to this study, have significantly lower creek densities than natural marshes
(Lawrence et al., 2018). In addition, restored systems have higher sedimentation rates than natural systems
(Garbutt et al., 2006; Mazik et al., 2010): a characteristic of flood dominant conditions (Aubrey, 1986;
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Christiansen et al., 2000; Stevenson et al., 1988; Leonard et al., 1995; Van de Kreeke & Robaczewska, 1993;
Van Maren & Winterwerp, 2013). Collectively, the morphodynamic attributes of restored marshes may be
analogous to the 1-4 scenario presented here, with low drainage density and poorly defined hydraulic con-
nectivity between the marsh interior and subtidal system. Moreover, restored marshes are not on a trajectory
to become topographically similar to natural marshes with time (Lawrence et al., 2018). Therefore, restora-
tion strategies have considered actively building topographic heterogeneity into the marsh framework to
better mirror the morphodynamics of natural sites. Our findings offer this insight for such strategies: con-
structing the hydraulic connectivity of the landscape, but not necessarily the smallest intertidal creeks,
may result in a better representation of natural overmarsh circulation and material exchange. Similarly,
Hiatt and Passalacqua (2015) suggested that increased connectivity between channels and marsh interiors
could provide engineers a sound avenue for mitigating wetland loss. This work provides an evaluation of
how poor representation of subtle topographic features in the bathymetry used to simulate overmarsh circu-
lation might influence assessments or estimates of flows in intertidal landscapes. Hence, our findings offer
new insight into the level of topographic detail needed to effectively simulate overmarsh flow, and this
has implications for experimental design of future field and numerical studies, on intertidal landscape
restoration activities, contaminant retention or circulation, and carbon sequestration. Findings reported
here highlight the minor role of small, lower-order creeks in overall circulation and tracer exchange relative
to larger, higher-order short-circuiting conduits. Therefore, our work offers this novel insight for numerical
studies of overmarsh flow processes: It is of critical importance that the underlying DEM sulfficiently resolves
the length scale at which hydraulic connectivity and short-circuiting can be established, but not necessarily
the smallest intertidal creeks. This level of bathymetric accuracy will provide robust simulation results.

Finally, one might reason that the findings reported here are site specific, largely the outcome of local topo-
graphic and hydraulic boundary conditions, and their effects on system-wide circulation. However, the
study site is a small part of numerous marshes along the southeastern United States, and the findings
reported here are not necessarily unique to Groves Creek. For example, with respect to the idea of short-
circuiting, Hiatt and Passalacqua (2015) report from a completely different type of system (open, microtidal,
newly formed, perhaps more “regular”’-shaped marsh) that hydraulic connectivity between higher-order
channels and the marsh interior are the dominant mechanism controlling water circulation and material
exchange. Nevertheless, more work is needed to gain a deeper understanding of the influence of basin
geometry (shape), variations in vegetation, and local boundary conditions on the relative roles of intertidal
creeks and hydraulic connectivity on overmarsh circulation.

6. Conclusions

Sets of numerical simulations of overmarsh flows conducted in response to the successive removal of inter-
tidal creeks show that first- and second-order salt marsh creeks have a minor role in flow processes during
marsh inundation, despite a 65% reduction in drainage density. However, smoothing over creeks through
Strahler order 4 disrupts connected flow conduits, which facilitate a type of flow “short-circuiting,” and this
diminished hydraulic connectivity produces a system-wide change from ebb dominance to flood dominance.
Creek removal also alters pathways for tracer exchange, and it reduces tracer residence time by 10%. Thus,
for the Groves Creek salt marsh the lower-order creeks have a minor role in overmarsh circulation, while
higher-order creeks that are associated with flow short-circuiting greatly influence overmarsh flow
processes. Therefore, in order to effectively simulate overmarsh flow conditions, the underlying DEM should
have a resolution sufficient to characterize the connecting conduits. In other words, the length scale of the
underlying DEM should be of sufficient resolution to identify the connecting conduits, but not necessarily
the smallest intertidal creeks. For this study, the length scale is about 10 m or the average mouth widths
of higher-order creeks.
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