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Key Points: 7 

 Form drag is ~3-12 times greater than bed drag in intertidal creeks with channel widths 8 

less than 5 meters.  9 

 Within a confined drainage area, multiple creeks have opposing tidal asymmetries with 10 

respect to peak velocity, tidal transport, and total suspended solids (TSS) transport. 11 

 Net circulations on marsh platform during intermediate and spring tides suggest that tidal 12 

creek flows regularly exchange and interact with one another. 13 

 Opposing creek asymmetries and platform circulations have the potential to lead to 14 

heterogeneity in marsh geomorphic evolution and response to sea level rise. 15 
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Abstract 18 

Intertidal creeks (<5m width) weave through salt marshes, delivering water, nutrients, and 19 

sediments into the marsh interior and alter spatial heterogeneity in plant and animal distributions. 20 

Despite their global prevalence, creek connectivity, and the mechanisms controlling cross-marsh 21 

hydrodynamics, remain poorly resolved. In this study, we measured flow and total suspended 22 

solids (TSS) transport in three intertidal creeks within a confined drainage basin in a Georgia, 23 

USA salt marsh. We discovered that the effective drag is 3 to 12 times greater than bed drag, 24 

reaching levels similar to those observed in coral reefs. Furthermore, the drag between tidal flood 25 

and ebb phases differ, suggesting a non-symmetric drag. Analyses of along-channel momentum 26 

reveal that the friction 𝑂(10−3 − 10−2)  and pressure gradient 𝑂(10−3 −  10−2) dominate creek 27 

momentum balance. Divergence in tidal and TSS transport between adjacent creeks reveals 28 

opposing tidal asymmetries within this confined basin. We suggest that these differences may 29 

mediate the eco-geospatial evolution of salt marshes and their response to sea level rise. 30 

Plain Language Summary 31 

Salt marshes generate a valuable suite of ecological and economic services. Key to 32 

understanding their fate in relation to rising sea levels is understanding eco-physical dynamics of 33 

the creeks that weave through these marshes, as these features serve as major conduits of water, 34 

sediments, and biological material exchange. Models have been developed to explain how flow 35 

moves through creeks over one tidal cycle. However, there are limited field measurements 36 

resolving the dominant forms of drag controlling tidal fluxes through creeks, divergences in 37 

water flow and sediment transport between creeks, or creek-creek circulations. This study applies 38 

field measurements from a Georgia salt marsh to address these knowledge gaps. We discover 39 

that adjacent creeks in a confined drainage basin are governed by form drag produced by flow 40 

interactions with the landscape and vegetation and exhibit profound heterogeneity in tidal flows 41 

and sediment transport. We highlight that this local-scale heterogeneity likely plays a major role 42 

in mediating the pattern and mechanisms by which salt marshes are responding to sea level rise.  43 

1 Introduction 44 

1.1 Salt marshes and tidal creeks 45 

Salt marshes form along temperate, low-energy coastlines worldwide where they provide 46 

valuable ecological (e.g. C-sequestration, N-cycling, biodiversity enhancement) and economic 47 

services (e.g. fisheries, storm surge reduction) (Barbier et al., 2011; Bouma et al., 2014; 48 

Temmerman et al., 2013). These tidally flooded landforms are created via sedimentation, a 49 

process which is enhanced by vegetation (Fagherazzi et al., 2012). The feedbacks that occur 50 

between water flow, vegetation and sedimentation allow salt marshes to adjust in vertical relief 51 

and spatial extent in response to sea level changes and shorter timescale events – such as 52 

hurricanes, droughts, and oil spills (Coverdale et al., 2012; Fagherazzi et al., 2012; Lin & 53 

Mendelssohn, 2012). Within these biogenic coastal landforms, tidal channels and creeks bisect 54 

elevated marsh platforms, forming networks that control the exchange of water (Bayliss-Smith et 55 

al., 1979; Boon, 1975; French & Stoddart, 1992; Healey et al., 1981; Hughes, 2012; Mariotti & 56 

Fagherazzi, 2011), sediments (Christiansen et al., 2000; Voulgaris & Meyers, 2004), and 57 

suspended biological material between the estuary and marsh interior (Struyf et al., 2013).  58 

Previous research has focused on understanding water flow and sediment transport in subtidal 59 

channels with widths between 10s and 1000s of meters. However, few studies have measured or 60 
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analyzed flows in intertidal creeks with widths smaller than 10s of meters. This is despite the 61 

ubiquity of intertidal creeks in salt marshes and their propensity to modify flow and 62 

sedimentation patterns, and control the fitness and distribution of plants and animals across 63 

marsh landscapes (Pieterse et al., 2012, 2015). 64 

In this paper, field measurements are analyzed to address three gaps in the literature related to 65 

intertidal creek (<10 m wide) flows and sediment transport: 1) what are the velocities in multiple 66 

tidal creeks in a confined drainage basin? 2) What are the sources and effects of tidal creek drag? 67 

and 3) What are the mechanisms underlying creek connectivity and cross-marsh circulations, and 68 

how do they depend on tidal phase? We summarize these knowledge gaps in the sections below 69 

and focus our field measurements in a Georgia (USA) salt marsh.  70 

1.2 Velocities in multiple tidal creeks in a confined drainage basin 71 

A simplified model (Boon et al., (1975) explained the tidal stage-velocity (discharge) asymmetry 72 

[differences in velocity (discharge) at the same tidal stage for different phases of the tide] in a 73 

tidal creek. While this model helped explain general patterns in tidal asymmetry, it could not 74 

fully reproduce the tidal asymmetries, and in particular, the surge effect on ebb tides at below-75 

bank elevations, or when outflow concentrates through the channel rather than overbank flow 76 

(Fagherazzi et al., 2008a). This was due to key limiting assumptions, namely that the model did 77 

not consider wind stresses and assumed that: (1) the water surface is ‘flat’ (no water level 78 

slopes), (2) the system is frictionless (i.e., water disperses through system instantaneously), and 79 

(3) all flow passes through the channel section (i.e., no overbank flow). Subsequent studies 80 

identified the need to expand the study area to include the role of overbank flow (French & 81 

Stoddart, 1992), a process that Temmerman et al. (2005) determined could account for 0-60% of 82 

the water budget in a marsh, depending on the tidal amplitude and environmental conditions, 83 

such as wind forcing. Fagherazzi et al. (2008a) expanded the Boon model by incorporating a 84 

constant linearized friction term on the landscape, whereby water surface elevation gradients on 85 

the marsh are estimated through Poisson’s Equation which are a function of average water depth, 86 

the friction coefficient, and change in stage of the tidal inlet. Furthermore, time-varying infilling 87 

and outflowing was accounted for by estimating travel time distributions in both channels and on 88 

the marsh platforms.  Their model was able to capture the time-lagging effects of tidal 89 

asymmetries previously uncaptured by the Boon model. Importantly, the data used to validate 90 

these models were limited to field measurements of a single creek and thus, it is unclear if they 91 

are able to resolve potential interactions between multiple adjacent creeks.  92 

1.3 Sources and effects of tidal creek drag 93 

Frictional drag is caused by different features in coastal landscapes, including bed material 94 

(Grant & Madsen, 1982; Nikuradse, 1933), topographical elements (Monismith, 2007; Warner & 95 

MacCready, 2014), channel structure (Bo & Ralston, 2020; Kranenburg et al., 2019; Li et al., 96 

2004), and vegetation (Monismith et al., 2019; Nepf, 1999). Frictional drag has been 97 

characterized in various forms such as friction factors (i.e. Darcy-Weisbach) or coefficients (i.e. 98 

Manning’s n) (Yen, 2002) or non-dimensional quadratic drag coefficients (Bo & Ralston, 2020). 99 

A source of drag in marsh landscapes can be bottom drag, which results from fluid flow and bed 100 

interactions that form a boundary layer at the interface. These interactions result in the 101 

characteristic logarithmic velocity profiles for fluids: (Equation 1),  102 

 103 
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𝑢(𝑧) =  

𝑢∗

𝜅
[ln (

𝑧 − 𝑑

𝑧0
)] +  𝛽 

(1) 

whereby the magnitude of bed drag generally scales with the bed roughness height 𝑧0 104 

(Nikuradse, 1933) or with the size of bedforms (Grant & Madsen, 1982). In Equation 1,  𝑢(𝑧) is 105 

the fluid velocity at reference height 𝑧 above the bed, 𝜅 is the von Karman’s constant (= 0.41), 106 

𝑢∗ is the shear velocity at 𝑧, 𝑑 is the local water depth, and 𝛽 is a correction coefficient. Bottom 107 

drag is often expressed in terms of a dimensionless coefficient, 𝐶𝑑,𝑏𝑜𝑡   (Voulgaris & Meyers, 108 

2004) and can be related to the bottom roughness height using:  109 

 110 

 
𝑧𝑜 = 𝑧 𝑒𝑥𝑝 (−𝜅 (𝐶𝑑,𝑏𝑜𝑡)

1
2⁄ ) 

(2) 

Note that the bottom drag coefficient is typically referred to as 𝐶𝑑 in literature, however, in this 111 

work it is referenced as 𝐶𝑑,𝑏𝑜𝑡 to distinguish from other types of drag considered. The bed drag 112 

coefficient can be solved for using the following relationships: 113 

 114 

 𝜏 = 𝜌(𝐶𝑑,𝑏𝑜𝑡)𝑢∗,𝑏𝑜𝑡
2  (3) 

 
𝜏 = 𝜌𝑢𝑧

2 
(4) 

Where 𝜏 is the bed shear stress and 𝑢𝑧 is the reference streamwise velocity.  115 

Additionally, drag can be evaluated in terms of effective, or form drag, caused by different 116 

features in the landscape, such as vegetation or reefs. This is often expressed in the form of the 117 

dimensionless drag coefficient, 𝐶𝑑,𝑒𝑓𝑓,  which is the ratio between inertial and pressure gradient 118 

terms with friction terms in the momentum equation (Kranenburg et al., 2019; Li et al., 2004; 119 

Monismith, 2007). In controlled laboratory settings, the drag effects from various features (e.g., 120 

vegetation) can be isolated (Nepf, 1999). In field settings, however, it is infeasible to isolate the 121 

different contributing factors (i.e. vegetation, bed, microtopography effects). Therefore, it is 122 

useful to express drag as a bulk term, or the ‘integrated effects’ of the landscape (Monismith et 123 

al., 2019). Efforts have been made to estimate the drag effects from reefs which have been found 124 

to be up to 10x greater than the canonical 0.0025 value for muddy or sandy sea beds (Monismith, 125 

2007). Furthermore Monismith et al. (2019) found that the drag from seagrass beds can range 126 

from 0.05 to 1 depending on the phase of the tide.  127 

In this study, 𝐶𝑑,𝑒𝑓𝑓  is reported as a function of water level at two intertidal salt marsh creeks. 128 

The study also describes the importance of effective drag relative to bed drag in these systems. 129 

Understanding their relative importance is necessary for resolving the controlling mechanisms in 130 

salt marsh creeks as well as to understanding how vegetation and other form features may 131 

modulate flow during different stages of the tide. 132 

1.4  Creek-to-creek flow interactions and overmarsh circulations 133 

Building upon enhanced understanding of flows that occur near the marsh-channel interface, 134 

Torres et al. (2007) conducted a field campaign to quantify overmarsh circulation and creek 135 
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flows. Their study revealed that regular exchanges of water occur at the heads of tidal creeks (i.e. 136 

where tidal creeks terminate in marsh platforms) and suggested that drainage basins, or divides, 137 

are not clearly or consistently delineated during high water events within salt marshes, a pattern 138 

contrary to well-defined, temporally stable divides in fluvial systems. Using numerical 139 

simulations of marsh circulation in which first and second order tidal creeks were systematically 140 

removed from a high resolution digital elevation model (resulting in a <60% reduction of 141 

drainage density), Sullivan et al. (2019) discovered that such creek removal did not affect large-142 

scale circulation and tracer dispersal. However, following the removal of third and fourth order 143 

creeks as well (an up to 85% reduction of drainage density), the authors discovered that the 144 

system transitioned from being ebb- to flood-dominated. This change was caused by losses in 145 

hydraulic conductivity and the ability of tidal creeks to convey water further into the marsh 146 

platform interior. While small intertidal creeks may not control km-scale overmarsh circulations, 147 

it is unclear whether creek-creek flow interactions lead to limited inflow or early flow reversals 148 

of adjacent creeks. Creek dynamics have the potential to alter tidewater resonance time, 149 

sedimentation, and the exchange of biological material. 150 
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2 Materials and Methods 151 

2.1 Field site characteristics 152 

 153 

Figure 1. Overview of study site, including the location of Sapelo Island (star) within the South 154 

Atlantic Bight (a), the Dean Creek marsh-creek system on the southern end of Sapelo Island (b), 155 

and the location of our field study area, deployed instruments (pressure sensors highlighted as 156 

yellow triangles, and Vectors (ADVs) as yellow circles), and naming convention for creeks 157 

referred to throughout the paper (c). Note that the dataframe in (c) is rotated from north (as 158 

denoted in red box Panel b). 159 

To address these three knowledge gaps, we conducted a field study on Sapelo Island, Georgia, 160 

USA, within the South Atlantic Bight (SAB) (Figure 1A), a region which is dominated by semi-161 

diurnal tides. The tidal amplitude in this area ranges from ~0.5 to 1.6 m over the spring-neap 162 

tidal period. The coastal region in this area is characterized by barrier islands and intertidal 163 

wetlands (ranging from freshwater, brackish, and salty) along the estuarine gradient fed by major 164 

tributaries, namely the Ogeechee River, Blackbeard Creek, Altamaha River, and Satilla River. At 165 

our site, the salt marsh is dominated by monocultures of Spartina alterniflora, a C4 grass that 166 

ranges in height from 0.3-0.5 m in higher-elevation marsh platforms to > 2 m in height along 167 
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lower elevation creek banks. Our site, a marsh area fed by Dean Creek on the southern tip of 168 

Sapelo Island (Figure 1 b/c), is located within the Sapelo Island National Estuarine Research 169 

Reserve (SINERR), which operates long-term ecological and hydrological monitoring stations as 170 

a part of the U.S. NERR System-Wide Monitoring Program.  171 

Dean Creek and its surrounding intertidal salt marshes are bordered to the east by an upland 172 

forested relic dune system (driven by island migration), to the north by a road and bridge leading 173 

to the beach, and to the west by another road built along a formerly hummocked upland strip of 174 

land. The southern end of Dean Creek is connected to the Doboy Sound, near to the Atlantic 175 

Ocean (roughly 1.2 km inland). The focal marsh area is approximately 0.52 km
2
 (52.3 hectares).  176 

The segment of Dean Creek in our domain is approximately 2.1 km long and, on average, 177 

approximately 20 meters wide, and has an average sinuosity (=
𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑒𝑘 𝑙𝑒𝑛𝑔𝑡ℎ

𝑐𝑟𝑒𝑒𝑘 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡−𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
) of 1.5. 178 

Our study site (outlined in red Figure 1b) is 1 km to 1.5 km upstream of the confluence between 179 

Dean Creek and the Doboy Sound. 180 

The focal drainage basin (0.07 km
2
 or 7.45 hectares in area) at our study site (Figure 1c, note that 181 

map is rotated from north), is primarily fed by three intertidal creeks (channel widths < 5 m), 182 

herein referred to by their naming convention – Creek 1, 2 and 3 - labeled in the map. The 183 

creekmouth bed elevation of each creek is approximately -0.57, -0.53, and -0.94 meters above 184 

mean sea level (m.a.m.s.l.), respectively. Details regarding each creeks’ geomorphic 185 

characteristics are in Table 1.  The low marsh elevation varies from ~0.6-0.8 m.a.m.s.l. at the 186 

site, with higher levees along Dean Creek’s channel banks reaching elevations of 1.15 m.a.m.s.l., 187 

a level equivalent to the local mean higher high water – MHHW. 188 

 189 

Table 1        

Creek Characteristics (2006-2016)      

Creek ID Type L (m) S ΔL (m/y) % change L 

Confluence 

location*** 

Confluence 

orientation*** 

Creek 1 
Single 

Threaded 
100 1.1 2 25 straight-away normal 

Creek 2 
Single 

Threaded 
270 1.7 0.5 2 bend apex** coincident 

Creek 3 Reticulated 130* --- 1.4 --- straight-away normal 

*Longest reticulated segment           

**Main Channel bend (W/R) = 0.8 

***Relative to main channel      

2.2 Field instrumentation 190 

We deployed one Nortek Vector acoustic Doppler velocimeter (ADV) in each of three adjacent 191 

tidal creeks within a contiguous salt marsh fed by Dean Creek on Sapelo Island, Georgia 192 

(31°23'22.88"N, 81°16'29.07"W, see Fig. 1 for map of instrument array and tidal creek naming 193 

convention). Each ADV was deployed 5-10 m upstream of each creek mouth by mounting the 194 

instrument to a steel frame that included a crossbar that spanned the tidal creek; a bubble level 195 

was used to ensure the ADVs were mounted vertically with the sensors facing down. Sampling 196 

volumes were 20, 30, and 30 cm above the bed for Creeks 1, 2 and 3, respectively. We paired 197 

each ADV with an RBR SoloD Fast8 pressure sensor (herein referred to as pressure sensor) 198 

which was positioned upstream of each ADV. The streamwise distances between each ADV and 199 
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its paired pressure sensor were 85, 220, and 110 m for Creeks 1, 2 and 3, respectively. The 200 

pressure sensors were mounted to a metal t-post which was driven into the marsh until resistance 201 

was met. A HOBO pressure sensor was mounted adjacent to Lighthouse Road in air, 202 

approximately 2.5 m.a.s.l., to capture the local atmospheric pressure variations. All instrument 203 

positions were surveyed to UTM 17N coordinate system and the local mean sea level vertical 204 

datum with a Trimble Geo7x RTK-GPS. The ADVs were set to record in continuous, pulse-205 

coherent mode at 32 Hz for the duration of the experiment. The pressure sensors were set to 8 206 

Hz, and the HOBO was set to 1 Hz. All data recordings when the instruments were not 207 

submerged during low tide were discarded. A total of 20 tidal cycles were captured for all 208 

instruments. The start and end dates of the study were July 25, 2019 to August 5, 2019, which is 209 

during peak productivity periods of Spartina alterniflora. 210 

2.3 Data post-processing 211 

2.3.1 Water levels 212 

Water levels for ADVs and pressure sensors were computed by subtracting out the local 213 

atmospheric pressure (measured with HOBO), converting to water depth, and then adding the 214 

reference elevation value taken with an RTK. To assess the along channel pressure (water 215 

surface) slopes, we made small vertical adjustments in each pressure sensor and computed water 216 

level such that the gradient would be zero when the ADV measured zero flow (due to small 217 

vertical errors in survey equipment measurements, < 3 cm). Then we used Creek 2 water level as 218 

our fixed reference and assumed that, at high water measured for each pressure sensor (marsh 219 

platform), each sensor would have the same peak water surface elevation.  The precision for 220 

pressure measurements is 0.01 dbar for the RBRs and 0.01 dbar for the ADVs, which translates 221 

to ~1 cm accuracy in depth. 222 

2.3.2 ADVs  223 

A low signal-to-noise ratio (SNR) in pulse-coherent acoustic instruments, or the ratio of 224 

instrument signal intensity compared to the instrument background noise level, can be caused by 225 

low amounts of particles, or ‘scatterers’, in the water column (Voulgaris & Trowbridge, 1998). 226 

In marsh systems, this can occur during slack tide when water velocities are slow or close to 227 

zero, and particles have had time to settle in the water column. As recommended by the 228 

manufacturer for Nortek Vectors (Rusello, 2009), we applied a cutoff of 30 SNR where velocity 229 

measurements below the threshold were removed and replaced with a 5-minute windowed mean 230 

value (i.e. averaged 2.5 minutes prior and 2.5 minutes post replacement measurement). 231 

Another issue with pulse-coherent recording mode can arise with signal phase-wrapping (Rennie 232 

& Hay, 2010). Phase wrapping occurs when the in-situ velocities exceed the so-called ambiguity 233 

velocity, or maximum beam velocity that can be measured in its given configuration. Velocities 234 

in ADVs are determined by measuring the Doppler phase shift between emitted and returned 235 

acoustic pulses. The measurable velocity range (ambiguity) is scaled between –π and +π and, if 236 

this is exceeded, a phase-wrap occurs (Rusello, 2009). The ambiguity velocity equation is 237 

𝑉𝑎𝑚𝑏 = 𝑐 (4𝑓𝐿)⁄  where 𝑐 is the speed of sound in water [m/s], 𝑓 is the internal instrument 238 

frequency [Hz], and 𝐿 is the time lag, an intrinsic property of the instrument [s]. This is 239 

sometimes difficult to avoid in the field as a priori knowledge of the expected velocities is 240 

needed. Setting the instrument velocity range too high can introduce undesired noise in the signal 241 
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and reduce data quality. (Goring & Nikora, 2002) suggested to replace a velocity spike with 242 

either the local mean value or use a 12-point cubic spline. As the cubic spline produced large 243 

values, we used a local mean value. The spikes were identified using the phase-space method 244 

(Goring & Nikora, 2002) and a 5 minute window, or N=9,600 samples. After accounting for the 245 

phase-wrapping, we rotated the velocity measurements to represent the streamwise (u), cross-246 

stream (v), and vertical (w) axes for each channel. Positive (+) streamwise values in subsequent 247 

analyses represents flooding and negative (-) represents ebbing. 248 

2.3.3 Estimating bottom and effective drag coefficients 249 

ADVs have successfully been used to estimate quadratic bottom drag coefficient in various 250 

coastal and estuarine environments including in estuaries with mud flats, tidal channels, and the 251 

wave breaking zone (Blanton et al., 2004; Feddersen et al., 2003; Nidzieko & Ralston, 2012; 252 

Voulgaris & Meyers, 2004). The bottom drag coefficient 𝐶𝑑,𝑏𝑜𝑡 depends on the bottom 253 

roughness height 𝑧0 (Nikuradse, 1933) or bedforms (Grant & Madsen, 1982) (Equations 1-3). 254 

This is a key parameter in understanding vertical variation in velocity, or the shear stresses, 255 

which are important for bed erosion. ADVs have been found to accurately measure turbulent 256 

velocity fluctuations, where the cross-correlation of the horizontal and vertical components can 257 

predict the shear velocity in the Reynolds Stress Method (Soulsby, 1983) (Equations 5-6). 258 

 259 

𝑢∗,𝑧 = (〈𝑢′𝑤′〉2 + 〈𝑣′𝑤′〉2)1/4  (5) 

 
𝑢 ∗𝑏𝑜𝑡

2=  
𝑢∗,𝑧

2

1 −
𝑧
𝑑

 
(6) 

where  𝑢∗,𝑧 is the shear velocity at elevation 𝑧 above the bed, 𝑢′, 𝑣′, and 𝑤′ are the deviations 260 

from a time average velocity denoted by brackets and representing 10-min data sets, and 𝑑 is the 261 

local water depth. The drag can then be estimated as the best fit line of data where 𝐶𝑑,𝑏𝑜𝑡 =262 

 𝑢∗,𝑏𝑜𝑡
2 𝑢𝑧

2⁄ . In addition, the effective drag (form + bottom drag) allows understanding on how  263 

the integrated effects of bathymetry (e.g. (Monismith, 2007; Warner & MacCready, 2014) or 264 

vegetation (e.g. (Monismith et al., 2019; Nepf, 1999)) alter water flow and sediment transport. 265 

Effective drag values for tidal creeks of this size (channel width <5 m) have not yet been 266 

estimated from field measurements. Values were assessed at each ADV location. We assume that 267 

water density is spatially constant in our study site, thus neglecting baroclinicity. We then used a 268 

one-dimensional streamwise x momentum equation: 269 

 270 

 𝜕𝑈

𝜕𝑡
+ 𝑈

𝜕𝑈

𝑑𝑥
 = −𝑔

𝜕𝜂

𝜕𝑥
− 𝐶𝑑,𝑒𝑓𝑓

𝑈 𝑈

𝑅ℎ
 

(7) 

where 𝑈 is the cross-sectionally averaged streamwise velocity, 𝑥 is the along-channel distance, 𝜂 271 

is the water surface elevation, and 𝑅ℎ is the hydraulic radius (section flow area A over the section 272 

wetted perimeter P). Due to instrument limitations, we replace 𝑈 with 𝑢𝑧, the locally measured 273 

velocity, as we could not resolve the cross channel velocity structure with our instrument array. 274 

From scaling, the inertial terms (terms on the left-hand side of eq. 7) are assumed to be small (i.e. 275 
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time and length scales are much greater than the velocity) (Friedrichs & Madsen, 1992; LeBlond, 276 

1978). Since the channel width is the same order of magnitude as the water depth, the hydraulic 277 

radius cannot be approximated as the water depth. Solving for 𝐶𝑑,𝑒𝑓𝑓, we have the following 278 

relationship: 279 

 280 

 

𝐶𝑑,𝑒𝑓𝑓 =  
−𝑔

∆𝜂
Δ𝑥

𝑢𝑧𝑢𝑧
𝑅ℎ

⁄  

(8) 

where 
∆𝜂

Δ𝑥
 is the along channel water surface gradient, computed with the RBR and ADV pressure 281 

measurements, and 𝑅ℎ is solved iteratively for different water depths using RTK survey 282 

measurements. The ratio of effective and bed drag, 𝐶𝑑,𝑒𝑓𝑓 𝐶𝑑,𝑏𝑜𝑡⁄ , represents the proportion of 283 

total drag relative to bed drag which reduces to the following relationship:  284 

𝐶𝑑,𝑒𝑓𝑓

𝐶𝑑,𝑏𝑜𝑡
=  𝑔

𝐴

𝑃

∆𝜂
Δ𝑥⁄

𝑢∗
2

 

(9) 

which indicates that as the water depth approaches 0 then  𝐶𝑑,𝑒𝑓𝑓 𝐶𝑑,𝑏𝑜𝑡⁄ → 1 meaning the total 285 

drag is due to the bed. If 𝐶𝑑,𝑒𝑓𝑓 𝐶𝑑,𝑏𝑜𝑡⁄  ≫ 1, it indicates that drag from other sources dominates 286 

the frictional effects. 287 

2.3.4 Tidal and TSS Transport  288 

Tidal exchange and TSS transport were estimated for each creek and for each tidal cycle. The 289 

tidal exchange is approximated in each channel by first estimating the mean streamwise velocity 290 

using the von Karman-Prandtl equation (Equation 1) by subdividing the profile over N=50 291 

vertical sigma layers (function of water depth at time t) (Dyer, 1971). 𝑧0 was estimated by 292 

solving the following equation, 𝑧0 = 𝑧 × exp (−𝜅 (𝐶𝑑,𝑏𝑜𝑡)1/2)⁄  (Voulgaris & Meyers, 2004). 293 

Previous authors have suggested using a two-point method for fitting a logarithmic profile, i.e. 294 

ADV or current meter placed at 0.2d above bed and 0.8d above bed where 𝑑 is the total water 295 

depth [m] and then averaged (Walker, 1988). Due to instrument availability, we utilized one 296 

instrument for each location and estimated the vertical velocity profile, and used the 0.6d (d = 297 

depth at time of measurement) velocity to be representative of the section (Rantz, 1982; Walker, 298 

1988). To understand the uncertainty in estimating the section average discharge, we 299 

incorporated a factor of uncertainty to the mean velocity estimate (i.e. an increase or decrease of 300 

33%) which can be seen in Figure 6. In addition, part of the tidal cycle is not captured due to 301 

instrument drying at lower tidal elevations. We consider this not to be a shortcoming, however, 302 

because the main purpose of this study is to understand directionality of exchange (either net 303 

flood, net ebb, or neutral), rather than establish a budget. 304 

To estimate the total suspended sediments (TSS) in each creek, we collected water samples using 305 

bilge pumps mounted to t-posts at the same elevation as the ADV sampling volume and 306 

approximately 1 meter upstream from each ADV. Samples were taken at 30-minute intervals for 307 

5 hours over the course of one tidal cycle. All samples were kept on ice until transported to the 308 
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lab, where they were filtered through Whatman Glass Fiber Filters (0.7µm) and freeze dried to 309 

remove moisture. Filter pre-weights were subtracted from post-weights and divided by the 310 

volume of water filtered for each sample. TSS exchanges were estimated by multiplying the 311 

concentration values and estimated tidal discharge. Measured TSS values ranged from 24 to 140 312 

mg/L in our datasets (see supplemental data).  313 

For subsequent analyses, we interpreted our data in three groupings based on tidal amplitude 314 

relative to approximate tidal creek bank elevation (0.8 m.a.m.s.l.) and MHHW estimated from 315 

the nearby NOAA Rockdedundy harmonic tidal prediction station (1.15 m.a.m.s.l.). For brevity, 316 

the zones are hereafter referred to as Neap (< 0.8 m.a.m.s.l.), Intermediate (> 0.8 m.a.m.s.l. and < 317 

1.15 m.a.m.s.l.), and Spring Tides (> 1.15 m.a.m.s.l.). In addition, to compare across creeks, tidal 318 

times presented in subsequent figures are relative to Creek 2 high water as the three creeks 319 

experience high water at different times. 320 

4 Results 321 

4.1 Stage-Velocity Relationships at Creekmouths 322 

 323 

Figure 2. The stage-velocity (streamwise component) relationship for all available data from 324 

ADVs in Creeks 1 (a), 2 (b), and 3 (c). Positive velocity values indicate tidal flooding and 325 

negative indicate ebbing. The colors indicate time (min) relative to Creek 2 high water [(-) is 326 

prior and (+) is after high water]. Black circles denote the streamwise velocity at Creek 2 high 327 

water. The low marsh elevation range as well as local Mean Higher High Water (MHHW) are 328 

indicated by grey and black horizontal lines, respectively. Subsequent analysis for the data use 329 

the following grouping: Neap tide (Tidal Amplitude < 0.8 m.a.s.l.), Intermediate tide (0.8 m.a.s.l. 330 

< Tidal Amplitude < 1.15 m.a.s.l.), and Spring tide (Tidal Amplitude > 1.15 m.a.s.l.). 331 

4.1.1 Neap tides (Tidal Amplitude < 0.8 m.a.m.s.l.) 332 

 333 

All creeks showed the characteristic stage-velocity curve whereby the flow gradually increased 334 

during flood tide (+ values), peaking as the marsh platform is overtopped and then decreasing 335 

after the floodable area expands (Boon, 1975; Healey et al., 1981; Mariotti & Fagherazzi, 2011). 336 

On average, the creek flood velocities peaked 60-70 min prior to high water, at 0.15 m/s, 0.20 337 

m/s, and 0.30 m/s in each creek, respectively. At high water all creeks continued to inflow, albeit 338 

<0.05 m/s in Creeks 1 and 3 (<0.05 m/s). Creek 2 continued to inflow at 0.11 m/s, roughly 2 to 3 339 
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times faster than the other creeks. Creek 2 showed slack water 25 minutes after high water, and 340 

roughly 10 minutes following the other creeks. Peak ebb flow in Creek 1 occurred 92 minutes 341 

following high water, 30 minutes before Creeks 2 and 3. 342 

4.1.2. Intermediate Tides (0.8 m.a.m.s.l. < Tidal Amplitude < 1.15 m.a.m.s.l.) 343 

A different pattern among tidal creeks emerged between the Intermediate and Neap tides. In all 344 

creeks, the inflow gradually increased until the water level was between 0.72-0.82 m.a.s.m.l., or 345 

as the marsh platform flooded. However, for the remainder of the infilling period (1-2 hours) 346 

Creek 1 inflows rapidly diminished and were 0.02 m/s at high water. Creek 3 displayed peak 347 

inflow of 0.39 m/s, which was 2.1 times greater than at Creek 1 and 1.2 times greater than at 348 

Creek 2. Following the peak inflow, Creek 3 displayed the same diminishment of inflow (i.e., no 349 

inflow at high water) as did Creek 1. Conversely, Creek 2 displayed higher inflows (~0.10 m/s) 350 

and did not reverse until 26 minutes after high water. On average, Creek 2 flooded for ~40 351 

minutes longer than Creeks 1 and 3 during the flood phase of the tide. 352 

During the falling phase of the tide, flows began to increase and peaked when the water surface 353 

elevation was below the creekbanks, i.e., mostly channelized flow. Similar to the occurrence of 354 

peak flooding due to rapid expansion of floodable area, peak ebbing occurred when the excess 355 

platform water can only exit the system through the creeks (i.e., no overbank flows). Creek 2 356 

peak ebb velocity was on average -0.86 m/s (1.4 times greater than Creek 1 and 1.6 times greater 357 

than Creek 2). Creek 2 peaked approximately 25 and 10 minutes after Creeks 1 and 3, 358 

respectively. 359 

4.1.3. Spring Tides (Tidal Amplitude > 1.15 m.a.m.s.l.) 360 

The most notable changes to stage-velocity patterns occurred during the spring tides. During 361 

these tides, the high water level exceeded the highest levees adjacent to Dean Creek, causing 362 

submergence in most, if not all, of the marsh in the study area. The flooding pattern for Creek 1 363 

was essentially the same as it was for intermediate tides, with the same peak flood velocity. Both 364 

Creeks 2 and 3 increased in peak flood velocities by 14% and 5%, respectively. However, Creek 365 

3 experienced slack water 65 minutes prior to high water, when the water level coincided with 366 

the highest levee elevations. As the water level continued to increase above the levee elevation, 367 

Creek 1 exhibited near-zero inflow and Creek 3 began to outflow. However, Creek 2 continued a 368 

sustained inflow (>0.15 m/s) until 30 minutes after high water (or as the water level began to 369 

recede). This phase lag caused a water level slope that drove a cross-marsh flow from Creek 2 to 370 

Creek 3. 371 

As the water level fell below the elevation of the highest levees, the stage-velocity relationship in 372 

all creeks was similar to the patterns in Intermediate tides. The outflow was the highest in all 373 

creeks when the flow was fully channelized. On average, the peak outflow for each creek was 374 

0.82, 0.65, and 1.01 m/s, respectively, representing increases of 32% for Creek 1, 25% for Creek 375 

2, and 17% for Creek 3. With respect to the peak flood to ebb velocity ratio, all creeks showed 376 

stronger ebb currents than flood currents and are considered ‘ebb-dominated’. 377 

4.2 Bottom and effective drag in intertidal creeks 378 

4.2.1. Bottom Drag Estimated from ADVs 379 
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 380 
Figure 3. The balance between mean point-velocity measured (squared) at elevation z (x-axis) 381 

and the estimated shear velocity squared (y-axis) where the slope of the line represents the bed 382 

drag coefficient 𝐶𝑑,𝑏𝑜𝑡 shown for Creeks 2 and 3. The average of both creeks and phases is 383 

0.0027. 384 

In assessing the quadratic bottom drag coefficient throughout the 20 tide cycles in the dataset 385 

(Figure 3 A), for Creek 2 (red) it is 0.0032 (R
2
 = 0.35) on the flood phase and 0.0017 (R

2
 = 0.45) 386 

for the ebb phase. Similarly, the bottom drag in Creek 3 (blue) is 0.0042 (R
2
 = 0.58) and 0.0015 387 

(R
2
 = 0.54) in the flood and ebb phases, respectively. Averaged across flood and ebb phases of 388 

all tides and across both creeks, the bottom drag is 0.0027 (SEM 6.40E-4) for 𝑧 =  0.30 𝑚 389 

above bed (canonical value = 0.0024). This value is comparable to that estimated by Voulgaris 390 

and Meyers  (2004) of 0.0024 at 𝑧 =  0.15 𝑚 above bed in a South Carolina, USA, salt marsh 391 

system located 300 km north of our study site with similar sediment and vegetation features. This 392 

drag estimate is used in subsequent estimates for velocity log-profile estimates, tidal discharge 393 

and ultimately TSS fluxes for the measured time period. 394 

 395 

4.2.2. Stage Varying Effective Drag 396 

 397 

 398 
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 399 
Figure 4. Effective drag (y-axis) plotted against tidal stage (x-axis) for Creeks 2 (red) and 3 400 

(blue). The shaded area represents ±1 local standard deviation and the solid lines represent a 401 

moving average. Points indicate instantaneous values. Effective drag is separated by tidal stage 402 

such that panel (a) represents the flood, or rising limb, phase of the tide and panel (b) is the ebb, 403 

or falling limb of the tide. Single-headed arrows denote the direction to read the drag values over 404 

the course of a given tide, i.e. left to right for flood in panel (a), and right to left for ebb in panel 405 

b. In (a) a clear increase in drag occurs as the tidal stage increases with the flood tide, and 406 

reaches a maximum between 0.6-0.8 m.a.m.s.l. in each creek, when flows begin spreading across 407 

low and high marsh elevations. After this maximum, Creek 2 drag reduces by 50%. Because 408 

Creek 3 inflows approach zero during spring tides, the drag cannot be properly evaluated (the 409 

denominator goes to zero), as expressed by no blue Creek 3 line being expressed at high tidal 410 

stages on the right of panel (a). 411 
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The effective drag is a measure of how much driving or restoring force is needed to produce a 412 

resultant flow; in other words, how much friction is resisting the flow. Shallow tidal embayments 413 

have long been recognized as systems dominated by friction (Friedrichs & Madsen, 1992; 414 

LeBlond, 1978; Rinaldo et al., 1999). Tidal waves in these systems can be represented as quasi-415 

steady diffusive waves, where the local and advective accelerations are much smaller than the 416 

pressure gradient and friction terms in the momentum balance (i.e., negligible terms on the left-417 

hand side of Equation 7). Our measurements indicate that the pressure gradient and friction terms 418 

are both 𝑂(10−3 𝑡𝑜 10−2 m/s
2
 ) in Creeks 2 and 3. These values are between 1 and 2 orders of 419 

magnitude higher than found by French and Stoddart (1992) and Healy et al. (1981) in their 420 

respective field studies of tidal channels.  421 

 422 

Estimates of the effective drag coefficient (Fig. 4) ranged between 3 and 12 times greater than 423 

bed drag (= 0.0027) in Creeks 2 and 3. During the early stages of the flooding tide (Figure 4a), 424 

there is a minimum drag in both creeks (=0.01-0.015). Equation 9 illustrates that when the water 425 

depth approaches zero, the hydraulic radius approaches zero, indicating that the total source of 426 

friction is from the bed. However, because of the 20-30 cm height of our instruments, we were 427 

unable to directly measure this portion of the flow as the instruments were no longer submerged. 428 

As the stage increased, the drag coefficient increased in both creeks and peaked at values of 0.03 429 

and 0.028 for Creeks 2 and 3, respectively. These peaks occurred due to the expansion of 430 

floodable marsh area coinciding with the early stages of overmarsh flooding and the flood waters 431 

spreading across the platform (see average depth derived from Digital Elevation Model in 432 

supplemental Figure 7). These values occurred when the water level was between 0.6 and 0.8 433 

m.a.m.s.l.  434 

 435 

Following the maximum effective drag value, the drag declined in both creeks, corresponding to 436 

an average increase of water depth across the marsh as flood waters filled the marsh. In Creek 3, 437 

because inflow velocities sharply fall during spring tides (as explained above and shown in Fig. 438 

2), the calculation for drag no longer yields realistic results (i.e. friction term becomes too small). 439 

This reduction of inflow (and early flow reversal) corresponded to a cross-marsh water surface 440 

gradient (from Creeks 1/2 to Creek 3; see Figure 6). Conversely, the drag in Creek 2 approached 441 

a near constant value of 0.015 for tidal stages above 1.15 m.a.m.s.l., corresponds to the m.h.h.w. 442 

and Dean Creek levee elevations. During the ebb phase (Figure 4b), for tidal stages greater than 443 

0.8 m.a.m.s.l., there is increased uncertainty in the estimates for the drag due to variations in the 444 

water surface slope. However, both creeks converge to an effective drag of 0.020 when 445 

approaching 0.2 m.a.m.s.l. The effective drag estimates indicated that, over the duration of a tidal 446 

cycle, the drag from the landscape and vegetation effects is larger than bed drag. Furthermore, 447 

the magnitude of the effective drag suggests that the intertidal creeks can be treated as similar to 448 

steady-state systems, where the momentum balance is dominated by pressure gradient and 449 

friction terms. 450 

 451 
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4.3. Tidal transport and directionality in creeks452 

 453 

Figure 5. Estimated tidal transport in each tidal creek for each tide of measured data vs tidal 454 

amplitude. Note that for neap tides (amplitude <0.8), it is assumed that the exchange should be 455 

essentially zero, i.e. water entering an individual creek exits, however, the measurement period 456 

does not cover the entire tide. 457 

 458 

Assessing tidal transport helps understanding and predicting the longer-term evolution of 459 

marshes as tidewaters exchange sediments and other suspended biological material between salt 460 

marshes and their surrounding estuaries. Our findings (Figure 5) indicated that during neap tides, 461 

the transport was essentially neutral, or the same flow entered and exited the same creek. During 462 

neap tides, most if not all of the water, has been found to be transported through the channel 463 

sections (Bayliss-Smith et al., 1979; Bouma et al., 2005; Fagherazzi et al., 2008b). However, for 464 

intermediate and spring tides, our estimates indicate that Creeks 1 and 3 have net outflows 465 

(negative tidal transports), whereas Creek 2 shows net inflow. In order to have a net transport, 466 

more water needs to exit the creek section rather than enter, or vice versa. This suggests an 467 

overmarsh circulation which is further supported by the measured cross-marsh water-surface 468 

gradients. Torres et al. (2007) measured flow with velocimeters near the heads of tidal creeks 469 

and found regular exchanges of water between two nearby creeks. They suggested that drainage 470 

divides on the marsh may not be as apparent when compared to fluvial systems where they are 471 

well defined. Our measurements complement their findings. A consequence of this imbalance 472 

may be indicated by our TSS transport estimates for one tidal cycle. Creek 1 was net exporting 473 

and Creeks 2 and 3 were net importing (Figure 8 - supplement). Differential transport of 474 

sediments on the landscape suggest a potential for heterogeneous vertical accretion, whereby the 475 

marsh may be increasing or decreasing elevation differently with a given marsh drainage area.  476 

 477 

Tidal-asymmetry models have been developed to explain why creeks and channels experience 478 

differing discharges (velocities) at the same stage for different phases of the tide. Initially Boon 479 

(1975) developed a model stating that the cross-section discharge 𝑞 is given by: 480 
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 481 

𝑞 = 𝐴 
𝑑ℎ

𝑑𝑡
 

(10) 

where 𝐴 is the free surface area inside the section, and ℎ is the tidal stage with time dependence 482 

𝑡. However, this model is unable to capture the difference in elevation for flood and ebb peaks as 483 

the change in tidal stage 
𝑑ℎ

𝑑𝑡
  was considered symmetric for both flood and ebb. Subsequent field 484 

studies identified the need to incorporate other factors such as overbank flow, wind stress, and 485 

account for friction on the marsh platform. Fagherazzi et al. (2008a) further improved Boon’s 486 

model by incorporating geomorphic features on the landscape (i.e. friction), allowing time-487 

varying infilling of the marsh, and incorporating overbank flow. Of note is the estimation for 488 

water surface gradients based on Rinaldo et al. (1999) which is solved for using the following 489 

Poisson equation: 490 

 491 

∇𝜂
2  =  

Λ

𝑧0
2

𝜕𝜂0

𝜕𝑡
 

(11) 

Where ∇𝜂
2  is the water surface gradient, Λ is a friction coefficient,  𝜂0 is the tidal stage at the 492 

inlet, and 𝑧0 is the average water elevation in the marsh. They noted that this formulation will 493 

yield identical results for flowpaths during the flood and ebb as 
𝜕𝜂0

𝜕𝑡
 yields the same value 494 

between flood and ebb. For our field study, a marsh with an upland terrestrial boundary, this 495 

assumption does not hold as the along channel gradients do not scale linearly with  
𝜕𝜂0

𝜕𝑡
 (differing 496 

drag effects between flood and ebb tides; see Figure 4) and circulation occurs during both 497 

intermediate and spring tides. 498 

 499 

 500 
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 501 

 502 

Figure 6. (a) Tidal stage during a representative intermediate or spring tide. Black arrows 503 

represent along-creek velocities and red arrows represent overbank or marsh platform flow 504 

directions. The green arc is the outer bend of Dean Creek referred to in Section 4.4. At timepoint 505 

t1), the water flows through the tidal creeks and there is not a clear cross marsh water surface 506 

gradient (denoted by black horizontal bar). Later in the flood, a cross marsh gradient (from 507 

direction of Creek 1/2 to Creek 3) developed and overbank flow began (t2). At this time, Creek 3 508 

began outflowing following high water, the cross marsh gradient reversed, and all creeks 509 

outflowed (t3). Overbank outflow occurred at this time as well. As the water stage fell further, 510 

the flow was only concentrated in the tidal creeks (t4). During timepoint t2, we suggest Creek 2 511 

may have sustained inflows due to Dean Creek outer bend super elevation. At timepoint t3, the 512 

bend super elevation would suppress the outflow of Creek 2. 513 

4.4 Role of tidal meander in altering creek and marsh flow  514 

While there were no measurements of flow along Dean Creek, data at the smaller creeks suggest 515 

that Dean Creek may alter the stage-velocity relationships, and ultimately drive creek-to-creek 516 

flow interactions and overmarsh circulation. Figure 6 illustrates the relative magnitude of 517 

velocity in each creek, the cross-marsh gradient direction, and presence of overbank flow for 518 

different times during an intermediate or spring tide. Torres et al. (2007) presented an idealized 519 

representation of flooding in their system, where in early stages of flood the water propagates 520 

along the tidal channels. Following their proposition (or portrayal), overbank flow begins as the 521 

channel levees are overtopped subsequently driving a circulation linked to the water-level slopes. 522 

This marsh follows a consistent pattern. However, the pattern is insufficient to explain the 523 

‘shorting’ of the inflow in Creek 1, seaward of Creek 2, which continued to display inflow 524 

beyond high water.  525 

 526 

A potential mechanism inflow ‘shorting’ at Creek 1 and continued and sustained inflow at Creek 527 

2 could be a super-elevation at an outer bend on Dean Creek (highlighted in green in Figure 6). 528 

Bend super elevations, or a lateral setup on the outer bend and set-down on the inner bend of a 529 

meander, develop through centrifugal accelerations (e.g. (Blanckaert & De Vriend, 2003; 530 

Dietrich & Smith, 1983; Seminara, 2006)  . When water flows around bends centrifugal force 531 

redistributes momentum laterally across the channel. This causes an imbalance in pressure 532 

gradient that drives a secondary flow consisting of surface flow toward the outer bend and near-533 

bed flow toward the inner bend (Blanckaert & De Vriend, 2003; Dietrich & Smith, 1983; 534 

Seminara, 2006). Recently, Kranenberg et al. (2019) measured tidal meander bend super 535 

elevations in a New England salt marsh in a weakly stratified tidal channel (
𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑊𝑖𝑑𝑡ℎ

𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒
=536 

0.7 in their study, our study 
𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑊𝑖𝑑𝑡ℎ

𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒
= 0.8 at confluence of Dean Creek and Creek 2). 537 

During maximum flood and ebb of a spring tide, they measured a ~3 cm cross-channel setup. 538 

During flood, the outer bend water surface elevation was found to be 0.1 cm lower than the 539 

upstream location whereas the downstream segment (of approximately similar length) was 2.4 540 

cm lower in elevation than the apex. Between Creeks 1 and 2, we measured an along channel 541 

(Dean Creek) water surface anomaly of 1-2 cm (Creek 2 higher than Creek 1) during the 542 

flooding phase (not shown). This finding was contradictory to our initial expectation that Creek 1 543 
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would consistently exhibit higher water surface elevations during the flood phase as a result of 544 

its closer proximity to channel outlet to Doboy Sound relative to Creek 2. Furthermore, at peak 545 

ebb, Kranenberg et al. (2019) found that the outer bend water surface elevation was 0.8 and 3.4 546 

cm higher than the upstream and downstream locations. This may provide insight as to why 547 

Creek 2 has a suppressed peak outflow when compared to Creeks 1 and 3 (26% less than Creek 1 548 

and 55% less than Creek 3), as the bend super-elevation has the potential to suppress the 549 

allowable along-channel water surface gradient during ebb. 550 

5. Conclusions 551 

Our field measurements of flow in three small intertidal creeks over a spring-neap period 552 

revealed opposing tidal asymmetries within a confined drainage area. We provide estimates of 553 

effective drag coefficients for small intertidal creeks, which exhibited similar magnitudes as 554 

found in sea grass beds and coral reefs. Furthermore, our measurements indicate regular 555 

exchanges of water between creeks and overmarsh circulation, similar to what was found in 556 

Torres et al. (2007). We suggest that main channel flow patterns (such as meander bend super-557 

elevations) may have a stronger effect on tidal creek asymmetries than previously recognized. 558 

Our findings also suggest that significant heterogeneity in the delivery of suspended sediments 559 

and biological material may be driven by the creek-creek divergences in flow and sediment 560 

transport, and cross-marsh circulation. We do not have direct measurements of sediment 561 

deposition rates or larval delivery, to quantify this heterogeneity. However, our observations of 562 

populations of filter-feeding mussels (Geukensia demissa) at the creekhead of Creek 2/3 are 563 

more than an order of magnitude higher compared to Creek 1 indicate that faunal populations 564 

may be mediated by the exchanges that we document herein. We hypothesize that tidal 565 

asymmetries and cross-marsh circulations may interact with faunal populations to control 566 

patterns in salt marsh vertical accretion via sedimentation and ultimately the geospatial evolution 567 

of these biogenic landforms in response to sea-level rise (Angelini et al., 2016; Crotty et al., 568 

2020; Crotty & Angelini, 2020). 569 
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