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Abstract: Mean flow and turbulence measurements collected in a shallow Halodule wrightii shoal
grass fringe highlighted significant heterogeneity in hydrodynamic effects over relatively small
spatial scales. Experiments were conducted within the vegetation canopy (~4 cm above bottom)
for relatively sparse (40% cover) and dense (70% cover) vegetation, with reference measurements
collected near the bed above bare sediment. Significant benthic velocity shear was observed at
all sample locations, with canopy shear layers that penetrated nearly to the bed at both vegetated
sites. Turbulent shear production (P) was balanced by turbulent kinetic energy dissipation (¢) at
all sample locations (P/e ~ 1), suggesting that stem-generated turbulence played a minor role
in the overall turbulence budget. While the more sparsely vegetated sample site was associated
with enhanced channel-to-shore velocity attenuation (71.4 + 1.0%) relative to flows above bare
sediment (51.7 & 2.2%), unexpectedly strong cross-shore currents were observed nearshore in the
dense canopy (Vys), with magnitudes that were nearly twice as large as those measured in the main
channel (Vey; Vivs/Vey = 1.81 + 0.08). These results highlight the importance of flow steering and
acceleration for within- and across-canopy transport, especially at the scale of individual vegetation
patches, with important implications for nutrient and sediment fluxes. Importantly, this work
represents one of the first hydrodynamic studies of shoal grass fringes in shallow coastal estuaries, as
well as one of the only reports of turbulent mixing within H. wrightii canopies.

Keywords: seagrass; canopy flow; estuary; Halodule wrightii; hydrodynamics; velocity attenua-
tion; turbulence

1. Introduction

Aquatic vegetation is an important component of nearly all coastal habitats, providing
a wide range of ecosystem services, including oxygen production [1], nutrient cycling [2],
sediment retention [3], and habitat provision [4]. Seagrasses are among the most widely
distributed forms of aquatic vegetation, and their importance in food web dynamics [5]
and carbon sequestration [6] have made them a focus of study in recent years as coastal
managers seek to restore degraded seagrass habitats [7]. While the growth of seagrasses is
largely set by environmental factors (i.e., light variability, temperature, and salinity; [8]),
many of the ecological impacts of seagrass are modulated by local hydrodynamics [9],
with blade- and canopy- scale flow interactions controlling nutrient uptake [10], sedimenta-
tion [11], and photosynthesis [12,13], among other processes. Consequently, understanding
how seagrasses affect flows, and how flows affect seagrasses, is critical for modelling
associated ecosystem services and developing effective restoration strategies.

Seagrasses alter their hydrodynamic environment by exerting drag on the overlying
flow (e.g., [14]), which in turn attenuates currents [15] and waves [16,17] and modifies the
benthic turbulence structure [18-20]. Although significant progress has been made in un-
derstanding the hydrodynamic impact of seagrasses on the overlying flow (e.g., [21]), and
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vice versa (e.g., [22]), important questions concerning the effects of spatial heterogeneity
and seagrass morphology remain unaddressed. Much of the work on vegetated canopy
flows has been limited to controlled flume studies (e.g., [23-25]), which provide important
insights for flow dynamics but are prone to simplification bias when compared to realistic
field conditions [26]. While field studies on vegetated canopy flows have expanded signifi-
cantly in recent years [27,28], studies on seagrass fringes, distributed along the margins
of shallow channels and estuaries, are scarce and often limited to the expected effects
on reach-scale roughness (e.g., [29]) rather than local flow alteration. Seagrass fringes
are found almost ubiquitously in shallow tropical, sub-tropical, and temperate coastal
estuaries, where heterogeneously distributed patches of submerged aquatic vegetation
separate the tidal channel from the inland marsh. The patch morphology of the seagrass
fringe is linear, as grasses inhabit depth bands corresponding to available light [30]. This
fringe vegetation and its direct effects on local hydrodynamics, effectively controls nutrient,
sediment, and momentum fluxes between the channel and marsh platform, making it an
important area of research for coastal modelling and management. As seagrass habitat
degradation may take the form of both loss in habitat area as well as large-scale reductions
in stem density [31], it is particularly salient to understand the hydrodynamic influence of
variable canopy densities.

In this study, we report the findings of a field campaign designed to investigate the
hydrodynamic influence of a submerged seagrass fringe (shoal grass: Halodule wrightii)
on benthic flow in the shallow waters of a microtidal estuary (Mosquito Lagoon, Florida,
USA). Our measurements highlight the importance of shoal grass for altering nearshore
flows and enhancing bed roughness, with results suggesting that patch-scale heterogeneity
in narrow seagrass meadows may have impacts on the current magnitude and direction
that supersede the velocity dampening effects of spatially averaged canopy density. This
is among the first hydrodynamic studies focused on H. wrightii, as well as one of the first
field studies on shallow seagrass fringes, which are characteristic of coastal estuaries across
the globe.

2. Methods
2.1. Study Sites

Field measurements were conducted in Mosquito Lagoon, a shallow microtidal estu-
ary located in the Canaveral National Seashore along the Atlantic coast of Florida, USA. The
lagoon has a surface area of approximately 5700 km?, with complex, highly channelized
shorelines characterized by spoil islands, prehistoric shell-middens, and backwater creeks.
Climatic conditions at Mosquito Lagoon are considered humid subtropical (temperature:
25-30 °C; salinity: 1040 ppt), and ecological functions are mediated by emergent (e.g., man-
groves) and submerged (e.g., seagrass) vegetation. Exchange with coastal waters occurs
via a narrow (~400 m) inlet at the northernmost reach of the lagoon, located approximately
21 km north of the study area. Although Mosquito Lagoon is largely disconnected from
the ocean, tides still play a dominant role in hydrodynamic forcing (average tidal range at
study site: 10 cm), with the influence of wind and waves limited by the characteristically
low fetch, estimated as less than 500 m at the current study site (lagoon max: 5 km).

Hydrodynamic measurements and canopy characteristics were collected in the shallow
(<1 m) waters of a submerged H. wrightii fringe late in the growing season (August).
Seagrass cover within the fringe was characterized following transect methods applied to
seagrass monitoring in Mosquito Lagoon, described in [32]. After identifying the northern
extent of the patch (Figure 1), transects were established at 5 m intervals along the patch
length (60 m), and cover was assessed for each 2 m transect length withina1m x 1 m
quadrat separated into 10 x 10 cm squares. Two sample sites with variable seagrass cover,
540 (40% cover) and S70 (70% cover) (Figure 1), were selected for hydrodynamic study.
Detailed seagrass density surveys were conducted at each site using a 10 x 10 cm quadrat,
to assess the number, length, and width of all seagrass shoots and blades at each site
(Table 1). The seagrass canopy height (1) was assumed equal to the mean blade length.
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An additional measurement location outside the seagrass patch (S0) was monitored as a
hydrodynamic control. The S0 site was located at a comparable distance from shore 10 m
upstream of the northernmost extent of the seagrass patch, where the benthic environment
consisted of bare sediments.
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Figure 1. Site map and observed seagrass densities. The relative location of each deployment (SO,
540, S70) is indicated (circles: Aquadopp HR; triangles: Vectrino), along with a colormap indicating
the local seagrass cover. Seagrass was observed south of the surveyed region, but not surveyed in
detail. The channelwise (U) and cross-shore (V) velocity convention is included for reference. The
inset map shows the survey location along the shoreline of Mosquito Lagoon (Florida, USA: white
outline), including a dock approximately 75 m north of the northernmost sample location.

Table 1. Summary of seagrass characteristics for vegetated sample sites. Minimum and maximum
lengths for individual seagrass blades are shown in curly brackets ({}), and £+ symbols indicate 95%
confidence intervals on sample means. Estimated blade diameters (d) were approximately 1 mm.

Sample Site

Site Characteristic

S70 S40

Shoot Density (shoots/m?) 4400 1100

Blade Density: m (blades/m?) 8300 2500
Canopy Height: 1 (cm) 3.9 +0.5{0.7,11} 5.6 £0.8{2.1,11}

Front area index: ah (unitless) 0.32 0.14

Penetration scale: 6, (cm) 28+0.7 92+24
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2.2. Field Observations

At each site, current velocities were measured simultaneously nearshore in the sea-
grass canopy (~3 m from shore; water depth: 35-45 cm) and outside the seagrass patch
in the main channel margin (10-15 m from shore; water depth: 43-64 cm). Nearshore
velocity profiles (1 mm resolution) were sampled at 100 Hz using a Nortek (Rud, Norway)
Vectrino Profiler, positioned such that the profile range fell between 2 and 5 cm above the
bed. This placed the velocity profile largely within the seagrass canopy for both the S70
(h=3.9+0.5cm) and 540 (h =5 .6 & 0.8 cm) experiments, with the most accurate portion
of the profile located at 4.0 and 3.5 cm above the bed, respectively. Velocity signals did not
indicate hard returns (i.e., sporadic signal amplitude spikes) from vegetation interaction;
thus, the clearing of vegetation from the probe vicinity was not necessary. Offshore channel
velocities were measured within 30 cm of the bed (4 cm resolution) using a down-looking
2 MHz Nortek (Rud, Norway) Aquadopp HR Profiler (sample rate: 8 Hz), and measure-
ment cells within 5 cm of the bottom (identified using signal amplitude profiles; [33]) were
removed due to acoustic backscatter. Each velocimeter was deployed to sample at its
maximum frequency to resolve turbulent velocity fluctuations at the smallest possible
timescales. All velocimeters were aligned to a common coordinate system (Figure 1), such
that U, V, and W correspond with streamwise (shore -parallel; positive with south-north
ebb tide), cross-shore (positive onshore), and vertical velocity components, respectively.
Onshore and offshore velocity profiles were collected continuously over four tidal cycles
(~2 days) per site, with short (1-2 h) breaks during inclement weather (e.g., thunderstorms).
This sampling window was chosen such that a wide range of tidal currents could be ob-
served at each location, with extended sample times hindered by weather restrictions and
instrument limitations (e.g., power and memory requirements).

Velocity data with poor quality control metrics were removed according to manu-
facturer recommendations, and mean velocity profiles were computed using time series
averaged over 300 s of sampling (50% overlap). Mean offshore velocity profiles were used
to estimate depth-integrated streamwise and cross-shore channel velocities (Ucy, Vcy)
using current speeds extrapolated over the bottommost 30 cm of the flow. Finally, channel-
to-shore velocity attenuation was estimated for streamwise and cross-shore currents using
depth integrated channel velocities and nearshore current speeds (Uys, Vns) taken from the
profile midpoint, with streamwise (#17) and cross-shore (1) velocity attenuation defined
as the best-fit slopes for the linear models Uys = (1 — njyy)Ucy and Vs = (1 — nv) Vep,
respectively.

Local forcing conditions, including wind speeds (Uy), wave heights (H;), and water
depths, were measured continuously over each deployment. Wind speeds and directions
were recorded at 2 m above the water surface (60-s interval) using a channel-deployed Davis
Wind Speed and Direction Smart Sensor (5S-WCF-M003; Onset, MA, USA). Sonic water
surface loggers (XB Pro; Ocean Sensor Systems, FL, USA) deployed near each velocimeter
were used to characterize onshore and offshore surface waves, where the standard deviation
(0s) of continuous 32 Hz water surface deformation time series was used to calculate the
significant wave height (Hs = 405) over 5 min (50% overlap) data segments (e.g., [34]).
Estimates of nearshore and offshore depths were sourced from pressure loggers (U20L-04;
Onset, MA, USA deployed approximately 100 m upstream of SO0. Conversion to local
depths was facilitated with on-site depth measurements collected at the start and end of
each experiment.

2.3. Turbulence Data Analysis

Nearshore turbulence characteristics were estimated using 300 s (50% overlapped)
turbulent velocity time series collected with the Nortek Vectrino Profiler. Time series
were initially quality controlled by removing measurements with poor signal-to-noise
ratios (SNR < 20) and low correlations (<80%), and the resulting gaps in the data series
were replaced via linear interpolation. Each time series was then despiked using a phase-
space thresholding algorithm [35,36] before being linearly detrended to remove the energy
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associated with the mean flow. On average, quality control procedures replaced less than
5% of the raw measurements for each 300 s data segment (<1000/30,000 points), and all
time series where more than 15% of the data did not meet quality control standards were
removed from analysis. For all analysis, it is assumed that the flow is stationary over each
5 min burst period.

Quality-controlled turbulent velocity time series were used to calculate wave-removed
estimates of the Reynolds stress tensor. For each time segment, velocity fluctuations
associated with surface waves and turbulence were separated using the phase method,
which allows for wave-turbulence decomposition in spectral space [37]. After estimating
the power spectral density function for a single velocity component (i, v, or w), the energy
contributions due to waves and turbulence were separated using a best-fit line interpolated
across the surface-wave frequency band, visually identified as 0.3 Hz < f < 2 Hz. Energy
associated with waves and turbulence were then decoupled and used to calculate wave-

removed estimates of the auto- (1 2, v 2, w’ 2) and cross-correlation (u/v',u'w’, W) terms of
the Reynolds stress tensor, as described in detail in [37]. Turbulence estimates were further
refined by removing Doppler noise, which was identified and removed following the
methods outlined in [38], developed explicitly for use with the Nortek Vectrino Profiler. For
simplicity, all discussion of turbulence characteristics is limited to measurements collected
in the most accurate portion of the profile located approximately 5 cm from the Vectrino
instrument head (e.g., [38]). This corresponds to measurements collected at 3.9, 3.5, and
3.4 cm above the bed at the 570, 540, and SO sites, respectively. Strong wave-induced
fluctuations in the horizontal velocity components (1, v) limited the accuracy of spectral

decomposition and generated large biases in the squared terms for channel-wise (P) and
cross-channel ( v’ 2) turbulent energy (see discussion in [14]). Consequently, the following
analysis is restricted to w'?, v'w’, and u’w’, which contained less than 50% wave energy

throughout the study. Wave-removed estimates of v'w’ and u/w’ were used to evaluate the
Reynolds shear stress (Trs) and the shear turbulence production (P), which were calculated

5 571/2 _ _ _ _
_ ] 1ol I 7] 77 do du dv
asrRS—p[uw +?'w ] andP—qu+vwE,whereEandEarethelocally

measured channel-wise and cross-channel vertical velocity gradients, respectively, and p is
the water density. Finally, calculated Reynolds stresses were used to estimate turbulent
velocity scales (i), such that us = (Tgg /p)l/z.

The turbulent kinetic energy dissipation rate (¢) was estimated from quality-controlled
turbulence time series using a wave-corrected second order structure function method.
Best-fit dissipation values were calculated using a least-squares approach following the
procedure outlined in [39], with a burst-estimated Doppler noise [38] coefficient and a
centered differencing scheme (e.g., [40]). Fits were conducted using velocity measurements
centered in the near constant-noise portion of the sample volume (i.e., 5 cm from probe
+7 mm), resulting in a total of 5 points used for each fit. Fits with adjusted R? values less
than 90% were rejected as erroneous. All turbulence metrics were additionally quality
controlled by removing all 5 min data segments affected by boat wakes, which were noted
from visual observations in the field and in the data.

3. Results
3.1. Site Characterization

Seagrass coverage was highly variable across the fringe, with percent cover ranging
from 20 to 95% over the survey extent (Figure 1). All seagrasses present at the site were
identified as shoal grass (Halodule wrightii), with no other apparent submerged aquatic
vegetation. Measurements were spatially heterogeneous and patchy, with the highest
coverage areas (90-95%) located approximately 5 m from shore and fringed by regions
of comparatively lower cover (20-30%). Onsite observations suggested that the very
nearshore region (1-2 m from shore) was completely devoid of live seagrass, likely driven
by a combination of wave-induced bed shear and potential emergence over the tidal cycle.
Mean vegetation heights were equivalent to the blade length for this seagrass species, with
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estimates of 3.9 &+ 0.5 cm (mean £ 95% CI) at S70 and 5.6 £ 0.8 cm at the S40. Seagrass
densities estimated at each site (Table 1) agreed well with bulk estimates of the local
seagrass cover, with densities of 8300 and 4400 blades/m? corresponding to coverage
estimates of 70% and 40% at S70 and 5S40, respectively.

Hydrodynamic forcing was consistent across all three experiments (Figure 2). Winds
were generally out of the southwest, with average wind speeds less than 3 m/s (Figure 2d—f).
The prevailing wind drove waves towards the shore with significant wave heights of
3.4+0.1,22%0.1,and 3.8 £ 0.1 cm at S70, 5S40, and SO, respectively (Figure 2a—c). Mea-
sured water depths varied diurnally with the tide, which induced a local tidal amplitude of
approximately 2 cm at the study site. Although all measurements were collected at similar
distances from shore, local changes in bathymetry led to slightly larger water depths at the
bare site (41.9 £ 0.1 cm) compared to those at the vegetated sites (S70: 36.0 & 0.1 cm; S40:
35.6 = 0.1 cm). This variability in depth is not expected to drive significant differences in
near-bed hydrodynamics between sample locations.

$70 $40 S0
0.45

= 0.06
E —
Z 04 J 0.04 E
= 2
o jas)
a 0.02

£
DO
Il W/ Q)
Aug 8 Aug 9 Aug 11 Aug 12 Aug 14 Aug 15
Date

Figure 2. Overview of water depths (black line; a-c), wave heights (blue line; a—c), wind speeds (d-f),
and current speeds (blue: nearshore and red: channel; g-i) observed over each deployment in 2019.
Wind and current speeds are displayed as quiver plots, with the length of the line representing the
measurement magnitude and the direction of the line indicating the flow direction referenced to
the local definition of channelwise (U) and cross-shore (V) flow (see Figure 1). Water depths were
measured nearshore in the vicinity of the Vectrino Profiler.

Although the waves were small compared to other coastal environments, the shallow
depths and weakly energetic current velocities associated with each sample location led
to significant wave energy contributions in the total energy signal. Surface waves were
identifiable in the majority of raw horizontal velocity time series (52%), with a period and
wavelength (L) of 0.75-1.5 s and 0.9-2.5 m, respectively. Orbital velocity paths were elliptical
(intermediate depth waves: L/20 < H < L/2; H: water depth), and wave-induced vertical
velocity fluctuations (w) were typically much smaller than those induced by turbulence

(@2 /w'? < 0.5 for 80% of measurements). Estimates of the wave boundary layer height
(0w; [41]) suggest that 6, was on the order of 1 mm, which is well below our sample
volume and, more importantly, similar in scale to the sediment diameter at the sample site
(84th percentile particle diameter: Dgs =~ 0.5-1 mm). As such, we do not expect the waves
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to have a significant impact on the mean velocity magnitude or structure at our sample
locations, where vegetation interactions and bed effects are anticipated to dominate the
hydrodynamic roughness.

3.2. Current Velocities

Mean currents followed the tidal cycle, with directions that varied over flood (—U)
and ebb (+U) tides and current magnitudes that were largest during peak tidal exchange
(Figure 2g—i). Current magnitudes were generally larger in the channel (| Uy, | =4.5 = 0.1 cm/s)
than along the adjacent shoreline, where mean current speeds varied by bed cover at each
sample site (570: 3.3 £ 0.1 cm/s; S40: 1.1 £ 0.1 cm/s; SO: 1.7 £ 0.1 cm/s). Importantly, mean
current speeds in the channel were similar across all three experiments (S70: 4.9 + 0.1 cm/s;
540: 4.4 £ 0.2 cm/s; S0: 4.6 £ 0.2 cm/s), suggesting that bulk forcing conditions remained
consistent across the ~6 days of data collection. Tidal currents in the channel were symmet-
ric, with statistically similar magnitudes observed during ebb tides (+U: 4.5 = 0.1 cm/s)
and flood tides (—U: 4.5 & 0.2 cm/s). Tidal velocities were asymmetric at the nearshore
monitoring stations, where north-south (i.e., flood tide) velocities were directionally spo-
radic and nearly 50% lower than ebb tide currents.

Channel velocities were attenuated near the shore at each site, but significant dif-
ferences in channel-to-shore velocity attenuation (7, #77) were observed across sample
locations and tidal stages (Figure 3). Alongshore currents (U) were most strongly atten-
uated over the tidal flood stage (r7y;: 58-90%), with diminished attenuation rates (7
24-71%) observed over ebb tide. Although alongshore attenuation rates were higher
at 5S40 (71.4 + 1.0%) than over bare sediment (51.7 & 2.2%) during ebb flows, attenu-
ation rates at S70 were surprisingly low (24.2 £+ 1.0%). This lack of attenuation at the
denser seagrass site was especially pronounced for cross-shore flows (V), where veloc-
ity measurements nearshore were nearly twice as large as those observed in the channel
(Vns/ Ve =1.81 £0.08). These trends are also apparent in Figure 2g, where observed veloc-
ity vectors show that nearshore ebb flows had consistently high magnitudes (Uys ~ Ucy)
and directional shifts offshore at S70.

$70 540 )
10 - 3 : :
@ " 575+45% S L T
83.4+08% e , | 535+56%
S 883+1.1% s 59.2 + 2.4%

Caen

[ ] -—r

V>

i

UNS(cm/s)
(=]
VNS(cm/s)

S L 24.2+1.0%] o
g 71.4+1.0% 20 83.2+5.8% |
, 51.7 +2.2% - 89.2 + 2.5%
-10 b : : 3t : : : :
-10 -5 0 5 10 302 a0 1 2 3
UCH(cm/s) VCH(cm/s)

Figure 3. Channel-to-shore velocity attenuation for streamwise (a) and cross-shore (b) velocities
measured at S70 (green), S40 (blue), and SO (red). Colored lines show best-fit slopes between nearshore
and channel measured velocities, and labels represent 95% CI on statistically significant (p < 0.05)
velocity attenuation estimates.

Mean horizontal velocity profiles (Uys = (U%5 + Vi) '/2) measured nearshore over
the tidal cycle (Figure 4) followed typical boundary layer structures, with maximum
velocity shear near the bed and current speeds that increased with distance above the
sediment surface. High current speeds at S70 and SO drove strong benthic velocity shear,
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with mean velocity differences as large as 2 cm/s recorded over the 3 cm sample volume.
While velocity profiles were collected in similar positions relative to the bed (~2-5 cm
above bottom), site-scale differences in canopy height produced data from different canopy
positions at S40 and S70. Velocity profiles at the more sparsely vegetated site (540) were
measured entirely within the seagrass canopy (0.25 < z/h < 0.75), while profiles at the more
densely vegetated site (570) extended from within to above the canopy (0.55 < z/h < 1.25).
All velocity profiles approached zero near the bed, consistent with the no-slip condition
at the sediment-water interface. Importantly, non-zero flow velocities were observed
throughout the seagrass canopy at both 5S40 and S70, with non-zero significant velocity
shear at all measurement elevations.

(@) S70 (b) S40 (c) S0
°f i * . fiiozh=l [ i
| | |
| > | . |
| | |
e L 4F | 4r |
1 L 2Ih=0.6, |
| 3+ | 3t |
| | |
fofof e ERERR | |
| 2 ! 2 |
| | |
1r | Ir | lr |
0 roodjide} _ ebb tide 0 flood tide: . ebbtide 0 flood tide: _ ebbtide
4 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4 6
Velocity (cm/s) Velocity (cm/s) Velocity (cm/s)

Figure 4. Representative nearshore velocity profiles measured over a single tidal cycle. Solid lines
show velocity profiles measured at the S70 (a) 540 (b) and S0 (c) sample sites, and shaded green boxes
represent 95% CI on the local seagrass height. Horizontal dotted lines represent elevation above bed
(z) to canopy height (k) ratios of z/h =1 and z/h = 0.6. The elevation of reported turbulence metrics
and velocity attenuation is shown with a red square, which represents the most accurate portion of
the instrument sample volume.

3.3. Turbulence Characteristics

Nearshore turbulence characteristics (e, w?, P) varied with the local velocity such that the
strongest mixing was observed at the most tidally energetic sample sites (Figure 5). Turbulent
energy (w'2; Figure 5a) estimates were nearly twice as large at S70 (1.3 & 0.05 x 107> m?/s?)
and SO (1.1 £ 0.05 x 1075 m?2/s?) than at S40 (5.2 + 0.03 x 10~° m?2/s?), where weak
velocities resulted in decreased mixing. Turbulent kinetic energy dissipation rates (e;
Figure 5b) varied tidally from 1078 to 107% m?/s3, with significantly weaker (~70-80%)
dissipation observed at the sparse site (mean: 1.1 x 107 m?/s%) than at the dense or
bare sites. Turbulent energy and dissipation rate both scaled well with the local turbulent
velocity scales (us; Figure 5d,e), and normalized means collapsed (within an order) to
exz/ud =~ 0.3 (x = 0.41) and w2 /u? ~ 0.2. The highest turbulent shear production rates (P;
Figure 5c) were observed at S70 (7.0 x 1077 m?/s®), where estimates were 2-7 x larger than
those calculated at S40 or SO, respectively. Average production-to-dissipation ratios were
O(1) at all three sample locations (mean: P/e = 1.81), suggesting that shear production
and dissipation were approximately balanced. Importantly, individual P/e estimates were
largest at the more sparsely vegetated site (540), where production was over five times
larger than dissipation for 40% of all measurements.
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Figure 5. Regular (a—c) and normalized (d—f) turbulence characteristics observed at the S70 (green),
540 (blue), and SO (red) sample sites. Turbulent energy (a,d; W) and turbulent kinetic energy (tke)
dissipation rates (b,e; €) were normalized by the local turbulence velocity scale (u#s) and bed-distance
length scale (xz; k = 0.41), while tke shear production (¢ f; P) was normalized by the measured tke
dissipation rate.

Normalized velocity scales (u%/ Uyns”) were used to investigate the variability of
measured turbulence characteristics with current velocities at each study site (Figure 6).

Although u?/ TNSZ is analogous to the more widely reported boundary drag coefficient (i.e.,
C; = u2/U?), it does not necessarily scale with the local bed shear stress (1), which would
require a priori assumptions about the vertical distribution of 7, near the bed (e.g., [42]).
Squared velocity scales varied linearly with the square of the local current velocity, and
increased current speeds were associated with elevated turbulence levels. The mean ratio

of u2/ TMZ, represented by the best-fit lines shown in Figure 5, varied by sample location,
with estimates of 0.0068 £ 0.0002, 0.0204 £ 0.0005, and 0.0133 £ 0.0003 at S70, 5S40, and SO,
respectively. Normalized velocity scales demonstrated some Reynolds number dependence
(not shown), with estimates that were several orders of magnitude larger (570: 0.13 £ 0.07;
540: 0.17 £ 0.09; S0: 1.57 £ 1.18) at the lowest flow speeds (< 5 mm/s). Similar current speed
dependencies have been observed for the drag coefficient and friction factor in weakly
energetic boundary layers, where increases in the apparent drag are often attributed to
viscous effects [43] and/or unsteadiness [44]. In the current study, a lack of high quality
(i.e., wave-free) data at low flow speeds precluded robust analyses of Reynolds number
dependencies, and additional discussion is considered beyond the scope of this manuscript.
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Figure 6. Squared turbulent velocity scales (12) versus nearshore current speeds (UNSZ) as observed
at the S70 (green), 5S40 (blue), and SO (red) sample sites. Best fit lines for each data set (dashed lines)
are shown for reference, with labels representing the 95% CI on best fit slope.

4. Discussion
4.1. Submerged Canopy Classification

Hydrodynamic characteristics for flows through submerged vegetation are largely set
by the canopy density, with limits on flow behavior determined by the relative importance
of canopy drag, which dominates in dense vegetation, and bed drag, which dominates in
sparse vegetation [9]. Flows through dense vegetation are heavily influenced by the canopy
itself, with strong velocity attenuation and weak mixing near the bed and a turbulently
energetic canopy shear layer (e.g., [45]). Flows through sparse vegetation, on the other hand,
are almost entirely dominated by bed interactions, with nearly logarithmic velocity profiles
and stem /blade-scale turbulence that enhances bed-generated mixing locally (e.g., [19]).
For simple stem morphologies, vegetation can be described at the canopy scale using the
frontal area per volume (a2 = md) and the frontal area index (ah), where m is the number of
the blades per bed area and 4 is the characteristic stem or blade width [29]. A canopy can
be categorized as either sparse (Cpah < 0.1) or dense (Cpah >> 0.1) using measurements
of the vegetation and canopy drag coefficient (Cp), which is typically taken as Cp ~ 1 [46].
When Cpah = 0.1, the canopy is considered transitional, with hydrodynamics influenced
by both bottom roughness and differential flow drag at the top of the canopy [21]. Notably,
for dense and transitional canopies capable of producing shear-layer vortices (Cpah > 0.1),
the distance that canopy-induced shear is able to penetrate below the canopy surface can
be estimated as 6, = [0.23 4+ 0.06]/Cpa [47].

In the current study, both vegetated sample sites were classified as transitional
(Cpah =~ 0.1), with frontal area indices (ah) of 0.14 and 0.32 at S40 and S70, respectively
(Table 1). This classification was consistent with hydrodynamic observations at each sam-
ple site, which highlighted the presence of both velocity shear and turbulence within the
seagrass canopy. Results agreed well with other studies of transitional and sparse canopy
flows, which are often characterized by moderate current speeds and energetic mixing
near the bed within the canopy [19,29]. Calculated penetration length scales (J,; Table 1)
show that the canopy shear layer extended over most of the canopy height and throughout
the measurement volume for both deployments (S40: 9.2 &+ 2.4 cm; S70: 2.8 & 0.7 cm).
This deep penetration of canopy-induced shear helps explain the shape of the velocity
profiles measured at S40 and S70 (Figure 4), which lacked the mid-profile inflection point
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often observed in flows through dense and transitional canopies (e.g., [48,49]). Although
current speeds were not resolved throughout the canopy, velocity profiles at S70 showed
evidence of a potential canopy shear layer near the bottom of the measurement volume,
where velocities sharply decreased at an elevation consistent with the penetration length
scale (h — J, ~ 1 cm above the bottom). Conversely, the vertical structure of velocity
profiles at 540, where the canopy shear layer penetrated to the bed, more closely matched
that observed at SO, and log-fit roughness heights (z,, e.g., [44]) at both sites (not shown;
z, &~ 2 mm) suggested that the near-bed structure of velocity profiles was set by sediment
characteristics rather than canopy-induced shear.

4.2. Mean Flow Variability

Although hydrodynamic observations at S40 and 570 were qualitatively similar to
transitionally dense canopy flow models, comparisons to the unvegetated control site
(S0) suggest that flows behaved very differently at each location. This is perhaps most
apparent in the differential effects of the seagrass canopy on the mean flow. While the
sparser seagrass site (540) was associated with slightly enhanced near-bed flow attenuation,
as predicted for flows through vegetation [45], observations at the more densely vegetated
site (570) defied predictions. Alongshore velocities were only marginally reduced in the
seagrass fringe at 570, and cross-shore flows were appreciably stronger than flows outside
of the vegetation, with dramatic offshore current steering that was not apparent at any
other sample location. These differences are interesting in that they run counter to canopy
flow theory and intuition. Assuming forcing conditions are comparable and measurements
are collected from similar positions within the canopy, it is expected that increased canopy
density (i.e., increased Cpah) should drive increased flow attenuation and decreased veloc-
ity shear near the bed [19]. While velocity measurements at 5S40 and S70 were positioned
at slightly different locations within the canopy (z/h = 0.6 and 1, respectively), they were
both collected within the canopy shear layer and at similar heights above the bottom. The
relative influence of bed and canopy drag should be similar across sites, and differences in
hydrodynamic observations cannot be attributed to canopy position alone. Variability in
flow attenuation and current direction also cannot be linked to radically different forcing
conditions or flow generation mechanisms (e.g., wave pumping: [28]; return flow: [50]),
since conditions remained fairly constant across experiments and wind/wave and current
directions were typically opposed (Figure 2).

We hypothesize that the observed flow steering and acceleration at S70 were caused
by within-patch heterogeneity of the seagrass fringe. Although S70 was located in a locally
dense region of seagrass, it was also positioned in the narrowest portion of the fringe.
Strong offshore currents were most prevalent during ebb tide (+U), suggesting that flows
between the fringe and the shoreline may have been funneled through this area of the
seagrass canopy, which likely offered lower resistance (i.e., [48]) than the more densely veg-
etated region to the north (Figure 1). This type of preferential flow path behavior has been
observed in studies of flow through vegetation [51,52], and other authors have commented
on the potential importance of vegetation clustering and patch heterogeneity for defining
appropriate spatial averaging scales in flows through submerged vegetation [45,53]. In
this study, the point measurements at 5S40 and S70 show that within-patch turbulence and
momentum fluxes vary dramatically across relatively small spatial scales (~20 m separa-
tion distance) and that fringe-scale averaging may not capture important canopy physics.
Although this spatial variability is likely less important for characterizations of estuary or
reach scale vegetation drag (e.g., [45]), it may have significant implications for patch scale
nutrient uptake [54], sediment transport [55], and patch stability [56], which are all heavily
dependent on the magnitude of mean flow and turbulence within the submerged canopy.
Notably, observed changes in the flow direction also provide a potential link between the
inland marsh and the offshore channel, a path which may otherwise be blocked or throttled
by seagrass along the shoreline.
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4.3. Turbulence Budget and Velocity Scales

Observed turbulence characteristics shed light on the relative importance of turbulent
shear and stem production at each sample site. There are two sources of turbulence in
submerged canopy flows: (1) shear production (P) generated by velocity shear near the bed
and canopy surface, and (2) stem production (Pste;) generated in the wakes of individual
seagrass blades or stems. For fully developed canopy flows, turbulent kinetic energy
dissipation (€) is expected to be balanced by the sum of shear and stem production, such
that P + Pstes = € [20]. However, in the current study, dissipation was well balanced
by shear production alone (P/e ~ 1; Figure 5), suggesting that stem production played
a minor role in turbulence generation at S40 or S70. Near bed turbulence was instead
dominated by strong velocity shear induced at the bed and canopy surface. The relatively
low vegetation density allowed the canopy shear layer to contribute to mixing throughout
the canopy, although the formation of a persistent and coherent shear layer at the canopy
surface may have been hindered by the sparseness and heterogeneity of the seagrass
fringe [19]. Sporadically high production-to-dissipation ratios (P/e > 5) at the vegetated
sites, especially 5S40, imply that the vertical diffusion and advection of turbulence may have
been transiently important in the seagrass fringe, as has been reported in previous studies
of flows through spatially heterogeneous canopies (e.g., [57]).

Normalized velocity scales (u2/ TMZ ; Figure 6) were similar to previous reports
of normalized Reynolds stresses in submerged vegetation canopies. For instance, Lacy
and Wyllie-Echeverria [19] and Hansen and Reidenbach [14] both reported normalized
Reynolds stresses on the order of 0.01 in varying density seagrass meadows, although the
relevant normalization velocities were taken as the difference between within and above
canopy current speeds (AU) and ambient above canopy velocities (U,), respectively. More
importantly, both studies reported decreases in normalized Reynolds stresses with increas-
ing seagrass densities, as observed in the current work. Lacy and Wyllie-Echeverria [19]
attributed this trend to sheltering in dense canopies, where smaller stem-spacing and
weaker currents reduce the importance of multiple-element flow interactions. Direct com-
parisons across sample sites were complicated by the choice of normalization velocity
(Uys), which was necessitated by the sampling strategy used in the current work. This
was most evident in comparisons between the vegetated and bare sample sites, where

uz/ u—st enhancements were observed above bare sediment (S0) in comparison to the
most densely vegetated sample site (S70). Although this may have been related to canopy
sheltering (see above), it seems likely that the mean velocities used for normalization repre-
sent fundamentally different scales at both sites, especially considering the discrepancy
in measurement locations (i.e., outside vs. within the canopy). As such, we emphasize

that u2/ UNSZ ratios at SO are included for reference but should not be considered directly
comparable to estimates made at S40 and/or S70.

5. Conclusions

The mean flow and turbulence observations presented in this manuscript are some
of the first such measurements reported for submerged shoal grass (H. wrightii) canopies,
with important implications for sediment and nutrient fluxes in shallow coastal estuaries.
Experiments were conducted near the bed (~4 cm above bottom) in a narrow (~15 m wide)
seagrass fringe, where hydrodynamic measurements were used to assess the effects of a
shoal grass canopy on near-bed flow (i.e., velocity attenuation) and mixing (e, P/¢, etc.)
characteristics. Measurements were collected within the canopy for relatively dense (70%)
and sparse (40%) vegetation, with reference measurements collected near the bed above
bare sediment. Shear induced at the canopy surface was able to penetrate deep within the
canopy at both vegetated sites, generating significant velocity shear and turbulence near
the bed. This velocity shear dominated the turbulence budget for both sparse and dense
canopy flows (P/e = 1), suggesting that stem production was relatively unimportant in the
studied seagrass fringe. The sparsely vegetated sample site was associated with an increase
in channel-to-shore velocity attenuation relative to flows above bare sediment, but strong
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offshore-oriented currents were observed within the denser vegetation canopy, implying
that flow was steered and accelerated through the shoal grass patch. Importantly, these
results suggest that patch-scale heterogeneity has significant consequences for transport
within and across seagrass fringes.

As key habitat units separating open channels from intertidal shoreline areas, sub-
merged vegetation fringes are particularly important to the habitat structure, ecological
function, and geomorphic stability of shoreline ecotones. This work is among the first
studies on the hydrodynamic effects of fringe seagrass meadows, and the results suggest
that canopy density and its distribution are likely influential to the nearshore environment.
Although seagrass fringes may attenuate flows and stabilize benthic sediments at large
scales (i.e., channels and reaches), we show that spatial variations in canopy density may
create regions of enhanced hydraulic connectivity between the channel and marsh platform,
providing pathways for nutrient fluxes and potential avenues for sediment erosion and
canopy degradation caused by enhanced near-bed mixing. While incorporation of fringe
meadows, for instance, as natural features in living shoreline stabilization designs, likely
benefits geomorphic stability along the shoreline, more study is needed to quantify the
effects of patch distribution on nearshore sediment transport and retention.
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