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Abstract Tidally driven flows, waves, and suspended sed-
iment concentrations were monitored seasonally within a
Zostera marina seagrass (celgrass) meadow located in a
shallow (1-2 m depth) coastal bay. Eelgrass meadows were
found to reduce velocities approximately 60 % in the sum-
mer and 40 % in the winter compared to an adjacent
unvegetated site. Additionally, the seagrass meadow served
to dampen wave heights for all seasons except during winter
when seagrass meadow development was at a minimum.
Although wave heights were attenuated across the meadow,
orbital motions caused by waves were able to effectively
penetrate through the canopy, inducing wave-enhanced bot-
tom shear stress (7,). Within the seagrass meadow, 7, was
greater than the critical stress threshold (=0.04 Pa) necessary
to induce sediment suspension 80-85 % of the sampling
period in the winter and spring, but only 55 % of the time in
the summer. At the unvegetated site, 7, was above the
critical threshold greater than 90 % of the time across all
seasons. During low seagrass coverage in the winter, near-
bed turbulence levels were enhanced, likely caused by
stem—wake interaction with the sparse canopy. Reduction
in 7, within the seagrass meadow during the summer corre-
lated to a 60 % reduction in suspended sediment concentra-
tions but in winter, suspended sediment was enhanced
compared to the unvegetated site. With minimal seagrass
coverage, 7, and wave statistics were similar to unvegetated
regions; however, during high seagrass coverage, sediment
stabilization increased light availability for photosynthesis
and created a positive feedback for seagrass growth.
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Introduction

Seagrass meadows induce hydrodynamic drag on the flow
that reduces water velocities and attenuates wave energy
(Ackerman and Okubo 1993; Bryan et al. 2007; Carr et al.
2010; Gambi et al. 1990; Granata et al. 2001; Koch and Gust
1999; Peterson et al. 2004). These plants also serve to
shelter the seafloor from hydrodynamic shear stresses
(Bouma et al. 2009; Sand-Jensen 2008; Vogel 1981), which
has been found to reduce the resuspension of sediments
(Carr et al. 2010; Gacia and Duarte 2001; Granata et al.
2001; Ward et al. 1984). This has led to the view that
seagrass meadows serve as depositional environments for
sediment (Gacia et al. 1999; Gruber and Kemp 2010).
Seagrasses require incident light radiation for growth
(Duarte 1991); therefore, the stabilizing effect they have
on sediments, and the corresponding increase in light pen-
etration to the seafloor, creates a positive feedback for their
growth (Carr et al. 2010). Since the relative amount of open
space within a meadow influences the magnitude of bed
shear reaching the seafloor, seagrass density can control
the degree of sediment resuspension (de Boer 2007).
Though meadows are often net depositional, spatial and
temporal variability within seagrass meadows can create
localized enhancement of sediment suspension and trans-
port. Recent findings support a more dynamic seagrass-
sediment interaction, where sediment scouring occurs on
the edge of meadows (Chen et al. 2007), and low densities
of seagrass can actually enhance sediment suspension
(Lawson et al. 2012). This switch from an erosional to
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depositional environment may depend on the development
of skimming flow over the meadow, where a shift can occur
from horizontal flow diversion around individual seagrass
blades in low-density seagrass systems (i.e., blades per
square meter of seafloor), causing scouring around individ-
ual shoots (Nepf 1999), to vertical diversion above the
meadow, reducing water velocities and turbulence adjacent
to the bed within a high-density seagrass canopy (Lawson et
al. 2012).

In addition to seagrass density, the magnitude of fluid
shear stresses impacting the seafloor in shallow-water envi-
ronments can be controlled by whether flows are dominated
by tidal currents or orbital wave motion. The interaction
between waves and currents is nonlinear and leads to
changes in the hydrodynamics and shear stresses imposed
on the seafloor from those expected under either condition
independently (Jing and Ridd 1996). Luhar et al. (2010)
found that seagrasses caused only minor reductions of in-
canopy oscillatory motions produced by waves, in contrast
to unidirectional flows that can be significantly damped
within a meadow. Typically, when waves are present, a thin,
oscillatory wave boundary layer develops that is more
strongly sheared than one formed under steady currents
alone (Grant and Madsen 1979). This wave boundary layer
induces greater drag on the mean flow and increased bottom
shear stresses. For waves that are typically generated in
fetch-limited shallow coastal bays, wave orbital motions
decrease with depth and the magnitude of wave energy that
reaches the seafloor depends on the wave period, wave
height, and water depth (de Boer 2007; Chen et al. 2007;
Fagherazzi and Wiberg 2009). Although wave energy atten-
uation increases with increasing shoot density (Chen et al.
2007), the degree of flow reduction by the canopy can also
be a function of distance from the edge, and the depth at
which the seagrass resides below the surface (Fonseca and
Fisher 1986; Verduin and Backhaus 2000). Within a Thalassia
testudinum seagrass meadow, the density of the canopy was
important in controlling mixing across the canopy—water in-
terface (Koch and Gust 1999), and with relative increases of
wave- versus tidally-driven currents, near-bed velocities and
shear stresses increased. With waves, orbital motions cause
the canopy to oscillate, which limits the development of
skimming flows, thereby enhancing the interaction of water
masses across the canopy—water interface and increasing bed
shear stresses (Koch and Gust 1999).

In temperate climates, Zostera marina meadows typically
germinate in the fall, between mid-October to November in
the coastal bays of Virginia, USA (Moore et al. 1993; Orth
et al. 2012), and flowering shoots mature in late spring to
early summer (May—June). The meadow reaches maximum
blade density and coverage midsummer, begins senescence
in late summer, and has sparse coverage over the winter
(Orth et al. 2012). The sloughing of leaves in the senescent

@ Springer

seagrass meadow effectively thins the meadow density and
shortens the canopy height. Such changes to seagrass blade
density and height have been shown to influence fluid
velocities within meadows (Fonseca and Koehl 2006; Nepf
et al. 2007), where canopy friction exhibits a strong positive
relationship to the percent of the water column that is
occupied by the seagrass (Fonseca and Fisher 1986). In
Gacia and Duarte (2001), resuspension of sediment was
greatest with minimum canopy development, while deposi-
tion occurred under maximum above-ground canopy bio-
mass conditions. Studies also show that mixing rates and
turbulent kinetic energy are highly dependent upon seagrass
density and areal cover of the canopy (Granata et al. 2001;
Hansen and Reidenbach 2012). These findings suggest that
throughout the year, the hydrodynamic regime and physical
forces will vary greatly, altering the rates and dynamics of
sediment erosion and deposition.

Though flow dynamics in seagrass meadows have been
investigated in a number of studies; to date, most research
has focused on observations conducted during the summer
under full-growth conditions, while few studies have con-
sidered how structural and morphological changes that oc-
cur in seagrasses throughout the seasons of the year impact
flow and sediment suspension. In order to determine the
effects of seasonal growth and senescence of a seagrass
meadow on hydrodynamics and sediment suspension, a Z.
marina meadow in South Bay, Virginia, was monitored in
summer, fall, winter, and spring conditions from June 2010
to June 2011 and compared to flow and sediment dynamics
occurring at an adjacent, primarily unvegetated region. The
goals of this study were to quantify the (1) seasonal vari-
ability of Z. marina morphology within a coastal bay, (2) flow
and turbulence structure within and above the seagrass mead-
ow due to the combined influence of waves and tidally driven
flows, and (3) response of suspended sediment concentrations
to variations in the magnitude of bed shear stresses.

Methods
Study Area

Field studies were performed within a Z. marina seagrass
(eelgrass) meadow in South Bay, Virginia, USA (Fig. 1); a
coastal bay within the Virginia Coast Reserve (VCR) where
ongoing seagrass restoration efforts are being performed
(Orth and McGlathery 2012). The VCR is characterized by
contiguous marsh, shallow coastal bay, and barrier island
systems and is a National Science Foundation Long-Term
Ecological Research site. South Bay lacks any significant
riverine discharge, and therefore turbidity is primarily
controlled by local resuspension. The shallow depth of
South Bay, typically <2 m, makes the bed sediments
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Fig. 1 Delmarva Peninsula,
USA showing the landmass,
barrier islands (gray), and
coastal bays. Labeled points
represent the Long-Term
Ecological Research (LTER)
station where wind data were
gathered, the unvegetated
reference site (unvegetated),
and the seagrass site (seagrass)
within the large Z. marina
meadow in South Bay, Virginia

susceptible to suspension from both wind waves and tidal
currents (Hansen and Reidenbach 2012). In addition, low
pelagic primary productivity in the coastal bays suggests
that non-algal particulate matter primarily controls light
attenuation (McGlathery et al. 2001).

A high-density seagrass site and an adjacent unvegetated
reference site within South Bay were examined in June 2010
(summer), October 2010 (fall), January 2011 (winter),
March 2011 (spring), and June 2011 (summer). Mean air
temperature during sampling within each season was 21, 20,
0, 7, and 24 °C, respectively. During June 2010, the total Z.
marina cover in South Bay was estimated to be 1,020 ha
(Orth et al. 2012). The unvegetated site, located adjacent to
the meadow containing very few, small patches of seagrass,
was monitored as a reference for flow characteristics in the
absence of any considerable benthic vegetation.

During each season, seagrass shoot density was measured
in the field, while blade length and the number of blades per
shoot were measured in the lab from seagrass collected at each
site (Table 1), and canopy height was calculated as the average
of the longest 2/3 of the seagrass blade lengths (Koch et al.
2006). Blade width and the spacing between blades were
obtained via image analysis in ImageJ from pictures captured
during each season. In order to quantify the meadow structure,
a metric was developed incorporating the blade area and
meadow density. Following Nepf (2012), frontal area is de-
fined as ah, where a=d/AS?, d is blade width, AS is the
spacing between canopy elements (i.e., seagrass blades), and
h is the canopy height. Values for each season are listed in
Table 1.

South Bay

Instrumentation

Two acoustic Doppler velocimeters (ADV, Nortek® Vector),
coupled with optical backscatter sediment sensors (OBS,
Campbell Scientific® OBS 3+), were placed at z=0.5 and
0.1 m above the seafloor at the seagrass and unvegetated
sites to quantify velocity and suspended sediment concen-
trations for a 72-h period. Measurement heights were chosen
to obtain fluid velocities and sediment concentrations both
within and above the seagrass meadow. In order to prevent
seagrass from interfering with the measurements, a 0.15-m
diameter patch of grass was removed from below each
sensor head. Velocities were measured at each site in 10-
min bursts every 20 min at a sampling rate of 32 Hz.
Instantaneous velocity measurements were collected in the
east, north, and up reference frame using the internal com-
pass and tilt sensors of the velocimeters, and then rotated for
each burst interval to align the flow along the dominant flow
direction, u, while minimizing flow in the transverse direc-
tion, v, and leaving the vertical direction, w, unchanged.
Each ADV was equipped with a pressure sensor, which
was used to determine the water depth and characterize the
wave climate with parameters such as significant wave
height (H,), average wavelength (L), and wave period (7)
using linear wave theory (Dean and Dalrymple 1991). To
obtain general flow characteristics at each site, a high-
resolution Nortek Aquadopp© acoustic Doppler current
profiler (ADCP) measured water velocities in 3-cm bins,
between 0.2 and 1.0 m above the bottom at a sampling rate
of 1 Hz for 10-min bursts every 20 min. During each season,
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Table 1 Z marina seagrass morphometrics for South Bay, Virginia

Blade n Canopy n Density n Blade n Blades/shoot  n Frontal area
length (cm) height (cm) (shoots m™2) width (cm)
June 2010 2148 158 25+5 105 560+70 9 0.3+0.1 19 4.8+1.3 33 2.9+1.3
October 2010 19+7 59 2345 39 350+50 6 0.2+0.1 25 3.0+0.9 20 0.7+0.3
January 2011 13£7 52 16 5 34 310+60 4 0.2+0.1 20 2.6+1.0 20 0.3£0.1
March 2011 12+£5 91 15+£3 60 350+90 6 0.2+0.1 20 4.0+14 20 0.5+0.3
June 2011 23+11 93 29+8 62 440+140 10 0.2+0.1 82 42+1.2 22 1.3+0.9

n number of samples for each average

Values represent the mean and standard deviations. Canopy height represents the average of the longest 2/3 of the seagrass blades sampled and

frontal area is calculated as ah, where a=d/AS?, d is blade width, AS is the spacing between canopy elements, and / is the canopy height

two ADVs along with two OBSs were placed within the
seagrass meadow for 72 h, then moved to an adjacent
unvegetated seafloor for 72 h. During instrument deploy-
ments within the seagrass meadow, an additional ADCP and
OBS sediment sensor were simultaneously deployed at the
unvegetated site to collect water velocities, water depth, and
suspended sediment concentrations. Wind data were
obtained from a meteorological station in Oyster, VA,
USA located approximately 4 km from South Bay.

Calibrations to relate backscatter intensity obtained from
the OBS to suspended sediment concentrations were
performed using sediment collected from the seagrass mead-
ow and unvegetated site (technique described in Hansen and
Reidenbach 2012). Sediment grain size distributions were
characterized using a laser diffraction particle size analyzer
(Beckman Coulter LS 13 320). Dgy, the grain size diameter
for which 84 % of the sample grain diameters are smaller, at
the unvegetated site was 157+7 um; while at the seagrass
site, sediments were finer at 130£17 pum.

Wave—Turbulence Decomposition

In flows with both currents and waves, the covariance in
velocity associated with waves is often larger than that
associated with turbulence, and a wave—turbulence decom-
position must be performed. When waves and currents are
present, the instantaneous horizontal and vertical velocities
can be written as:

u=u +u+u
w=w +w+w

(1)

where % and W are the horizontal and vertical components of
the mean velocity, u and w are the wave-induced orbital
velocities, and ' and w' are the turbulent velocities. Most
methods of wave—turbulence decomposition rely on two or
more spatially separated velocity sensors to decouple wave
motion from that of turbulence (Trowbridge 1998), or use
simultaneous free surface displacement and velocity mea-
surements to estimate wave motion at depth (Benilov and
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Filyushkin 1970). Although these methods work well over
relatively smooth beds, neither technique can be applied
where bed topography significantly alters oscillatory flow
structure outside the relatively thin wave boundary layer. A
method of wave—turbulence decomposition that can be
employed within seagrass systems uses a spectral decompo-
sition, known as the Phase method (Bricker and Monismith
2007), where the phase lag between the 2 and w components
of the surface waves from one velocity sensor are used to
interpolate the magnitude of turbulence under the wave
peak. In this method, the turbulent Reynolds stress can be
quantified as the difference between the total stress and the
wave stress (Hansen and Reidenbach 2012):

WwW = W — uw (2)

Both the total stress and wave stress can be computed
from the Fourier transforms of the individual velocity com-
ponents, u and w. For example, the wave stress becomes:

j=Nj2
w= Y UW, (3)

j=—N/2
where U;=U(f)) is the Fourier transform of u(f) at the fre-
quency f; and * denotes the complex conjugate of U;, which
is multiplied by W), the Fourier transform of w(f) at the
frequency f;. Equation 3 assumes that waves and turbulence
do not interact, and the magnitude of U ; is the difference
between the raw U; and the turbulence UJ/ that is interpolated
below the wave peak via a least squares fit straight line, as
shown in Fig. 2. The same method was used to solve for V~Vj.
Since waves dominate the spectra under the wave peak, this
method also assumes that the phase difference between u
and w is dominated by the wave flow. Estimates for uw were
computed in a similar manner as Eq. 3 by using the full

spectrum U; and W,. Estimates of u'w’ from the Phase
method were compared to the Benilov and Filyushkin
(1970) method outside regions impacted by the seagrass
canopy and agree to within £10 % u/w’.
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Fig. 2 Power spectral density (PSD) of the horizontal velocity, S, for
a 10-min representative data series computed at z=0.5 m at the seagrass
site. The region encompassing the wave peak is denoted by the solid
circles, while the squares represent the region of the spectra outside the
wave domain. The gray solid line represents the least squares fit to the
data outside the wave domain. The wave component of the stress, -
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is removed by subtracting the PSD formed above the gray line that
encompasses the region of the wave peak

For time periods when waves were present, the horizontal
wave orbital velocity, u,s, was calculated by summing the
contributions from wave spectra across each frequency com-
ponent of the horizontal and transverse velocity, # and v
(Wiberg and Sherwood 2008). u,s is equivalent to the root
mean squared orbital velocity and was computed both at
z=0.5 and 0.1 m. Techniques for wave—turbulence decom-
position and estimating u,, are described more fully in
Hansen and Reidenbach (2012).

Bottom Shear Stress

The total bed shear stress, 7, was calculated as the square
root of the sum of the squares of the bed stress due to waves,
Twave, and currents, Teyrene (Wiberg and Smith 1983), from
wave orbital velocity and turbulent kinetic energy measured
at z=0.1 m above the seafloor:

— 2 2
W = Twave + Teurrent (4)

Bottom shear stress due to waves was calculated from
Fagherazzi and Wiberg (2009):

ubT :| —0.25

1 2
Twave = fuptly  fiw = 0.04 [2:rkb

(5)
where f,, is the wave friction factor, k; is the characteristic
roughness length estimated as 3Dg4 (Lawson et al. 2007),
and u; is the bottom orbital velocity, which was approxi-
mated using estimates of u,, computed at z=0.1 m. The

current shear stress was estimated as (Stapleton and Huntley
1995; Widdows et al. 2008):

Teurent = pi>._ = 0.19p(TKE) (6)

*current

where TKE is the turbulent kinetic energy calculated from the
turbulent portion of the velocity spectrum:

TKE = 0.5 (4 + V2 + w7?) (7)

Values of TKE were used to estimate shear stress instead of
Reynolds stress (where 7 = —pu/w’, commonly called the
covariance method) because the covariance method assumes a
logarithmic velocity profile has formed within an equilibrium
boundary layer, which is rarely observed within a seagrass
canopy. Although waves can alter Reynolds stress and TKE in
the presence of a mean current (Grant and Madsen 1979),
previous findings within South Bay (Hansen and Reidenbach
2012) suggest only minor alteration in the magnitude of TKE
in the presence of small-amplitude wind waves, and therefore
Eq. 6 can be reasonably applied.

Results

Average blade length and canopy height for each season are
listed in Table 1, and were statistically greater in the summer
(June) and fall (October) than in January and March (one-
way ANOVA with Bonferroni multicomparison, p<0.05).
Both the shoot density (shoots per square meter) and blades
per shoot were statistically lower in winter than summer,
creating a more patch-like distribution (one-way ANOVA
with Bonferroni multicomparison, p<0.05). The blade fron-
tal area decreased from a maximum value of 2.9+1.3 during
June 2010 to a minimum value of 0.3+0.1 in January 2011.

Physical characteristics at the seagrass site for each sea-
son are shown in Fig. 3. Hourly wind speeds ranged be-
tween 0.1 and 8.2 m s~ ', while wind speeds averaged over
the 3-day deployments varied from 1.7 to 3.3 ms ™' between
seasons (Fig. 4). The unvegetated site was 0.8 km to the
northwest of the seagrass site, and fetch distances from each
site to surrounding barriers were mapped at 30° intervals.
Wind directions were variable between seasons, and
depending upon wind direction, fetch length ranged from 1
to 15 km at the seagrass site and 0.9 to 16 km at the
unvegetated site. The range of fetch lengths was not signif-
icantly different between sites (one-way ANOVA, p>0.6).
Water temperature throughout the year ranged from 2.6 °C
during January 2011 to 28.1 °C during June 2011. Dominant
tidal flow was along a northeast/southwest direction at both
the seagrass site and adjacent unvegetated site for all sea-
sons. Mean depth at the seagrass site was 1.1 m and at the
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Fig. 3 a Wind speed, arrows
denote the direction toward

Jun 2010

Oct 2010 Mar 2011 Jun 2011

Jan 2011

which the wind is blowing, with
northward up and eastward to
the right; b water temperature; ¢

water depth at the seagrass site;

d root mean square horizontal
water velocities averaged over
10-min burst intervals at

z=0.5 m above the seafloor at
the seagrass site e significant

wave height (H;) over the
seagrass meadow, and f near-
bed suspended sediment

concentrations (SSC) within the
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unvegetated site was 1.4 m, while tidal amplitude ranged from
0.5 to 0.8 m (Table 2). Significant wave heights at the
unvegetated site ranged on average from 0.13+0.05 to 0.21+
0.07 m throughout the year. At the seagrass site, significant
wave heights ranged from 0.10+£0.03 m during June to 0.18=+
0.09 m during January.

Seasonal variations in mean velocities above (z=0.5 m)
and within (z=0.1 m) the seagrass canopy and adjacent

12

B unvegetated

10 [ Jseagrass
N

8| o A’WX.E'?; ¥

wind speed (m s'l)
(=2}

I~

279 280 281 6

Helbn

Jun 2010 Oct 2010 Jan 2011 Mar 2011 Jun 2011

Fig. 4 Average wind speed (+1 SD) and direction at both the
unvegetated and seagrass sites for each season. Compass plots are
histograms of wind direction with concentric rings each representing
20 vector samples and chords at 30° intervals
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time (day of year, 2010-2011)

unvegetated reference site (z=0.5 m) are shown in Fig. 5a.
Mean velocities at the unvegetated site did not vary signifi-
cantly at z=0.5 m between seasons (one-way ANOVA,
p=0.18). Within the seagrass meadow, velocities were signif-
icantly smaller during the summer (June 2010, 2011) than at
any other time of year (one-way ANOVA with Bonferroni
multicomparison, p<0.05). In addition, there was a significant
difference between the velocities measured at the seagrass and
unvegetated sites during every season (one-way ANOVA with
Bonferroni multicomparison, p<0.05), with the greatest reduc-
tion in flow between the two sites occurring during the summer
(55-60 % at z=0.5 m) and least reduction during winter (40 %
at z=0.5 m). Figure 5b shows that as frontal area increases,
so does the percent velocity reduction within the canopy
(at z=0.1 m) compared to above (at z=0.5 m). Average veloc-
ity reduction across all seasons between z=0.1 and 0.5 m at the
unvegetated site was 44 %. At the unvegetated site, a logarith-
mic flow profile developed throughout the entire bottom
boundary layer. However, at the seagrass site, greater attenua-
tion of velocity occurred adjacent to the seafloor due to flow
interaction with the meadow, creating an inflection point in the
velocity profile at the top of the seagrass canopy (Fig. 6),
which was strongest during summer.

Waves and Orbital Motion

Waves in South Bay were locally developed wind waves
with average wave periods (7) ranging from 1.4 to 1.9 s.



Estuaries and Coasts (2013) 36:1099-1114

1105

Table 2 Temporal averages of suspended sediment concentration (SSC), 1 SE, water depth, and tidal amplitudes (1 SD) during seasonal
deployments at both an unvegetated reference site and over the seagrass meadow

Seagrass Seagrass Unvegetated Seagrass Seagrass Tidal Unvegetated Unvegetated Tidal
SSC(mgl") SSC(mgl"  SSC(mgl')  Depth(m)  Amplitude (m)  Depth (m) Amplitude (m)
z=0.5m z=0.1 m z=0.1 m
June 2010 3343 26+2 57+3 0.99+0.43 0.57+0.11 1.49+0.55 0.73+0.12
October 2010 16+1 19+1 15+2 1.04+0.59 0.83+0.08 1.44+0.49 0.62+0.11
January 2011 21+2 33+3 17+1 1.07+0.42 0.59+0.04 1.38+0.57 0.81+0.05
March 2011 23+2 27+2 25+2 1.15+0.49 0.65+0.09 1.27+0.41 0.52+0.03
June 2011 21+2 1742 50+1 1.04+0.49 0.67+0.09 1.50+0.51 0.68+0.06

Significant wave heights (H;) ranged from 0.10 to 0.21 m
during sampling at both sites, but were smaller over the
seagrass meadow than the unvegetated seafloor for all sea-
sons except winter, even though wind speeds were

20
a ] unvegetated z=0.5m
18 [ seagrass z=0.5m
[ ]seagrass z=0.1m
16
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2
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90
= 35
j=5
19
g
; 80 3
2
S
g 2.5 §
£ 70 Té
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o
=
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Fig. 5 a Average velocities (1 SE) at z=0.5 m above the seafloor at
the unvegetated reference site, at z=0.5 and 0.1 m at the seagrass site,
measured simultaneously. b Percent velocity reduction (1 SE) within
the seagrass canopy (at z=0.1 m) compared to above the canopy (at z=
0.5 m). Secondary y-axis represents the seagrass canopy frontal area
per unit area of seafloor (=1 SD)

statistically similar within each season (Fig. 7, one-way
ANOVA, p>0.08). In addition, the reduction of H,; and T
in the seagrass meadow scaled with increased seagrass can-
opy area, where the largest difference in H, and T between
the seagrass meadow and unvegetated site occurred during
the summer. Wave development depends not only on fric-
tional interaction with benthic vegetation, but also on wind
speed and water column depth. Significant wave height and
period plotted against wind speed (Fig. 8a,b) show that
waves were larger and had longer periods over the
unvegetated seafloor than over the seagrass meadow for
any given wind speed except for weak wind conditions
(<2 m s ") where there was no statistical difference in H,
(one-way ANOVA, p>0.05). Additionally, both significant
wave height and wave period were lowest for the fully
developed meadow in the summer for all wind speeds.
Wave height and period also increased with increasing water
depth, but for any given water depth, waves were larger and
had longer periods at the unvegetated site than compared to
the seagrass site for all seasons of the year (Fig. 8c,d) except

0.7

—unvegetated

~ ~ - seagrass

0.6f !

depth (m)
o
i

o
'S
T

0.3

O'20 2 4 6 8 10 12 14 16 18 20

velocity (cm s_l)

Fig. 6 Vertical profiles of horizontal velocity averaged over a single
ebbing tide at the unvegetated and seagrass sites during simultaneous
deployments in June 2011. Horizontal line represents the canopy height
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Fig. 7 a Significant wave period, 7, and b significant wave height, H,,
for each season calculated from linear wave theory (1 SE). Asterisks
above graphs indicate values are statistically different between the
unvegetated and seagrass sites within the season

for January. In general, wave dynamics within the seagrass
canopy matched the unvegetated site most closely during
January, when seagrass cover was minimal.

Horizontal orbital velocities (u,5) above and within the
meadow were computed using spectra of the horizontal wave
motions. As expected, during all seasons orbital motions were
greater at z=0.5 m than at z=0.1 m due to natural attenuation of
short-period waves with depth (Fig. 9). Orbital motions were
highest within the seagrass meadow in January and March
when larger waves were able to develop due to the low percent
cover of the seagrass. In January, the absence of seagrass cover
also allowed longer period waves to develop (shown in
Fig. 7a). In summer (June 2010 and June 2011), wave periods
and orbital velocities were decreased, suggesting that the sig-
nificant seagrass structure attenuated wave development over
the meadow.

To determine the extent to which reduction of wave orbital
velocities within the seagrass canopy was due to natural
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attenuation with depth or interaction with the seagrass blades,
orbital velocities (u,s) computed through velocity spectra
were compared with estimates of wave orbital velocities
(uom) using pressure sensor measurements from the ADV.
From linear wave theory for small amplitude, monochromatic
waves, the horizontal component of orbital velocity, ., was
computed as (Dean and Dalrymple 1991):

_ mwH cosh(kz)
Hom = 7 sinh(kh) (®)

where H; is the significant wave height, & is the wave number
such that k=27t/L where L is the wavelength, 7'is wave period,
z 18 the location above the seafloor, and 7 is the water column
depth. The wavelength, L, was calculated according to linear

wave theory for intermediate waves as: L = L. /tanh (iﬂ),

where Lo, = £ T,

Linear wave theory assumes the bed is frictionless and
therefore, estimating wave orbital velocity decay with depth
using linear wave theory (Eq. 8) and comparing it to com-
puted orbital velocities using local velocity measurements
within the canopy (u,s) should indicate the relative damp-
ening of wave orbital velocity due to frictional interaction
with the seagrass canopy. At the seagrass site, the orbital
motion predicted by linear wave theory at z=0.1 m within
the seagrass canopy was not significantly greater than that
quantified through velocity spectra during any season of the
year (one-way ANOVA, p>0.05), suggesting that the
seagrass did not have a significant impact on the attenuation
of wave orbital motion with depth (Fig. 9). This suggests
that although seagrass attenuates the amplitude of waves as
they propagate across the meadow, orbital motions are not
attenuated due to direct interaction with the seagrass blades
within the canopy.

The power spectral density (PSD) of horizontal velocities,
Suu, Was examined to quantify the relationship between mead-
ow structure, wave period, and turbulence intensity (Fig. 10).
The velocity time series from each season was first filtered to
select for wave-influenced periods, where the wave portion of
the PSD accounted for greater than 10 % of the total energy.
The frequency spectrum was then averaged over the
remaining time series to obtain the average frequency distri-
bution in each season. Figure 10a shows spectra comparing
the unvegetated and seagrass sites in June 2011 while Fig. 10b
shows spectra for January 2011. Although velocity measure-
ments were not measured simultaneously within the seagrass
and unvegetated sites, winds were comparable within each
season, and therefore, wave statistics can be generally com-
pared. The reduced magnitudes of S, within the seagrass
meadow were indicative of lower turbulent energy com-
pared to the unvegetated site, with greater reductions in
Suwu occurring in the summer. Peaks in the spectra that
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Fig. 8 a Average wave period, 7, and b significant wave height, H,,
plotted as a function of wind speed (£1 SE). ¢ Average wave period, 7,
and d significant wave height, H,, plotted as a function of water depth
(£1 SE). Data collected at the seagrass site during each season were

occur between f=0.2 and 1 Hz were due to orbital wave
motion and indicated that wave energy was reduced
within the meadow during June compared to the
unvegetated site (one-way ANOVA, p<0.05), but was
not significantly reduced during January (one-way
ANOVA, p=0.98). In addition, wave motion at low
frequencies was reduced within the seagrass meadow in
June (0.3<f<0.6 Hz) compared to the unvegetated site,
but was not substantially altered during January; all
suggesting that under high seagrass meadow develop-
ment, both wave heights and wave periods were reduced.

Turbulence and Momentum Transport

After removal of orbital motions due to waves, Reynolds
stresses were calculated from the turbulence portion of the
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averaged using a running mean with a 0.8 m s~ ' averaging window for
wind speed and 0.2 m for water depth. Solid black line represents best-
fit line for all seasons at the unvegetated site

velocity spectrum at z=0.5 and 0.1 m within the seagrass
meadow (Fig. 11). Reynolds stress was then normalized by
AU?, which is defined as the difference between velocities
measured at z=0.5 and 0.1 m (AU=Ups m—Up1 m). The
greatest reduction of within-canopy Reynolds stress oc-
curred in June, when the canopy frontal area was greatest.
In October, during initial senescence of the meadow, turbu-
lence levels increased within the canopy, and in January and
March, when the meadow frontal area was minimal, en-
hanced turbulence within the canopy was measured relative
to above (at z=0.5 m). Compared to the unvegetated site, the
most dramatic reductions of within-canopy Reynolds stress
occurred in summer, with enhanced Reynolds stresses in
winter. The absolute magnitude of Reynolds stress followed
these same normalized trends throughout the seasons at both
the unvegetated and seagrass sites.
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Fig. 9 Horizontal orbital velocities, u,s, above (z=0.5 m) and within
(z=0.1 m) seagrass meadows from spectral analysis, as well as
expected orbital velocities, uony, calculated via linear wave theory.
Linear wave theory predictions were never significantly greater than
horizontal orbital velocities measured from spectral analysis (one-way
ANOVA, p<0.05). Error bars £1 SE

To determine how turbulent fluctuations contribute to the
transport of momentum throughout the bottom boundary layer,
quadrant analysis was performed. Velocity fluctuations, ' and
w', were normalized by their respective standard deviations
and divided into four quadrants based on the sign of their
instantaneous values (Lu and Willmarth 1973). The two dom-
inant quadrants responsible for momentum transfer are quad-
rant 2 (Q2), where turbulent ejections of low momentum fluid
are transported vertically upward (x'<0, w'>0), and quadrant 4
(Q4), where sweeping events transport high momentum fluid
downward towards the seafloor (u'>0, w'<0). These ejections
and sweeps lead to periodic mixing across the seagrass cano-
py—water interface. Contours of the turbulent probability dis-
tribution function are shown in Fig. 12 for turbulent motions at
z=0.1 m at the unvegetated and seagrass sites in June 2011
during periods with no wave action (i.e., energy within the
wave portion of the PSD accounted for less than 10 % of the
total energy). At the unvegetated site, the distribution of mo-
mentum was balanced between Q2 and Q4 with Q1 (16 %), Q2
(33 %), Q3 (16 %), and Q4 (35 %). In comparison, at the
seagrass site, the distribution was Q1 (11 %), Q2 (26 %), Q3
(10 %), and Q4 (53 %). These sweeping events transport high
momentum fluid down into the meadow from the overlying
water. The combined Q2 and Q4 contributions accounted for
79 % of the total Reynolds stress in the seagrass canopy,
compared to 68 % at the unvegetated site. This indicates that
though Reynolds stress was smaller within the seagrass cano-
py, turbulent motions were more efficient in the vertical trans-
port of momentum compared to the unvegetated site. The
increasing shift toward motion in Q2 and Q4 also correlated
with increasing canopy frontal area. In January and March,
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Fig. 10 Power spectral density (PSD), S,,, for periods with wave
activity for a June 2011 and b January 2011. Spectra were formed by
averaging individual spectra, of length n=2048 velocity records, over
time periods when the wave portion of the PSD accounted for greater
than 10 % of the total energy of the flow. Peaks in the PSD between
frequencies (f) of 0.2<f<1 Hz represent water motion due to waves.
Flattening of the spectra at high frequencies (f>5-10 Hz) represents the
noise floor of the instrument

combined Q2 and Q4 shifts are 74 and 73 %, respectively, at
z=0.1 m. With increased seagrass canopy development in the
summer, contributions to Q2 and Q4 increased to 87 and 79 %
during June 2010 and 2011.

Bottom Shear Stress and Suspended Sediment Dynamics

The total stress imparted to the seafloor was quantified using
a combined bottom shear stress, 7, (Eq. 4), calculated as the
square root of the sum of the squares of the shear stress due
to waves, Twave (Eq. 5), and due to currents, 7.yment (Eq. 6;
Wiberg and Smith 1983). Over the unvegetated seafloor,
shear stress was consistently greater than that produced
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Fig. 11 Reynolds stress for turbulence portion of velocity spectrum
above (z=0.5 m) and within (z=0.1 m) the seagrass meadow and at the
unvegetated site (z=0.1 m). Reynolds stress is normalized by AU?,
which is defined as the difference between mean velocities measured at
z=0.5mand 0.1 m, AU=Uys m—Up | m. Error bars £1 SE

within the seagrass meadow (Fig. 13a). At the seagrass site,
7, was largest during January (Fig. 13b) and lowest in the
summer.

Although the critical shear stress that can initiate sediment
resuspension was not directly quantified in South Bay, esti-
mates within Hog Island Bay, which is directly adjacent to
South Bay in the VCR, were performed by Lawson et al.
(2007) and found to be 7,,=0.04 N m 2 over unvegetated sites
adjacent to seagrass meadows. This value is in agreement with
7:=0.05 N m? found by Widdows et al. (2008) for
unvegetated seafloor sediments in the North Sea, where adja-
cent Z. marina meadows had a 7,=0.07 N m 2. Increased
abundances of microphytobenthos and lower densities of
grazers were found to be the cause for increased sediment
stabilization within the Z. marina meadow. This suggests that
7=0.04 N'm 2 is likely a reasonable estimate for unvegetated
regions and a conservative estimate for the eelgrass meadow
in South Bay. To determine the influence of the meadow on
sediment suspension, shear events with magnitudes greater
than this critical shear stress necessary for sediment suspen-
sion were isolated. At the unvegetated site, greater than 90 %
of the deployment times had bed shear that was sufficient for
initiating sediment suspension. Within the seagrass meadow,
bed shear was greater than critical shear stress for 55 % of the
deployment time period in the summer and fall, while winter
and spring had bed shear stresses that exceeded the critical
stress threshold 80-85 % of the time. Corresponding reduc-
tions in suspended sediment concentrations (SSC) at the
seagrass site, as compared to the unvegetated site, were
highest during the summer (60 % reduction). During the
spring, the magnitude of SSC within the canopy was not
significantly different than that near the seafloor at the

pdf x107
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Fig. 12 Quadrant analysis of the probability density functions (pdfs)
of u' and w' distributions normalized by their standard deviation at a
z=0.1 m above the seafloor at the unvegetated site and b z=0.1 m at the
seagrass site, which shows the dominance of turbulent sweeping events
in quadrant 4

unvegetated site (at z=0.1 m, one-way ANOVA, p>0.48).
Interestingly, in winter, SSC was significantly enhanced, up
to two times (one-way ANOVA, p<0.05) in the seagrass
meadow compared to the adjacent unvegetated site (Table 2).

A two-dimensional PSD of horizontal velocities is shown
for the seagrass site in Fig. 14a for frequencies between
0 and 2 Hz. This plot includes the tidally-dominated contri-
butions to the spectra at small frequencies (i.e., /<0.3 Hz),
as well as the wave component of the PSD, which typically
span the range 0.3<f<1 Hz. Peak wave frequency at high
tide was approximately /=0.5 Hz (7=2 s), but as the water
depth decreased, peak wave frequency increased to ap-
proximately /=1 Hz, indicating a reduction in the peak
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Fig. 13 Bed shear stress, 7., at the a unvegetated site and b seagrass
meadow. Horizontal line within the box indicates median 7, while the
lower and upper edges of the box represent the 25th and 75th percen-
tiles, respectively. Whiskers extending from the box indicate the min-
imum and maximum measured 7,. Horizontal red line across both
plots represents the critical stress threshold for the suspension of
sediment. Average suspended sediment concentrations (1 SE) mea-
sured at z=0.1 m above the seafloor are plotted in green with the
secondary y-axis

wave period to 7=1 s. Time periods with highest wave
energy (i.e., high PSD in the wave band 0.3<f<1 Hz),
corresponded closely to time periods with enhanced SSC
(Fig. 14b). A Pearson linear correlation factor, defined as
the covariance of two variables divided by the product of
their standard deviations, was computed to determine the
relationship between suspended sediment and orbital mo-
tion near the seafloor. At the seagrass site, SSC values
near the seafloor (z=0.1 m) were positively correlated
with wave orbital velocities in all seasons, with correla-
tion factors ranging from 0.47 to 0.67 (p<0.05). However,
enhanced SSC values were not significantly correlated to
enhanced mean currents, indicating waves were the dom-
inant mechanism initiating sediment resuspension.
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Fig. 14 a Two-dimensional power spectral density of horizontal ve-
locities at z=0.1 m above the seafloor at the seagrass site during March

2011. Black lines indicate f = \/g/[4rw(h — z)], the frequency () at

and above which linear wave theory predicts wave motion is attenuated
due to water depth. Regions with no data were during low tide when
the velocimeter had poor signal quality. b Corresponding SSC at
z=0.1 m, indicating correlation between periods of high wave activity
and increased SSC

Discussion

Z. marina meadows within a Virginia coastal bay were
found to substantially lower overall mean currents compared
to an adjacent unvegetated site’s flow conditions during all
seasons of the year. Average velocities were 1.6-2.4 times
lower at the seagrass site than at the unvegetated site even
though tidal amplitude was statistically similar (average
tidal amplitude during deployments at the seagrass site
was 0.67+0.10 m and at the unvegetated site was 0.67+
0.11 m; Table 2).

Near-bed flows within the seagrass meadow were dra-
matically reduced, but varied seasonally in response to
seagrass canopy area as expected. Yearly averaged, mean
velocity at z=0.1 m at the unvegetated site was 9.2 cm's ',
while mean flow at the seagrass site was 2.6 cm s '. The
greatest flow reduction within the canopy compared to
above occurred during June, while the smallest within-
canopy flow reduction occurred in January. This agrees with
predicted shear layer development, where shear layers are
expected to form when a#>0.1 (Nepf 2012). In shear layers,
velocity profiles above the meadow become logarithmic
(Kaimal and Finnigan 1994), while velocities rapidly de-
crease within the canopy, creating an inflection point near
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the canopy—water interface. Due to seasonal changes in
seagrass cover, altering both the canopy height and canopy
frontal area, the precise location of an inflection point could
not always be determined. However, a#>0.1 occurs during
all seasons of the year, while a#>1 in the summer. For
sparse canopies, a coherent canopy shear layer is not
formed, rather, characteristics of both shear layer and
rough-wall boundary layers are present, with reduced shear
layer development occurring as flow velocity increases
(Lacy and Wyllie-Echeverria 2011). When ak>1, the cano-
pies become essentially cutoff from overlying flow (Luhar
et al. 2008), dramatically reducing within-canopy velocities.

Tidally- and wave-dominated flows were separated using
the magnitude of power density within the wave band of the
frequency spectra. In the fully developed canopy in the sum-
mer, normalized Reynolds stress within the canopy was re-
duced by 75-85 % compared to measurements at the same
elevation of z=0.1 m at the unvegetated site. The highest
turbulence levels within the seagrass meadow were found at
the lowest seagrass canopy frontal area, and Reynolds stress
was greater within the canopy than above in the winter and
spring. Turbulence enhancement can be caused both by re-
duced stem density that can increase stem-generated wake
turbulence (Nepf et al. 1997; Widdows et al. 2008), or by a
reduction in meadow height, causing an intensification of
turbulence closer to the seafloor from the fluid shear layer
formed at the top of the canopy (Abdelrhman 2003; Gambi et
al. 1990). Additionally, in sparse canopies, significant turbu-
lence can be generated by flow interaction with the seafloor
(Lacy and Wyllie-Echeverria 2011). Both blade length and
density contribute to changes in frontal area. Luhar et al.
(2008) found that when frontal area is substantially greater
than ~0.1, the canopy acts as a dense canopy. In dense cano-
pies, within-canopy turbulence and flow are significantly
reduced and roughness length-scales decrease with increasing
frontal area due to the mutual sheltering of individual canopy
elements (Luhar et al. 2008). When the frontal area reaches
approximately >1, flow is almost entirely displaced above the
canopy, substantially limiting turbulence that can contribute to
sediment resuspension (Luhar et al. 2008). Luhar et al. (2008)
also noted that by reducing the momentum penetration, a
dense canopy shelters itself from high flow, which is critical
during extreme events such as floods, and the reduction in
bottom stress associated with dense canopies can stabilize the
bed and improve water clarity. Our results indicate that under
summer conditions, the Virginia seagrass meadow was acting
as a dense canopy (frontal area of 1.3-2.9), which both re-
duced bottom stress and stabilized sediments compared to the
unvegetated seafloor. Although there is a transition region for
canopies with frontal areas between 0.1 and 0.5, Luhar et al.
(2008) found when frontal area is less than ~0.1, the canopy
acts as a sparse canopy. In sparse canopies, the flow penetrates
throughout the entire canopy and turbulence intensities

increase with frontal area, as stem—wake flow interactions
are enhanced (Raupach et al. 1996). Our results in winter
(frontal area of 0.3+0.1, within the transitional region) agree
with conditions found for a sparse canopy, which include flow
penetration through the canopy and increased turbulence in-
tensities contributing to enhanced bottom shear stress and
sediment suspension compared to the unvegetated site.

Quadrant analysis indicated that during all seasons, tur-
bulent motion within the meadow was dominated by sweep-
ing events of momentum, suggesting turbulence was
generated at the shear layer at the top of the canopy and
momentum transport occurred into the canopy. Although the
magnitude of turbulence within the canopy was reduced
with increased seagrass coverage, the efficiency of momen-
tum transport increased, as evident from the greater relative
contributions from both ejection and sweep motions of
turbulent eddies transporting momentum into the canopy.
Strong sweep motions into the canopy were also observed
by Ghisalberti and Nepf (2006), who found that sweeps
were followed by weak ejection events (u'<0, w'>0) that
occurred at frequencies twice that of the dominant frequency
of the coherent vortex formed at the top of the canopy.

Wave Interaction with the Seagrass Canopy

Wave periods and significant wave heights were computed
from pressure records obtained from the ADVs at a sam-
pling rate of 32 Hz. Wave periods at all sites ranged between
1 and 4 s, representing wind generated gravity waves. Over
the year, there was a 35 % reduction in H; at the seagrass site
compared to the unvegetated site. Most of this reduction
occurred during the summer, with no statistical difference in
H during the winter. As evident from PSD graphs (Fig. 10),
waves were not monochromatic and typically spanned a
range of frequencies between /=0.3 to 1 Hz. When compar-
ing attenuation of wave energy within this wave portion of
the PSD, the largest reductions in wave motion within the
seagrass bed compared to the unvegetated site occurred at
low frequencies during the summer. Bradley and Houser
(2009) found that waves at 7~2.6 s were relatively unaf-
fected by seagrass, but higher frequency waves (7'~1.5 s)
caused seagrass blade movement that tended to be out of
phase with wave motion, increasing frictional drag and
wave energy attenuation. Waves in our study tended to be
of shorter period, and most of the attenuation in wave
energy occurred between wave periods of 7=1.4-2.0 s.
Although blade movement was not quantified in our study,
this attenuation is within the same frequency range as that
found by Bradley and Houser (2009).

The ratio of wave orbital excursion length (4) to blade
spacing (AS) can also be used to indicate the significance of
wave orbital motion reduction within the canopy (Lowe et
al. 2005). As per Lowe et al. (2005), A=u,¢/w, where u,g is
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the wave orbital velocity and w=27/T, is the radian wave
frequency estimated directly above the canopy at z=0.5 m.
For A/AS>1, the attenuation of orbital motion within the
canopy is significant. Our measurements show that 4/AS
ranged between 0.5 during summer and 0.75 during winter.
This indicates that orbital motions are not significantly altered
due to direct interaction with the seagrass blades, and although
tidally driven flows may be damped, oscillatory motion was
able to effectively penetrate the seagrass canopy. This finding
is similar to laboratory measurements of flow structure within
and above a model Z. marina meadow (Luhar et al. 2010),
which found that although unidirectional flows were reduced
within the meadow, in-canopy orbital velocities were not
significantly altered. This suggests that throughout the year,
storm events, which tend to increase H, and 7 (Chen et al.
2005), may be effective at generating oscillatory flows
through the seagrass canopy. However, since attenuation in
wave amplitudes across the seagrass meadow is least effective
during time periods of low canopy area, this may ultimately
lead to seasonal increases in sediment resuspension during
winter, as sediment suspension within the meadow was sen-
sitive to wave oscillatory motion. Overall, at minimum frontal
area in winter, average velocities were reduced, but the mead-
ow behaved similarly to an unvegetated seafloor in regard to
significant wave height, orbital velocities, and bottom shear
stress. This agrees with findings from Bradley and Houser
(2009) that attenuation of wave energy across a seagrass
meadow is the result of the high density of seagrass blades
and the aerial extent of the canopy, not the drag induced by
flow interaction with individual blades.

Sediment Suspension

Overall, seasonal changes in the meadow frontal area strongly
influenced wave development, bed shear stress, and subse-
quent sediment suspension in the seagrass meadow. During
the summer, SSC at the unvegetated site was roughly double
that within the seagrass canopy, while similar SSC were found
in March and October within and outside the seagrass mead-
ow. Many studies have also found that with increasing
seagrass density, sediment resuspension is limited and sedi-
ment deposition occurs (Granata et al. 2001; Ward et al. 1984).
Likely, this is caused by a transition from dense canopy cover
during summer, where the canopy is essentially cutoff from
the overflow, to a more sparse canopy cover, where the flow,
vertical momentum, and mass transport is more vigorous
(Luhar et al. 2008). In addition, under low canopy develop-
ment in winter, although the magnitude of bottom shear was
similar within the seagrass meadow and the adjacent
unvegetated site, sediment suspension was enhanced within
the meadow. This agrees with previous studies that have
shown at low densities, seagrass enhanced sediment suspen-
sion through scouring (Bouma et al. 2009). Finer sediment
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grain sizes were also found within the meadow, likely caused
by enhanced deposition in summer. Since finer-grained parti-
cles typically resuspend at lower critical shear stresses than
larger particles, this may have contributed to greater winter-
time resuspension compared to unvegetated sites under simi-
lar bed shear stress conditions.

Although seasonal changes occur, Gacia and Duarte
(2001) concluded that seagrass meadows often reduce
resuspension rather than enhance deposition, as deposition
only occurred during the summer and was only slightly
increased. In yearly studies within a seagrass canopy under-
going restoration along the Virginia coast, turbidity levels
during June—July, when the meadow was at peak biomass,
showed significant reductions over a 10-year period with
increased seagrass blade density and overall canopy size
(Orth et al. 2012). Z. marina meadows also depend on seed
production and germination in order to expand cover (Orth
et al. 2006). Increased orbital motion, turbulence, and flow
through the canopy can serve to distribute seeds in the
spring (Orth et al. 2012), and the transport of seeds and
other resources may be particularly important within the
meadow’s transition periods of senescence in the fall and
growth in the spring/summer. During summer, flow reduc-
tion and sediment stabilization can serve to decrease turbid-
ity and enhance the available light for photosynthesis (Carr
et al. 2010, 2012), creating a positive feedback for seagrass
growth.
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