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Local effects of flow interaction with seagrass structure modify meadow scale
hydrodynamics, resulting in lower current velocities and wave heights within a seagrass
meadow. This attenuation promotes the deposition of suspended sediment, increasing
the light available locally to benthic organisms. To elucidate the relationship between
small-scale hydrodynamics that occur at the sea floor and the meadow scale effects of
seagrass, high resolution velocity profiles were recorded adjacent to the sediment-water
interface within a Zostera marina seagrass meadow in South Bay, Virginia. Additionally,
instrumentation was deployed across the meadow to seasonally monitor corresponding
changes in wave height across the seagrass meadow. Results show that wave height
was reduced by 25–49% compared to an adjacent bare site, and by 13–38% compared
to an analytical model of wave attenuation over an unvegetated seafloor with the same
bathymetry. The greatest attenuation of wave height occurred during the spring and
summer when seagrass biomass was greatest, while the lowest attenuation occurred in
winter, corresponding to periods of minimal seagrass biomass. Significant wave height
attenuation coefficients, αw , calculated for the meadow ranged from αw = 0.49 in spring
to 0.19 during winter, but were highly dependent on wave conditions, with greater
αw for larger wave heights and longer period waves. Within the seagrass meadow
during summer, the highest measured bed shear stress was τbed = 0.034 ± 0.022 Pa,
which occurred during peak wave conditions. This suggests that during high biomass
conditions, the bed shear stress rarely exceeds the critical bed shear, τcrit = 0.04 Pa
necessary to initiate sediment resuspension. This is in contrast to the bare site which
showed elevated values of τbed above the critical threshold across all seasons. These
findings suggest the seagrass meadow does exert significant control over both wave
heights and the hydrodynamic conditions at the sediment-water interface, and this
control is due to the attenuation of wave motion by drag induced from the seagrass
over the expanse of the meadow.
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INTRODUCTION

to interactions with the seafloor or with the seagrass blades
themselves, therefore integrated drag through the water column
must be taken in to account (Nepf, 1999). The relative magnitude
of CD can be impacted by the incident wave and current forcing,
the characteristics of the seagrass canopy, and morphology and
flexibility of the individual blades (Houser et al., 2015). CD for a
given canopy can range up to an order of magnitude or more due
to variations in Reynolds number of the mean flow and KeuglanCarpenter number of the oscillatory flow (Bradley and Houser,
2009; Zeller et al., 2014).
Although CD is an important measure of the integrated drag
by the canopy of the flow, often it is advantageous to determine
canopy effects solely on the wave climate through a separate
wave attenuation parameter. Wave attenuation, αw , is typically
calculated using the change in wave height or wave velocities
measured at two or more locations along the direction of wave
propagation. This method was first explored using wave height
decay by Bretschneider (1954) and revised by Bretschneider
(1958) for wind waves in shallow water with impermeable
sediment, and has been applied to a variety of settings (Mazda
et al., 1997; Quartel et al., 2007). Lowe et al. (2007) also calculated
wave attenuation by comparing wave velocity spectra above
and within a canopy. Using a similar method, Paul and Amos
(2011) determined wave attenuation by comparing differences
in wave spectra horizontally across a meadow. These methods
are different in that the Bretschneider (1954) approach only
considers energy dissipation across the mean of the highest 1/3
of the waves (the significant wave height), whereas Lowe et al.
(2007) calculates the total energy dissipation across the entire
wave spectra. However, it is the largest waves that are often
most relevant to coastal erosion, so although only calculating
energy loss at the significant wave frequency is a less complete
measurement of attenuation, it may be a more practical metric
for use in numerical models and to understand the dominant
physical processes causing sediment resuspension, etc.
Over the past few decades, numerous field and laboratory
studies have been performed to determine the effects of
vegetation on wave attenuation. In a field study in a Florida
bay, Bradley and Houser (2009) measured changes in wave
height across a seagrass meadow using a linear array of pressure
sensors. Wave height decayed at an exponential rate once within
the meadow, with a total decrease of 30% across the 39 m
transect. Dissipation was not uniform across all frequencies
of wave motion; seagrasses acted as a low-pass filter for wave
attenuation by selectively removing high frequency motions
due to the slower oscillations of the seagrass blades. In flume
studies, Fonseca and Cahalan (1992) compared attenuation of
wave energy by four different seagrass species including Zostera
marina over a 1 m section in a flume, and found an average wave
energy reduction of 40% per meter of seagrass when the blade
length was approximately equal to the water depth. The relation
between leaf length and water depth was found to be the most
important parameter for all four species studied. In another flume
study, Paul et al. (2012) determined that seagrasses were less
effective at attenuating wave energy in combined wave-current
environments compared to environments with waves alone. Paul

Coastal waters in which seagrasses exist often experience complex
hydrodynamics containing both wind-driven wave motions and
tide-driven currents. Seagrass beds have been shown to attenuate
both oscillatory flows (Fonseca and Cahalan, 1992; Luhar et al.,
2017) and current velocities (Koch and Gust, 1999; Lacy and
Wyllie-Echeverria, 2011), impacting the flow structure above
and within the canopy. Seagrasses are typically light limited,
so their range and productivity is restricted by both the depth
and clarity of the water column (Carr et al., 2016). Seagrasses
reduce suspension of sediment due to the stabilizing effect
of root structure and flow modification caused by the plant
structure (Gacia and Duarte, 2001; Hansen and Reidenbach,
2013), creating a positive feedback loop that increases the light
available at the sea floor and promotes primary productivity
(Carr et al., 2010). Therefore, understanding flow within a
combined wave-current boundary layer is critical to estimating
local bed shear stress, which influences sediment suspension and
light attenuation, which ultimately alters seagrass productivity
and the ecosystem services provided by a healthy seagrass
meadow.
Flow conditions adjacent to the sediment-water interface
have the greatest implication for sediment suspension. Sediment
grains are mobilized when the bed shear stress acting on a
grain surpasses the critical shear stress necessary to initiate
the grain’s motion. Shear stress is a tangential force imparted
to the sea floor by velocity gradients found in the boundary
layer of the overlying water. As a result, the bottom boundary
layer in shallow coastal waters is a combination of a thin wave
boundary layer superimposed over a well-developed current
boundary layer that may be orders of magnitude thicker (Grant
and Madsen, 1979). This interaction between waves and currents
is nonlinear, and the shear stresses created at the seafloor can be
dramatically different than those expected under either condition
independently (Jing and Ridd, 1996). For waves generated within
fetch-limited shallow coastal bays, the magnitude of wave orbital
motions decrease with depth and the amount of wave energy that
reaches the seafloor depends on the wave height, wave period, and
water depth (Chen et al., 2007; Fagherazzi and Wiberg, 2009) as
well as the structure and density of vegetation (Zeller et al., 2014;
Weitzman et al., 2015; Hansen and Reidenbach, 2017).
Drag is fundamentally a process of removing energy from a
flow. The bulk drag coefficient (CD ) is a dimensionless measure
of the resistance of an object to mean flow (Denny, 1988). This
drag coefficient can be calculated in pure current environments
(Rippeth et al., 2002) as well as in environments with waves and
currents (Bricker et al., 2005), however is defined as a measure
of momentum attenuation, and is not a measure of wave height
reduction. In coastal environments, CD is often estimated as
the amount of energy dissipation caused by flow interaction
with the seafloor, and historically has been computed from
estimates of the bed shear velocity, u∗ , through quantification
of the mean velocity profile, turbulent Reynolds stresses, or rate
of turbulent kinetic energy dissipation (e.g., Reidenbach et al.,
2006). Due to the presence of vegetation, this drag can be due
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the restored seagrass meadow, named North, Center, and South
sites, which were in an array spaced approximately 1 km apart
(Figure 1). The fourth site was in a bare (unvegetated) portion
of the bay adjacent to the meadow, approximately 0.5 km west of
the Center site. Mean water depths at the four sites were North
(1.21 m), Center (1.00 m), South (1.16 m), and bare (0.94 m). The
fetch length at each site varied depending on wind angle due to
the location of the marsh and barrier island system. South Bay
is long and narrow, oriented with the long axis in a north to
south direction, where the north and south fetch lengths were the
longest (7.5 km), while east and west fetch lengths were typically
between 1 and 2 km.

et al. (2012) suggest that the reduction in attenuation in wavecurrent environments is a combination of decreased frontal area
as seagrass blades are flattened by the current and a reduction
in the amount of wave energy transferred to blade motion as
individual blade are prevented from swaying with wave orbital
motion in the presence of a strong current.
Within a shallow coastal bay in Virginia United States, Hansen
and Reidenbach (2012) compared flow between vegetated sites of
varying density at points above and below the seagrass canopy to
assess the effect of seagrass on wave orbital motion, turbulence
and sediment suspension. The seagrass canopy was found to
reduce flow velocity, turbulence, and wave orbital velocities
compared to measurements above the canopy. Significant wave
heights were also observed to be lower compared to an adjacent
unvegetated site. Hansen and Reidenbach (2013) continued this
work with a seasonal comparison of hydrodynamics between a
bare and vegetated site, and found that wave heights were reduced
at the vegetated site in all seasons; however, wave orbital motions
were still able to penetrate vertically through the canopy and
induce bottom shear stress. However, no direct measurements of
wave-current interactions within the fluid layer adjacent to the
seafloor have yet been made within a seagrass meadow.
To determine the effects of a seagrass meadow on wave
attenuation and wave-current interactions at the sediment-water
interface, the same Z. marina meadow in South Bay, Virginia, was
monitored seasonally across a 20-month time period. The two
specific questions that are addressed are:

Data Collection
Hydrodynamics were measured at the four sites (North,
Center, South, and bare) and a seasonal sampling regime
was implemented between October 2011 and July 2013 to
assess the impact of morphological changes of the seagrass
on the meadow scale hydrodynamics. Wave motions were
recorded simultaneously at each site using wave gauges (Richard
Branker Research© TWR-1050), which were programmed to
measure pressure in bursts of 1024 samples at 4 Hz every
10 min. These 1,024 samples were averaged to compute mean
tidal height every 10 min. Significant wave height, the mean
wave height of the highest third of waves, was determined
from pressure data using spectral analysis (Wiberg and
Sherwood, 2008). Wave gauge pressure data was corrected for
atmospheric pressure fluctuations using measurements recorded
at the nearby Wachapreague National Oceanographic and
Atmospheric Administration (NOAA) meteorological station.
Meteorological and wave data collected for this study is publicly
available on the Virginia Coast Reserve, Long Term Ecological
Research Data Repository (Thomas and Reidenbach, 2015; Porter
et al., 2018).
Adjacent to the sediment-water interface, high resolution
velocity profiles were recorded using a Nortek© Vectrino II
acoustic Doppler profiler. Data were collected during July 2012
and July 2013 at the center seagrass site, and during July 2012,
October 2012, and July 2013 at the bare site. The Vectrino profiler
recorded velocity data over a 30 mm profile at 1 mm resolution
at a rate of 20 Hz. Doppler pulses are emitted from a center
transmitter and received by four passive transducers angled 30◦
toward the center, resulting in a sample volume 40–70 mm from
the center transmitter. This high spatial and temporal resolution
allowed for the resolution of wave and turbulence motions. The
Vectrino profiler was positioned to record velocity measurements
directly adjacent to the sediment-water interface to capture
water motions associated with wave-current boundary layer
development. To ensure measurements adjacent to the sediment
were included in the data set, several bins were positioned below
the interface, and the signal to noise ratio (SNR) was used to
indicate the location of the bottom. If necessary, seagrass was
removed from directly beneath the probe at the vegetated site
to prevent blade interference. Velocity profiles were first rotated
into the direction of the mean flow, using an average of the
rotation required for the top three points. Each raw data record
was then analyzed to see if the SNR and percent correlation

1. How does seagrass modify wave characteristics, including
wave height and period, as waves propagate across a meadow?
2. How does seagrass alter wave-current boundary layer
development and bed shear stress compared to an unvegetated
(bare) site?

MATERIALS AND METHODS
Study Area
Research was conducted in South Bay, a shallow coastal lagoon
located within the Virginia Coast Reserve Long Term Ecological
Research site (VCR LTER) on the Delmarva Peninsula, Virginia
(Figure 1). The VCR LTER consists of a system of barrier islands,
lagoons, and salt marshes which are strongly influenced by
semidiurnal tidal variations. Mean water depth in South Bay
is 1.0 m, with an average tidal amplitude of 0.6 m, with winds
primarily from the SSE-SSW and N-NE (Fagherazzi and Wiberg,
2009). Waves in the bay are primarily wind driven, as the barrier
island system blocks larger ocean swell from propagating further
inland.
The dominant vegetation in South Bay is the seagrass
(eelgrass) Z. marina. Seagrasses, once a dominant feature in the
coastal bays of the Delmarva Peninsula, disappeared in the 1930’s
due to a combination of a pandemic wasting disease and the
1933 Chesapeake-Potomac hurricane. South Bay was a site of
eelgrass restoration that was reseeded with Z. marina from 2001–
2005. As of summer 2010, the reseeded patches in South Bay
had coalesced and grown to a meadow encompassing >6 km2
(Orth et al., 2012). Three sites were chosen for the study within
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FIGURE 1 | (A) Location of study area off-shore of the Delmarva Peninsula, Virginia. Seagrass study site is in South Bay, indicated in the black box. Color-map shows
the land elevation and bathymetry of the Delmarva Peninsula relative to the North American Vertical Datum of 1988 (NAVD88). (B) Site locations within South Bay,
superimposed on an aerial photograph modified from Orth et al. (2012). The extent of the seagrass meadow as of 2010 is indicated by the area within the white line.

averaged across the 10-min record exceeded 20 dB and 80%,
respectively, the recommended limits for velocity measurements.
If these conditions were met, the raw data were used to compute
velocity, wave, and turbulence statistics. In general, velocity data
within approximately 5 mm from the seafloor did not meet these
conditions, and therefore were not used in the analysis.

TABLE 1 | Seasonal morphometric data summarizing characteristics of Z. marina
meadow in South Bay, Virginia across five sampling periods from April 2012
through July 2013.

April 2012
July 2012

Seagrass Morphology and Biomass

October 2012

Physical characteristics of the Z. marina bed (shoot density,
blade length and width) were measured during each deployment
at the Center site, which was considered representative of the
established meadow area (Table 1). Density was determined in
situ via 0.25 m2 shoot counts, and shoots were brought to the
laboratory to measure length and width. Lengths and widths were
recorded for the longest three blades per shoot. The meadow was
most dense with the longest and widest blades during the summer
for both years sampled, with values that peaked during July 2013
with a density of 411 ± 33 shoots m−2 and were lowest during
January 2012 at 100 ± 36 shoots m−2 . Summertime aboveground
seagrass biomass has been measured in the South Bay seagrass
meadow annually since 2009 (McGlathery, 2017), and was 107 ±
19 g m−2 in 2012 and 173 ± 52 g m−2 in 2013.

January 2013
July 2013

Blade width
(cm)

27 ± 10

0.31 ± 0.05

140 ± 25

23 ± 5

0.25 ± 0.05

115 ± 30

47 ± 7

19 ± 4

53 ± 8

0.38 ± 0.06

0.21 ± 0.04

0.41 ± 0.03

Density
(shoots/m2 )

347 ± 73

100 ± 36

411 ± 33

Density was determined as number of shoots per 0.0625 m2 (25 cm by 25 cm) quadrat.
Values presented below are mean ±1 SD. In each season, 10 randomly placed quadrats
were measured.

the bare site. The second was through calculation of a wave
attenuation coefficient (αw ) for attenuation of significant wave
heights as waves propagated across the meadow, while the third
was comparisons of wave heights at specific locations within the
seagrass meadow to predicted wave heights using the commonly
applied Young and Verhagen (1996) wave height model.
Wave data were first filtered to include only sampling periods
during which the wind direction was nearly parallel to a line
between the sites and significant wave heights were >3 cm.
Because waves in South Bay are wind driven, wind direction
can be used as an approximation for the direction of wave
propagation. A range of 45◦ (22.5◦ to either side of the direction
between two sites) was used in the filter to provide adequate

Wave Attenuation
The effects of the seagrass meadow on wave development were
made in three different ways. The first was by directly comparing
the significant wave height at the Center site within the seagrass
meadow to significant wave height measured simultaneously at

Frontiers in Marine Science | www.frontiersin.org

Blade length
(cm)

4

October 2018 | Volume 5 | Article 397

Reidenbach and Thomas

Wave Attenuation in Seagrass

data for analysis of attenuation. After preliminary analysis,
significantly lower wave heights were measured at the South site
compared to the other two sites during periods when winds were
blowing from the south. The South site has limited fetch for south
winds with a distance of approximately 1 to 1.5 km. As a result
of these short fetch lengths, waves are not fully developed when
they reach the South site, and the processes of wave growth due to
wind energy and decay due to seagrass induced drag compete in
a way that cannot be easily predicted. Due to this limitation, only
data for time periods of north winds (blowing north to south) was
used in the computation of wave attenuation.
A wave attenuation coefficient, αw , was calculated using the
formulation from Bretschneider (1954) for waves propagating
across an impermeable bottom with constant depth and no
refraction:

−1
fH1 φf 1x
H2 = H1
+
1
(1)
Ks T 4

model (abbreviated as YV) uses semi-empirical relationships that
relate fetch length, wind velocity, and water depth to significant
wave height and peak wave period. This commonly applied
fetch-limited, finite-depth model was calibrated for fine-grained,
cohesive mud within a 1–2 m depth shallow lake, and therefore is
a good approximation for the sediment and physical conditions
in South Bay in the absence of vegetation. In addition, this model
has been previously validated for use in the coastal bay system
of the VCR (Mariotti and Fagherazzi, 2013b; Mcloughlin et al.,
2015). The significant wave Hs and peak wave period Tp were
computed as:


0.87
B1
gHs
= 0.2413 tanh A1 tanh
tanh A1
(Uwind )2


0.37
gTp
B2
= 7.518 tanh A2 tanh
Uwind
tanh A2

(2)

where L is the wavelength and h is the water depth. Bretschneider
(1954) describe f as a dimensionless “calibrated friction factor”
which describes the reduction in wave height caused by bottom
characteristics. This friction factor, f, can be rewritten as a
measure of wave induced drag (Mazda et al., 1997), αw , where
Equation 1 then becomes:
H2
=
H1

1
1+

π 5K2
√ s ∗ αw H1 1x
2g 2 T 4

−3

sinh 2πh
L

(3)

This method estimates flow resistance across the entire height
of the plant structure as bottom friction. Equation 3 can be
simplified for South Bay by setting the shoaling factor (Ks )
equal to 1 because South Bay is roughly a constant depth (with
mean water depths ranging between 1.0 and 1.2 m) and does not
typically induce wave shoaling. Solving for αw :


√ 4 sinh 2πh 3 

2
L
g 2T
H1
αw =
∗
∗
−
1
π5
H1 1x
H2

=

Hs, model − Hs, observed
 ∗100
Percent Difference = 
(Hs, model + Hs, observed )

(7)

2

Positive values indicate that the modeled wave heights predicted
over an unvegetated seafloor were greater than the in situ
observations of wave heights measured in the presence of
seagrass. Modeled data was also computed and compared to
observed wave heights measured at the bare site. In addition,
Equation 7 was used to quantify the percent difference in
observed wave heights measured simultaneously at the seagrass
and bare sites to determine in situ values of wave height
reduction.

(4)

Mazda et al. (1997) called this αw parameter a coefficient of drag
(CD ), however in mixed wave-current dominated systems, it is
not a true measure of integrated drag on the flow, but only the
effects of the frictional resistance on waves. We therefore use αw
to indicate this parameter is solely a function of wave activity.
A wave height model, created by Young and Verhagen
(1996), was applied to predict wave heights within South Bay
assuming no seagrass is present. The Young and Verhagen (1996)
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0.75
0.493 gh/ [Uwind ]2
, B1 = 3.13 ×
1.01

0.57
2
−3
, and
, A2 = 0.331 gh/ [Uwind ]2
10
gχ/ [Uwind ]

2 0.73
−4
B2 = 5.215 × 10
gχ/ [Uwind ]
, where h is the depth,
χ is the fetch, and Uwind is the reference wind speed. Fetch
was determined from aerial photographs of the VCR LTER
bays, wind velocity and direction were determined from the
Wachapreague NOAA meteorological station, and water depth
was determined from the wave gages following the atmospheric
pressure correction. The model output, assuming no seagrass was
present, was then compared to field data collected within the
seagrass site to determine the effects of the seagrass meadow on
wave attenuation. Model output was also compared to measured
wave heights at the bare site.
Observed waves with significant wave heights below 3 cm were
filtered from the data set to reduce contamination from small
turbulent fluctuations that could artificially skew attenuation
values. Small values below this cutoff may be the result of
random non-wave motion, and are unlikely to be influenced
by bottom drag (Wiberg and Sherwood, 2008). Model outputs
were compared to observations collected in South Bay, and the
percent difference between the modeled and measured values was
calculated as follows:
with A1

where H1 and H2 are the initial and final wave heights, f is the
friction factor, 1x is the horizontal distance the wave traversed, T
is the wave period, Ks is the shoaling factor, and φf is the bottom
friction dissipation function [s4 m−2 ], defined as:
3

Ks
64π 3 


φf =
3g 2
sinh 2πh
L

(5)

Bed Shear and Friction Velocity
High resolution velocity measurements using a Nortek©
Vectrino II acoustic Doppler profiler were used to quantify
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bed shear and friction velocities at the bare and seagrass sites.
In combined wave-current flow, both waves and currents can
induce shear at the sediment-water interface. Bed shear is
often estimated in current-dominated regimes by the magnitude
of turbulent energy within the overlying boundary layer or
through quantification of the logarithmic profile of the mean flow
(Reidenbach et al., 2006). However, the presence of vegetation
often disrupts the development of a logarithmic profile within the
mean flow and alters the shear at the sediment-water interface
(Hansen and Reidenbach 2013). In addition, wave orbitals
induce large variances in the horizontal and vertical velocity
components, which mask velocity variances due to turbulence,
making it necessary to separate the wave and turbulence parts of
the signal. For wave-current flows, the components of the total
instantaneous velocity u (as well as for v and w, not shown) can
be separated via Reynolds decomposition according to:
u = u + ũ + u′

estimated kb as 3D84 , where D84 is the sediment grain diameter
(D) at which 84% of the sample is finer than D. D84 measured at
the seagrass site ranged between 151 ± 1 µm and 158 ± 3 µm,
while the unvegetated site ranged from 152 ± 4 µm to 162 ±
2 µm.

RESULTS
Wind speed for each deployment is shown in Figure 2A. Seasonal
averages ranged from 2.1 m s−1 in July 2012 to 4.8 m s−1 in
July 2013; however, the deployments captured enough variation
that all seasonal means were within one standard deviation.
The maximum 10-min averaged wind speed was 27.8 m s−1 . No
seasonal trends were apparent in the data; although the second
and third highest averages both occurred in April, possibly
indicating stormier weather and the potential for larger wave
development in the spring.
The seasonal average depth, measured at the Center site
ranged between 0.93 m in January 2013 and 1.28 m in October
2011, with a standard deviation of 0.46 and 0.42 m, respectively
(Figure 2B). A semi-diurnal tide drives the variation in water
depth in South Bay, so the standard deviation is affected by the
tidal range. At the bare site, the mean depth ranged from 0.82 m
in January 2013 to 1.19 m in October 2012. The mean depths at
the bare and seagrass sites were within one standard deviation
for all seasons, with a maximum difference of 0.11 m in the mean
seasonal values. Seasonal differences in mean water depth are a
result of weather systems; including wind or barometric pressure
variations which may force more water toward or away from the
shoreline. Seasonally averaged mean water velocities ranged from
3.5 to 7.1 cm s−1 at the seagrass site, with significantly higher
mean seasonal velocities (ANOVA, p < 0.01) at the bare site of
11.9–25.9 cm s−1 .

(8)

where u is the mean current velocity, ũ is the instantaneous wave
orbital velocity, and u′ is the instantaneous turbulent velocity.
Current, wave and turbulence perturbations were separated using
a spectral decomposition technique called the Phase method
(Bricker and Monismith, 2007), which converts the temporal
velocity record into frequency space via Fourier transformation
and isolates the wave stress using the phase lag between
horizontal and vertical components of the velocity signal. Further
details of the Phase method can be found in Bricker and
Monismith (2007) and Stocking et al. (2016).
Bed shear stress τbed was calculated using the formulation of
Wiberg and Smith (1983), defined as:
τbed =

q

τc2 + τw2

(9)

Wave Characteristics

where τc is bed shear due only to currents and τw is bed shear
due only to wave orbital motions. The current-induced bed shear
stress is estimated using near-bed turbulent kinetic energy (TKE)
outside the wave boundary layer, according to Soulsby and Dyer
(1981):
τc = 0.19ρTKE2

Waves in South Bay are primarily wind driven, with seasonally
averaged significant wave heights ranging from 0.02 m within the
seagrass bed to 0.09 m at the bare site (Figure 3A). Seasonally
averaged significant wave periods were between 1.6 and 2.4 s
(Figure 3B). The distribution of significant wave height was
highly skewed, with intermittent, large waves occurring during
storm events. Consequently, the maximum 10-min significant
wave heights for each season were much higher than the average
value, with the largest Hs across all deployments reaching 0.55 m.
In addition, significant wave height varied considerably as a
function of wind direction due to altered fetch lengths.
Average Hs was statistically lower within the seagrass meadow
compared to the bare site during all seasons (ANOVA, p <
0.01). As predicted by the seasonal mean wind values, the high
wind speeds in April 2013 and July 2013 correspond to the
largest mean significant wave heights at the bare site, however the
mean significant wave height at the vegetated site follows a trend
more aligned with the seasonal shoot density distribution, with
maximum values when densities were low. Average significant
wave period, Ts , was slightly higher at the vegetated site across
all seasons except during October 2012, although the difference
was not statistically significant. Controls on significant wave

(10)

where ρ is the density of seawater and:
TKE =

1 ′2
′
′
( u + v 2 + w 2)
2

(11)

The wave-induced contribution is parameterized using the nearbottom wave orbital velocity, uorb , computed by quantifying
motions only within the wave band of the velocity spectra
measured at z= 0.02 m above the seafloor, and a wave friction
factor fw (Jonsson, 1967):
τwave

1
= fw ρu2orb
2



uorb T
fw = 0.04
2πkb

−0.25

(12)

where ρ is the fluid density, and kb is the characteristic roughness
length (Fagherazzi and Wiberg, 2009). Lawson et al. (2007)
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FIGURE 2 | (A) Wind speed measured at the Wachapreague NOAA Meteorological station for each sampling period. Horizontal red line within the box indicates
median wind speed, lower and upper edges of the box represent the 25th and 75th percentiles respectively. Red crosses represent outliers. (B) Water depth at the
bare (blue) and center seagrass (green) sites averaged across each sampling period. Error bars indicate ±1 SD.

the degree to which wave height is attenuated by the seagrass
bed (adapted from Koch 2006). Overall, significant wave height
at the seagrass site was 51% of significant wave height at the
bare site in the summer, 59% in the fall, 75% in the winter,
and 53% in the spring. Mean water depths for these time
periods are shown in Figure 2B, which range from 0.82 to
1.18 m across seasons. Although there is seasonal variability in
the mean depths due to variability in tidal and atmospheric
forcings, within each season mean water depths at the seagrass
and bare sites are very similar. Data from the summer and fall
2012 show greater variation and therefore lower R2 -values (R2
= 0.50 and 0.60, respectively), compared to winter and spring

height include; fetch length, wind speed, water depth, and wave
attenuation, which varies as a property of meadow structure. The
fetch length, wind speed, and water depth were all statistically
similar at the bare and seagrass sites, and therefore the difference
in apparent wave properties is primarily due to the presence of
seagrass.

Wave Attenuation
Plots of significant wave height at the bare vs. vegetated site
are displayed across four consecutive seasons (Figure 4). Data
points that fall below the 1:1 line indicate wave attenuation at
the seagrass site, and the slope of the regression line represents
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FIGURE 3 | (A) Average significant wave height (±1 SE) and (B) average significant wave period (±1 SD) for the center vegetated site and nearby bare site, across 8
seasonal deployments (ranging from 14 to 19 days). Bare data is missing for October 2011–April 2012.

2013 (R2 = 0.75 and 0.70, respectively). This may be a result of
the changes in seagrass cover during the sampling period due
to growth or senescence of the seagrass. In the winter, the bed
topography of the less dense meadow matches more uniformly
with the surrounding unvegetated region, causing a line of best
fit that better matches the 1:1 line of no attenuation (R2 = 0.75,
slope = 0.75).

higher attenuation coefficients for lower frequency waves during
each season (Figures 5A,B shown for summer 2012 and winter
2013, respectively). Linear wave theory suggests that waves will
attenuate prior to reaching
the sea floor when the wave frequency
p
(f ) is greater than g/(4πh) (Wiberg and Sherwood, 2008). For
the water depths typical in South Bay (1–2 m), this relationship
suggests that waves with a frequency >0.63–0.88 s−1 , depending
on the tidal conditions, will not interact with the seafloor. This is
consistent with the decrease in attenuation coefficients observed
as wave frequencies increase, approaching αw = 0 as frequencies
surpass 0.75 s−1 (Figures 5A,B). Negative αw values for large
wave frequencies, indicate waves that were likely not interacting
with the seafloor, and therefore represent waves that were still
increasing in wave height due to wind energy input. Since winds
are continually adding energy to the waves as they propagate
across the shallow bay system, the actual wave energy dissipated

Wave Attenuation Coefficients
Attenuation coefficients for South Bay averaged across seasonal
deployments varied from αw = 0.19 to 0.49 (Table 2). The largest
seasonally averaged wave attenuation coefficients occurred in
spring, while the smallest occurred in winter when seagrass
density was lowest. However, there is large variability in
attenuation coefficients that are dependent upon the wave
environment. Plots of wave frequency vs. αw show a trend of
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FIGURE 4 | Significant wave height at the center vegetated site compared to significant wave height at the nearby bare site over four seasons (A) summer 2012, (B)
fall 2012, (C) winter 2013, and (D) spring 2013. The slope of the regression line represents the degree of wave height attenuation between these two sites, with
shallower slopes indicating greater attenuation. The regression line was fit to pass through the origin. Black line represents 1:1 slope line, indicating a case with no
attenuation between the bare and vegetated sites.

consistent across all seasons. Negative αw values for small wave
heights, similar to described above for small frequency waves,
were likely not interacting with the bottom, and therefore
represent waves that were still growing in wave height. Larger
significant wave heights generally resulted in increased wave
attenuation coefficients (Figure 6), however the scatter in these
data were greater than those of wave frequency vs. αw .
Overall, there is a strong correlation between wave period and
water depth in the seagrass meadow, as well as significant
wave height and water depth (Figure 7). In general, these
findings suggest that larger waves with longer wave periods
can form when the water is deeper, and because of this
wave orbitals penetrate deeper in to the water column and
interact with the seagrass and seafloor to a greater extent.
Although not directly computed, the wavelength, L, can be
calculated according to linear wave theory for intermediate

TABLE 2 | Seasonally averaged mean wave attenuation coefficients (± standard
error) for north winds.
Season

Spring (2012, 2013)
Summer (2012, 2013)
Fall (2011, 2012)
Winter (2012, 2013)

Attenuation coefficient,
αw

N

0.49 ± 0.04

412

0.38 ± 0.10

465

0.43 ± 0.08

301

0.19 ± 0.04

145

The years indicate when data were collected and averaged. N is number of 10-min
averaged values included in the seasonal average.

by the seafloor and seagrass canopy is likely greater than these
wave attenuation coefficients suggest.
Wave attenuation increased with water depth (Figures 5C,D
for summer 2012 and winter 2013, respectively), which was
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FIGURE 5 | Wave frequency vs. wave attenuation coefficient (αw ) for north winds during (A) summer 2012 and (B) winter 2013. Raw data are presented in green
points. Data were averaged in 0.1 Hz bins and averages were plotted along with the raw data as gray diamonds. Water depth vs. wave attenuation coefficient (αw ) for
north winds during (C) summer 2012 and (D) winter 2013. Raw data are presented as purple points. Depth data were averaged in 0.01 m bins and plotted along with
the raw data as gray diamonds. Means that had fewer than 10 data points in a bin were excluded from the plots. Error bars on the averaged data show standard error.

q
g
= 2π T 2 .
waves as: L = L∞ tanh( 2πh
L∞ ), where L∞
This relationship suggests that with increases in wave period,
waves with longer wavelengths also form in South Bay,
and therefore increased wave attenuation occurs with larger
wavelengths.

timescales when comparing modeled vs. observed wave heights
at the bare site (Figures 8A,B), when seasonally averaged the
model both over- and under- predicted wave heights within
±15% of observed values (Table 3). This suggests reasonably
good agreement and calibration of the model to wave dynamics
in South Bay given uncertainty in water depth and bathymetry
across the bare site, changes in wind direction that impact fetch
length, and the likely presence of some small amounts vegetation
at the bare site. Young and Verhagen (1996) do not report a
grain size for the sediment used to calibrate their model, but
describe the bottom as “relatively fine grained but cohesive mud”
in which “the bed is not mobile and ripples do not develop.” This
description is consistent with the fine-grained sediment in South
Bay. Utilizing the same wind speed, water depth, and fetch length
as that measured in South Bay, the difference between the model
output and the recorded significant wave height was considered

Comparison to Young and Verhagen Wave
Height Model
An empirical model developed by Young and Verhagen (1996)
was utilized to predict significant wave height in South Bay as a
function of wind speed, water depth, and fetch length, assuming
an unvegetated seafloor composed of fine-grained sediments.
Model accuracy was verified by comparing model output values
of wave height to the measured values at the bare site. Although
there is inherent variability in model performance over short
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FIGURE 6 | Significant wave height (Hs ) vs. wave attenuation coefficient (αw ) for north winds across (A) April 2012, (B) July 2012, (C) October 2012, (D) January
2013. Wave height data were averaged in 0.01 m bins and plotted along with the raw data as gray diamonds. Bins that had fewer than 10 data points were excluded.
Error bars indicate standard error.

center seagrass site. Measurements within the seagrass bed
were performed during summer 2012 and 2013 months when
the meadow was near peak biomass, with blade densities of
347 ± 73 shoots/m2 and 411 ± 33 shoots/m2 , respectively.
Bare site measurements were conducted during fall 2012 and
summer 2013. Significant wave height averages at the bare
site ranged from 0 to 0.11 m, and Hs values between 0 m and
0.08 m at the seagrass site. These wave heights were relatively
small, but encompassed the average Hs range of 0.02 to 0.09 m
observed during seasonal deployments in South Bay. Within
each deployment, data was collected over approximately 3–4 h.
However, to determine the effects of hydrodynamics on near bed
boundary layer flows, the deployments with greatest and least

to represent the wave height attenuation caused by seagrass
compared to a theoretical unvegetated site at the same physical
location (Figures 8C,D). This comparison showed wave height
attenuation caused by the seagrass of up to 44.8% at the Center
site during summer, with minimum wave height attenuation
of 12.3% during winter (Table 3). Seasonally averaged
attenuation estimates from in situ measurements, model
comparisons, and attenuation coefficients are summarized in
Table 4.

Bed Shear and Friction Velocity
Near bed velocity profiles were collected over a range of
flow conditions in nine separate deployments at the bare and
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motion by drag induced from the seagrass over the expanse of
the meadow.

DISCUSSION
This work presents several estimations of wave attenuation
induced by a temperate Z. marina meadow across a range
of seagrass density and morphologic variations. Wave height
attenuation, both comparing a vegetated site to a bare site and
comparing measured values to model predictions, showed large
seasonal variations with the largest reduction occurring during
spring and summer when the meadow was near peak density,
and the lowest reduction during the winter (Table 4). Direct
comparisons of wave heights showed reductions between 25 and
49% in the seagrass bed compared to an adjacent bare site.
Results using the Young and Verhagen (1996) model showed
similar seasonal trends, although model output consistently
estimated less attenuation within the seagrass bed than direct
in situ measurements would suggest. Seasonal estimates of wave
heights predicted over the bare site using the YV model ranged
between 12.7% lower and 14.7% greater than in situ wave heights
(Table 3), with modeled significant wave heights being on average
5% greater than those measured in situ when averaged over
annual timescales.
As expected, large variability in wave height attenuation
was found within the seagrass canopy due to the seasonal
variation in seagrass biomass, changes in water depth due to
tidal fluctuations, and high variability in fetch length in response
to changes in wind direction. Seagrass morphology varied from
a minimum blade length of 19 ± 4 cm, blade width of 0.21 ±
0.04 cm, and shoot density of 100 ± 36 blades m−2 in winter, to
peak blade length of 53 ± 8 cm, blade width of 0.41 ± 0.03 cm,
and shoot density of 411 ± 33 blades m−2 in summer. Increased
seagrass blade size and shoot density correlated directly with
increased wave attenuation across the seagrass meadow.
The distance to the top of the seagrass bed, where waves will
begin to feel drag, also decreases in the summer when the canopy
is established with longer blades. For both the unvegetated and
seagrass sites, wave
theory predicts that waves with a wave
p
frequency, f > g/(4πh) will be attenuated before reaching the
bottom (Wiberg and Sherwood, 2008). For the range of depths
found within the seagrass meadow and bare site, oscillatory
motion will generally not reach the seafloor for wave frequencies
≥1 Hz. Although high frequency waves may interact with the
vegetation, and experience drag even when the wave motions
are too small to reach the sea floor, our results (Figure 5)
suggest that wave attenuation when wave frequencies ≥1 Hz is
minor. The maximum αw value occurs at a wave frequency
of approximately 0.55 Hz for every season, corresponding to
a wave period of 1.8 s. The averaged αw value for this wave
period is as high as 1.3 during summer, and drops to 0.7 during
winter. This suggests that variability in the seagrass biomass
with season is a dominant contributor to wave attenuation.
Unlike wavelength and wave period, which provides a lengthand time-scale of a wave and results in a clear relationship
for when waves will interact with the sea floor, there is no

FIGURE 7 | (A) Significant wave period (s) vs. water depth (m) for waves with
significant wave height >5 cm and (B) significant wave height (m) vs. water
depth (m) for significant wave period <5 s. Data is from October 2012
recorded at the Center site.

measured bed shear stress were selected from both the bare and
vegetated site for further analysis (Table 5).
At the bare site, the time period with the lowest bed shear
stress, τbed = 0.019 ± 0.008 Pa, was recorded in fall 2012. This
time period coincided with essentially no wave activity, with
mean velocities across the 1 h deployment of 3.9 cm s−1 at
0.5 cm above the bed and 4.8 cm s−1 at 2.5 cm above the bed.
The time period of highest τbed = 0.07 ± 0.034 Pa occurred
at peak wave conditions with Hs = 0.11 m. The critical shear
stress for sediment resuspension in South Bay was previously
found to be√τcrit = 0.04 Pa with a D50 ≈ 63 µm and sorting
coefficient D84 /D50 ≈ 2 (Lawson et al., 2007; Fagherazzi
and Wiberg, 2009), suggesting that sediment resuspension was
actively occurring during higher wave conditions. In contrast, at
the seagrass site, the lowest measured τbed = 0.004 ± 0.003 Pa,
while the highest was τbed = 0.034 ± 0.022 Pa which occurred
during peak wave conditions of Hs =0.08 m, suggesting that at no
time during these summertime velocity measurements did the
bed shear stress exceed τcrit to initiate sediment resuspension.
These findings suggest the seagrass meadow does exert significant
control over the hydrodynamic conditions at the sediment-water
interface, and this control is due to the attenuation of wave
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FIGURE 8 | (A) Significant wave height comparison between Young and Verhagen model output (blue) and in situ observation values (red) at the unvegetated site
during April 2013. (B) Time series of percent attenuation (difference) between measured and modeled wave height at the unvegetated site. Positive attenuation
signifies modeled wave heights were greater than observed wave heights. (C) Wave height comparison between model output (blue) and observed values (red) at the
Center seagrass site during April 2013. (D) Time series of percent attenuation between measured and modeled wave height at the seagrass site.

TABLE 3 | Percent difference between observed significant wave heights and significant wave heights predicted by the Young and Verhagen (1996) model at each site for
southward blowing winds, averaged across each season.

January 2012

North site (%)

Center site (%)

South site (%)

Bare site (%)

−10.1

12.3

11.3

–

April 2012

31.0

29.9

9.6

12.9

July 2012

42.0

31.7

30.6

3.1

October 2012

29.1

22.8

6.3

11.5

January 2013

2.6

14.6

−9.5

−12.7

April 2013

53.1

43.3

21.8

−3.4

July 2013

56.5

44.8

31.3

14.7

theoretical relationship between wave height and when a wave
of a certain height will experience bottom drag. However, there
are theoretical limits to wave steepness, which define a maximum
wave height for any given wave period (Dean and Dalrymple,
1991).
The relationship between water depth and wave attenuation
coefficient first appears counterintuitive, showing an increase
in αw at greater depths (Figure 5). Since waves in South Bay
are locally generated, wave development is controlled by a
combination of water depth, wind speed, and fetch length
(Young and Verhagen, 1996). The shallow water depth essentially
limits the development of large waves, causing overall smaller
significant wave heights and wave periods at low tides, with
relatively larger waves formed during high tide or during storm
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events when storm surge increases water depths. During these
periods of increased water depths, longer period waves are
formed which can then interact with the seafloor and seagrass,
causing greater attenuation coefficients. Although attenuation
coefficients were estimated only for significant wave height
and period, there is a range of wave heights and frequencies
formed at any given time within coastal bay system. Results
of Bradley and Houser (2009) found that seagrasses serve as
a low-pass filter, where higher frequencies in the spectra tend
to be more attenuated. Their results suggest that the rate
of energy dissipation is not uniform over a range of wave
frequencies, and waves at higher frequencies are attenuated,
but waves at lower frequencies are less affected by the
seagrass.
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Velocity measurements adjacent to the sediment-water
interface showed substantial reduction in bed shear stresses
within the seagrass meadow compared to the bare site. Within the
bare site, τbed ranged from 0.019 to 0.07, while in the seagrass bed
τbed ranged from 0.004 to 0.034 Pa. The critical stress threshold
to initiate sediment resuspension was found to be τbed = 0.04 Pa
(Lawson et al., 2007), suggesting that during summer, the seagrass
canopy limits sediment from being suspended, although these
measurements occurred over a limited time frame. The relative
reduction of wave orbital motion caused by the canopy can be
estimated using the ratio of wave orbital excursion length (A)
to blade spacing (S), where A = uorb /ω, ω = 2π/T, and S as
the characteristic spacing between shoots (Lowe et al., 2005). For
A/S >1 orbital attenuation within the canopy is expected to be
significant. Utilizing blade density and average blade width, blade
spacing of the seagrass bed ranges from S = 8.2 cm in winter
to 4.5 cm in summer, giving approximate estimates of A/S =
0.1 in winter to 0.2 in summer, assuming wave periods of T =
1.5 s and uorb = 2.9 cm s−1 (Table 5). This indicates that orbital
motions are not significantly altered due to direct interaction
with the seagrass blades and oscillatory water motion is able to
effectively penetrate the seagrass canopy, even though tidallydriven flows may be damped. This finding is similar to laboratory
measurements within a model Z. marina meadow (Luhar et al.,
2010), where it was found that unidirectional flows were reduced
within the meadow but in-canopy orbital velocities were not
significantly altered.
Complex bathymetry within the coastal bay and barrier island
system provided a wide variety of fetch lengths to consider. Due
to this variability, only north winds within a 45◦ wind range
around true north were analyzed. The Young and Verhagen

(1996) model predicted wave heights greater than those measured
within the seagrass meadow during all seasons, indicating that
actual wave heights were reduced compared to estimates of
wave heights that would occur across an unvegetated South Bay.
Although of comparable magnitude, direct in situ measurements
of reductions in significant wave heights compared to the bare
site were greater than wave height reductions compared to
estimates from YV model predictions (Table 3). This deviation
between in situ and modeled wave heights was consistent
across seasons. Wave heights measured within the seagrass
bed during winter were closest to YV model results, with an
average reduction of 13%. This also corresponded with the lowest
measured meadow density was lowest.
Overall, the YV model predicted wave heights that were
within ±15% of those directly measured at the bare site in
South Bay. Variations in model output compared to direct in
situ measurements of wave height could be the result of multiple
influences, including the coarseness of fetch distances input to
the model, discrepancies in the magnitude of winds that occurred
over South Bay from measured winds, or due to variations in
sediment properties. Mariotti and Fagherazzi (2013a) found that
the Young and Verhagen (1996) model under-predicted wave
heights in a study in Willapa Bay, Washington. They attributed
this to an underestimation of fetch-limited wave growth to
the smooth mud substrate in the bay, which they hypothesize
induced less drag on the flow than the sediment used in the
formulation of the YV model. They found that a low friction
coefficient for the sediment was necessary to match the observed
wave dynamics. This highlights the importance of drag on wave
attenuation, as even small differences in sediment characteristics
can have a measurable effect on wave height, even in the absence
of vegetation. Young and Verhagen (1996) do not report a grain
size for the sediment used to calibrate the model, but describe the
bottom as fine grained but cohesive mud. While the sediment in
South Bay is fine-grained (Hansen and Reidenbach, 2012), it may
not be as cohesive, as it was easily resuspended. This discrepancy
could result in higher bottom friction in South Bay, and would
explain wave height over-prediction by the model.

TABLE 4 | Summary of average attenuation statistics.
Percent Hs reduction
compared to bare
site (%)

Percent Hs reduction
compared to YV
model (%)

αw

Spring

47

37

Summer

49

38

0.49 ± 0.04

Fall

41

23

Winter

25

13

0.43 ± 0.08

CONCLUSION

0.38 ± 0.10

0.19 ± 0.04

A seagrass canopy within a shallow coastal bay was found
to have a large impact on wave development, which varied
seasonally in response to seagrass morphology and density.
Although the largest wave attenuation compared to an adjacent

Multiple seasons were sampled, however values from different years are averaged
together to determine representative seasonal statistics. For consistency, both in situ and
YV model average attenuation are computed at the Center seagrass site. αw is listed as
mean ± standard error.

TABLE 5 | Wave properties and environmental conditions for Vectrino profiler deployments with lowest and highest wave activity at the bare and vegetated site.
Date

Temp (◦ C)

Depth (m)

Hs (m)

Hmax (m)

Ts (s)

u @ 2.5 cm (cm s−1 )

u @ 0.5 cm (cm s−1 )

uorb (cm s−1 )

τbed (Pa)

BARE
Oct 14, 2012

17.1

0.93

0.006

0.015

1.65

4.8

3.9

0

Jul 01, 2013

24.9

0.61

0.114

0.191

1.48

16.0

12.5

5.7

0.070 ± 0.034

Jul 13, 2012

26.3

0.71

0.001

0.002

2.18

0.6

0.4

0.2

Jul 24, 2012

29.1

0.85

0.077

0.149

1.50

4.4

3.0

2.9

0.004 ± 0.003

VEGETATED

0.019 ± 0.008

0.034 ± 0.022

Temperature, water depth, Hs , Hmax , and Ts data were obtained from wave gages, while velocities and τbed (±1 standard deviation) were obtained from the Vectrino profiler.
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orbitals should be locally unaffected by the seagrass blades,
with waves being able to penetrate through the canopy. Since
substantial net attenuation of wave energy as waves propagate
across the meadow was found, this suggests that the integrated
meadow-scale fluid drag controls the apparent decrease in bed
shear within seagrass meadows compared to an unvegetated
seafloor.

bare site occurred in summer when seagrass biomass was
greatest, the largest wave attenuation coefficient, measured as
wave decay as waves propagated across the seagrass canopy,
occurred in spring, with αw = 0.49. This discrepancy is likely
due to the large impact that physical conditions, including
water depth and wind magnitude, has on wave development
and attenuation and signifies that a single mean attenuation
coefficient should be used with caution. αw is highly variable
with respect to water depth, wind speed, and seagrass biomass.
During summer, Hansen and Reidenbach (2012) found a 45–
70% reduction in wave height between a seagrass meadow and
an unvegetated region in South Bay, with sites ranging from a
seagrass density of 150 ± 80 shoots m−2 to 570 ± 70 shoots
m−2 . The average reduction in wave height compared to a bare
site of ∼50% for this study falls into this range, with summer
densities of 347 ± 73 and 411 ± 33 shoots m−2 . Comparing
a wide range of wave conditions, bed shear stresses measured
at the sediment water interface were statistically lower at the
vegetated compared to the unvegetated site, even though scaling
of wave motions in the presence of seagrass suggest that wave
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