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Abstract

Living shorelines combine structural and natural elements to mitigate coastal erosion and flood hazards by dissipating waves
while providing habitat. Despite growing interest in these features, the efficiency of living shorelines in wave attenuation
has not been investigated well yet. In this study, we measure the effectiveness of a marsh + stone sill feature and an array of
oyster reef balls in dissipating wave energy. The two features are located along the same shoreline in a small, sheltered bay
along the Lafayette River in the City of Norfolk, Virginia. This low-energy environment represents the typical condition
where living shorelines are proposed as viable shore protection measures. The site was selected due to proximity of the two
features which subjected them to the same wave conditions. Pressure sensors were deployed around the features for 27 days
in September and October of 2019. A spectral analysis was performed to quantify energy loss across wave frequencies. The
maximum significant wave height was 9 cm which was driven by dominant wind speed of 2—4 m/s coming from southwest.
The tidal range was small (0.8 m) and caused the marsh sill and reef balls to be submerged 28% and 94% of the deployment
time, respectively. Wave attenuation was dependent on the ratio of the significant wave height to the freeboard above structure
crest (R). The threshold of 0.625 was defined to separate the results to conditions where structural features were submerged
and were emergent or barely submerged. For R > 0.625, the marsh + stone sill and oyster reef balls attenuated waves by 40%
and 13%, respectively. Both features were equally inefficient in attenuating waves if freeboard was large such that only 7%
reduction in significant wave height was observed. Accounting for wave shoaling and depth-induced breaking around the
marsh + stone sill shows that the stone sill is responsible for 27% of the observed wave dissipation. This study can inform
coastal engineers and managers on selection of suitable living shoreline design alternatives.

Keywords Wave dissipation - Spectral analysis - Shoreline stabilization - Marsh-stone sill - Oyster reef balls - Living
shorelines

Introduction Emanuel 2013) giving beaches less time to restore on their

own. Adaptation strategies are developed to prepare for these

Beaches have a natural equilibrium, meaning that they nat-
urally adjust their profile at a seasonal time scale to pro-
vide the most efficient dissipation of the incoming ocean
energy. However, due to climate change, storms are likely
to happen more frequently with increased intensity (e.g.,
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extreme storms. A common approach has been to use struc-
tural systems that provide physical barriers such as sea walls
or dikes to stabilize the shoreline. However, in recent years,
strategies have shifted to incorporate natural elements like
vegetation, oyster reefs, or sand dunes. Thus, nature-based
adaptation can constitute wetland or dune restoration or
implementation of hybrid features that combine structural
and natural elements. These hybrid features, also called liv-
ing shorelines, have used a variety of designs. A common
design includes low-crested breakwaters as the structural
component which primarily attenuates wave energy and
protects the shoreline from erosion and wetland vegetation
or submerged aquatic vegetation which acts to stabilize
sediments and provide habitat for wildlife. Oyster reefs are
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another example of living shorelines which have been widely
used due to their ecosystem services in stabilizing or revers-
ing shoreline erosion (e.g., Meyer et al. 1997; Scyphers et al.
2011; Wiberg et al. 2019) and enhancing water quality and
economic productivity (e.g., Coen et al. 2007). In addition to
ecosystem benefits, living shorelines sequester carbon away
from the atmosphere, potentially making this approach to
coastal resilience beneficial for mitigating climate change
(Davis et al. 2015).

Living shorelines change coastal hydrodynamics in their
vicinity (Whitman and Reidenbach 2012; Wiberg et al.
2019; Safak et al. 2020; Zhu et al. 2020), and predicting
their success requires a detailed understanding of the flow
and sediment processes around them. Nearshore waves are
the main drivers of erosion in coastal and estuarine envi-
ronments (Marani et al. 2011; Moller et al. 2014; Leonardi
et al. 2016). Wave spectra undergo substantial change in
interactions with coastal structures and bathymetry in shal-
low water. As waves propagate toward the shoreline, wave
height transforms due to shoaling, refraction, breaking,
reflection from beach slopes and structures, and diffraction
(e.g., Dean and Dalrymple 2004). Increase in wave height
due to shoaling in shallow waters pushes them to breaking
which results in energy loss and subsequent reduction in
wave height. Coastal structures also dissipate wave energy
as waves break on structure slopes or as within or above
the porous structures. Therefore, quantifying spectral wave
attenuation by living shorelines is critical to predict their
performance and will help develop optimal designs where
desired coastal protection is achieved, while ecological func-
tions are permitted through implementation of natural ele-
ments and sufficient land—water connectivity.

Despite growing interest for living shorelines as a sus-
tainable coastal protection strategy, there have been a few
studies that have quantified wave attenuation by these fea-
tures. Wiberg et al. (2019) studied wave dissipation by four
restored oyster reefs in the Eastern Shore of Virginia. They
related reduction in wave height across oyster reefs to water
depth above reef crests and reported that wave dissipation
decreases with increase in the free board over the reef crest.
Specifically, as water level was about the same as the reef
crests, waves lost 30-50% of their height, while in higher
tides where water depth was up to 0.25 m higher than reef
crest, wave height was decreased by 0-20%. Wave height
was reduced less than 10% for water depths higher than this
threshold. In a similar study, Zhu et al. (2020) measured
wave dissipation by constructed oyster reefs in upper Dela-
ware Bay, New Jersey. Using spectral analysis, they find that
the ratio of the freeboard to incoming wave height is a criti-
cal factor such that wave dissipation intensifies as freeboard
increases beyond 1.6 times the incoming spectral significant
wave height. This study also shows that long swell waves do
not experience dissipation by these oyster reefs. Similarly,
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Safak et al. (2020) show that wave dissipation decreases as
water level increases with respect to the two nature-based
breakwalls examined in their study, while the more porous
breakwall induced smaller wave dissipation. Each of these
studies investigated a single type of living shoreline. To the
best of our knowledge, there is no published work that com-
pares the wave attenuation between different living shore-
lines in the same wave climate.

Our study was motivated by the question of how different
living shorelines attenuate waves once subjected to the same
wave conditions. We identified a study site where a marsh
sills and an array of oyster reef balls, referred to as ORB
hereafter, were implemented along the same shoreline. A
marsh + stone sill, referred to as MSS hereafter, is composed
of a low elevation stone structure that can dissipate low to
medium wave energy. The shoreline behind the sill is filled
with sediment and planted to stabilize the reclaimed land.
ORBs function similar to low-crested stone breakwaters and
are suitable for low to medium wave energy setting but are
designed to attract and grow oysters. Marsh sills are the most
widely implemented living shoreline type in Virginia, and
there is a growing interest in oyster reefs for the State’s riv-
ers and coastal bays due to oyster’s substantial capacity for
enhancing water quality (Kellogg et al. 2013). In this study,
we measured waves at both sides of these features and quan-
tified spectral wave dissipation by each. The results of this
study could inform future decisions on implementation of
these features as shoreline management strategies.

Methods
Study Area

The living shorelines explored in this study were located
on the Lafayette River in Norfolk, Virginia. Around 40% of
Norfolk’s residents live along this river. The study site was
located along the coast of the Heritage Museum and Gar-
dens and within the area where two living shoreline types,
MSS and ORBs, were implemented. In 2010, 40 ORBs were
placed in the study area along the shoreline as a larger effort
to restore oyster habitat in the Lafayette River and protect the
shoreline against erosion. Subsequently, in 2018, the Lafay-
ette River became the first river in Virginia to meet oyster
habitat restoration goals, and these efforts have revitalized
80 acres of oyster reefs on the river (Chesapeake Bay
Foundation 2017). The Lafayette River is tidally influenced
by the Elizabeth River. The ORBs have a height of 18 inches
and a two-foot diameter and were placed six feet from the
shoreline. The crest height of the ORBs was 0.45 mabove the
riverbed and only 2 cm above MSL. The MSS project in the
study area was funded by the National Oceanic and Atmos-
pheric Administration (NOAA Habitat Blueprint) and entailed
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Fig. 1 a Map of the East Coast
of the USA indicating the

study area in Norfolk, VA (red
rectangle), b location of the
living shorelines and the nearby
NOAA tide and meteorological
stations, and ¢ layout of wave
sensor deployment from Sep- NoRTH
tember 23 to October 18, 2019.
Sensor R1 and R2 were around
the marsh sill and R3 and R4 at
around the reef balls which are
indicated as a black dotted line
(Source: Google Maps)
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restoration of 0.5 acre of wetlands and implementation of
MSS along 300 ft of shoreline. Figure 1 shows a map indicat-
ing the geographical location of the study area and location
of the wave gages. The crest height of MSS was measured to
be approximately 1 m. The MSS crest was 0.58 m above the
MSL. Figure 1c shows the layout of the deployment.

Figure 2 shows the pictures of the MSS and the ORBs
in the study site during a low tide. The tide in the study

Fig.2 a Marshsill and b
oyster reef balls at the study
site in Lafayette River, Norfolk,
Virginia
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area was semi-diurnal, and its amplitude ranged from 0.12
to 0.91 m during the deployment time. Both structures were
submerged during high tide and exposed during low tide
although the ORBs were submerged more frequently due
to lower crest elevation. The structures were in proximity
(~20 m apart) and thus were impacted by nearly the same
water level and wave conditions. Figure 2 shows these
two features at the study site during a low tide. Four RBR
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SoloDIWave pressure sensors were deployed at the river-
bed around the structures from September 23 to October
18, 2019. The distance from the offshore and onshore gages
at both MSS and ORB was nearly 1 m (Fig. 1c). Due to the
curvature of the shoreline, the orientation of the stone sill
and the ORBs were not the same. While waves approach
MSS nearly normal to the shore, they approach ORBs at a
nearly 45° angle corresponding to the direction of the domi-
nant fetch. Therefore, the wave sensors around ORBs were
placed along a 45-degree line with respect to the shoreline
to align with the direction of the incoming waves.

Wind Field

The wind climate was obtained from a nearby NOAA mete-
orological station (station CRYV2; Fig. 1b) located at about
3.3 km southwest of the study site. The anemometer is 9.6 m
above MSL. The dominant wind speed in the study area was

(a)

EAST

LIS

Wind Speed (ms)

approximately 2—4 m/s and primarily from southwest, which
is the direction of the dominant fetch in the study area. Sec-
ondary winds from northwest also impacted the area and had
higher speed, with the maximum reaching approximately
14 m/s, as shown in a wind rose in Fig. 3a. A time series of
wind vectors, wind speed, and speed and wind vectors are
plotted in Fig. 3b, c.

Wave Analysis

The pressure was measured at 8 Hz continuously over the
deployment period. The recorded pressure is the absolute
pressure consisting of the gage pressure (p) and the atmos-
pheric pressure (p,,,,). The absolute pressure was converted
to water depth as i,=(p- p,,,)/pg +d where hg is water depth
corresponding to hydrostatic pressure, p is water density, g is
gravity, and d is the elevation of the sensor from the bottom.
The mean water depth (%) is averaged out, and a pressure
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Fig.3 a Wind rose, b wind vectors, and ¢ wind speed for the 27-day period of deployment
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correction factor (K,,) is applied to calculate wave amplitude
(a) using pressure at the riverbed (p,) to account for the
profile of dynamics pressure (Dean and Dalrymple 1991):

a= Pa
K, (=) M

where K, is given by:

1

K (—h) = m )

14

The Ocean Wave Analysis Toolbox OCEANLYZ
(Karimpour and Chen 2017) was used to analyze the pres-
sure data and extract spectral wave properties. The minimum
and maximum cut-off frequencies were set to 0.04 Hz and
1 Hz, respectively. The spectral analysis outputted the zero-
moment wave height (H,,,), mean wave period (7)), peak
wave period (7,), and wave power density spectrum (S,,).
Spectral significant wave height is calculated for each burst
using the spectrum as:

H,o=44/my =4 / S (Hdf 3
V 0

where m,, is the zeroth moment of the spectrum and f'is the
frequency. The peak wave period can be calculated using the
peak frequency (f,), which is associated with the maximum
value of Srm’

T, = 7, )

Since the measured H,,, were small, we examined the
error in H,, and against the sensor error to ensure that
reported values are reliable. Although the dataset was con-
tinuous, 30-min bursts were defined, and each spectral wave
height was calculated over one burst. The atmospheric pres-
sure is averaged over the time when a sensor was exposed,
and the offset is subtracted from the total pressure to calcu-
late the gage pressure. Since the propagation of error from
water level measurements in time domain to calculated H,,,
values in frequency domain is not straightforward, we cal-
culated the time-domain significant wave height (H,=the
average of top 1/3 of wave heights in a burst) using the zero
up-crossing method and the data from gage R4 as an exam-
ple. Our analysis based on zero up-crossing method shows
that on average, there were 237 waves in a burst. Based on
manufacturer specifications, the sensor error is at the order
of 1 cm, and since H, is averaged over 91 waves, the error
in H, is 1/@ cm or 1.1 mm. Furthermore, comparison
of H, and H,,, values showed that they were nearly identi-
cal with RMSE of 0.136 mm; thus, our error calculations
for H, apply to H,,, even though the error calculations are
not exactly applicable to frequency-domain measurements.

Among the wave heights measured by R1 and R2 gages,
4.20% and 3.96% were under 1.1 mm, respectively (exclud-
ing zero wave heights which correspond to the time R1 was
exposed), while no H,,, values from R3 and R4 fell under
this threshold. Consequently, despite the observed waves
being generally small, averaging over bursts and subtracting
the pressure offset ensure that nearly all H,,, measurements
are above the sensor error and bias is eliminated from the
measurements.

The spectral significant wave heights from each gage
were calculated, and the difference between the onshore and
offshore gage around each structure was used as a measure
for wave dissipation. Subsequently, the reduction of wave
height by the features was compared. Furthermore, wave
energy dissipation for each frequency was computed to
examine dissipation across the spectrum. The rate of wave
energy dissipation for frequency i (f;) is given by,

i,shoreside — Fi,aﬁ%‘hare

£ = = (5)

where F = % pgaizcg’,- is the energy flux, p is water density,
D) 1S wave group velocity, o is

g is gravity, C,; = L0, @
angular frequency, and a; = /25, (f,)df is the spectral wave
amplitude.

A threshold based on rate of wave transmission was used
to categorize the results. Based on laboratory experiments
on low-crested breakwaters, Van Der Meer et al. (2005)
showed that relative magnitude of incoming wave height
to the freeboard over structure crest is a critical factor for
wave transmission. Based on this study and similar to the
criterion used by Zhu et al. (2020), we set the threshold to
R=(H,10)f5n0r/0=0.625, where 4 is the freeboard (Fig. 4).
High wave transmission (low dissipation) occurs when
R <0.625, while low wave transmission (high dissipation)

H, mO0

Fig.4 Relative wave height with respect to freeboard is used to cat-
egorize results based on wave transmission
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occurs when R > 0.625. The structure crest is exposed when
R <0, and it is submerged when R> 0. The threshold was
calculated using the significant wave heights measured at
the sensor on the offshore side of each structure.

Results
Water Depth and Bulk Wave Characteristics

The variation in water depth around each structure is shown
in Fig. 5. The average water depth at the offshore and shore
sides of MSS were 0.79 m and 0.39 m, respectively, and it
was 1.07 m on both sides of the ORBs. Variation of spec-
tral significant wave height and peak period offshore of
the marsh sill is shown in Fig. 6. The average tide range
was measured at 0.77 m, and the average significant wave
height offshore (gage R2) and shore side (gage R1) of MSS
around the sill were 0.0190 m and 0.0116 m, respectively.
The maximum significant wave height at these two loca-
tions was 0.0872 m and 0.0671 m, respectively. The average
significant wave heights offshore (gage R4) and shore side
(gage R3) of the ORBs were 0.0184 m and 0.0210 m, cor-
respondingly, and the maximum significant wave heights
at these gages were 0.10 m and 0.08 m, respectively. As
expected, waves are smaller on the shore side of each struc-
ture due to dissipation, and that MSS dissipates waves more
strongly compared to ORBs. The average T, offshore and
onshore of the marsh sill is 2.86 s, and 3.96 s, respectively,
while it equals 2.52 s and 2.63 s offshore and onshore of the
ORBs, respectively.

MS Shoreside
MS Offshore
crest of marsh sill

ek Tl [T Il

water depth(m)

0 5 10 15 20
time (day)

()

Wave height is affected by both water level and wind
speed. High water levels allow for larger waves to propagate
without breaking and create a larger freeboard over structure
crests allowing transmission of larger waves. This effect is
evident in Fig. 6 where waves in the shoreside of the MSS
and ORBs are comparable to those on the offshore side dur-
ing October 7-10, 2019. This time corresponds to highest
water level observed during the deployment (Fig. 5). On the
other hand, high waves observed from October 18-20, 2019,
correspond to sustained moderate wind activity over this
period (Fig. 3). Small peak periods and wave height indicate
that waves are the result of small fetch in the area and show
that waves are locally generated wind waves.

The cumulative probability distribution function (CDF) of
wave heights measured offshore of MSS and ORBs is simi-
lar. The average T), offshore of the two features is also close.
These findings confirm that both features are impacted by
statistically equivalent waves (Fig. 7), as was expected due
to their proximity. Furthermore, the CDF at the shoreside of
the two features clearly shows wave dissipation and indicates
that MSS dissipates waves more strongly than ORBs.

Wave Dissipation

The measured wave spectra on the offshore and onshore
sides of both features clearly indicate wave attenuation. Fig-
ure 8 shows the averaged wave spectra over the entire dura-
tion of deployment. The peak energy is at f,=0.57 Hz at the
offshore gages as seen in the figure, which persists to be the
peak in the damped frequency onshore of MSS and ORBs.
A secondary peak at 0.38 Hz is observed at the incoming
and damped spectra around both features. Comparing the

OR Shoreside
OR Offshore
crest of reef ball

water depth(m)

0 5 10 15 20 25 30
time (day)

(b)

Fig.5 Variation of water depth at the shore and offshore side of a Marsh + stone sill (MSS) and b oyster reef ball (ORB). Red lines indicate the

crest of each structure
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Fig.7 Cumulative probability distribution of measured significant
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damped spectra shows that MSS dampens the peak and its
surrounding frequencies at a stronger rate compared to ORB.
For example, the peak frequency is damped by MSS and
ORB by 35% and 26%, respectively.

As discussed in the “Methods” section, wave dissipation
depends on the ratio of the height of the incoming wave
to the free board (§; Fig. 4), and the threshold R=0.625 is
applied to delineate wave dissipation as a function of free
board over the structure crest. 6 ranged from —0.648 to
1.05 m for MSS and —1.474 to 0.429 m for ORBs. The sill
and the reef balls were fully submerged during 28% and 94%
of the deployment, respectively.

Wave dissipation strongly depends on the freeboard. Fig-
ure 9 shows the variation of H,,, around each feature for
different R values. Note that § differs between MSS and
ORBs due to difference in water depth around the two fea-
tures (Fig. 5). The MSS feature and ORBs show an average
dissipation of 38% and 11%, respectively, over the entire
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Fig. 8 Wave spectra on the offshore and onshore sides of a marsh sill and b oyster reef balls for the full duration of the deployment

dataset. To further investigate the effect of the freeboard, a  for different ranges of R. The features become emergent or
least-square line is fitted to the scatter plots, and its slope ~ near emergent at low tide, corresponding to small § and
indicates how much wave height is reduced over each feature R > 0.625, resulting in relatively high dissipation rates.
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Under this condition, MSS and ORBs reduce wave height by
40% and 13%, respectively (Fig. 9a, ¢). The wave reduction
in shoreside of the features is attributed to wave dissipation
by the structure, depth-limited breaking, and partial wave
reflection. Higher wave dissipation over MSS compared to
ORBs when R > 0.625 is attributed to three factors. First,
the ORBs are more permeable than stone rock sills. Second,
the depth on the shoreside of the sill is smaller compared to
shoreside of the reef balls due to a sand fill and thus can sup-
port smaller waves due to depth-limited breaking. Third, the
gaps between the reef balls allow waves to transmit through
the ORBs, while MSS is a continuous feature where wave
reflection from armors in the sill likely results in breaking
of waves over other armors rather than wave transmission;
thus, MSS blocks the waves more efficiently.

In some wave bursts, 100% dissipation was observed
over MSS which corresponded to exposure of the shoreside
gage during some of the low tides. Such observation was
not made for ORBs as both sides of the bed on both their
sides were submerged all the time. As water level increases,
the difference between the efficiency of the two features in
wave dissipation vanishes such that for R <0.625, the aver-
age wave dissipation rate for both features is 7% (Fig. 9b,
d). As seen in Fig. 9, more data points exist in this range for
ORBs than MSS as MSS has a higher crest.

Figure 10 shows the frequency-dependent dissipation as
averaged over wave bursts that make up the entire duration

Fig. 10 Frequency-dependent 1 0-3

of deployment. The results show that the highest dissipation
occurs at the spectral peak, f,=0.57 Hz. Furthermore, it is
observed that while the spectrum undergoes highest damp-
ing at the range of f=0.3-0.6 Hz over ORB, MSS damps
waves more evenly across the spectrum such that lower fre-
quencies experience substantially higher damping compared
to ORBs. High frequencies also experience higher attenua-
tion over MSS compared to ORB.

Figure 11 shows the probability distribution and
cumulative distribution of percent dissipation of signifi-
cant wave height, defined as [(H,;0)orshore-(Hmo)shoresidel/
(Hm0)oftshores for the two features. As seen, the most com-
mon rate of dissipation observed for both structures is
in the range of 10-20%. The MSS feature also shows a
relatively high rate of dissipation at 90-100% range. It
is noted that the rate of wave dissipation shows a wider
distribution over MSS, in contrast to ORB which does not
cause wave dissipation rates larger than 50%. Figure 12
shows the percentage of reduction in transmitted H,,, with
respect to the incoming H,,, for different values of R. As
discussed earlier, R> 0 and R <0 correspond to conditions
where the features are emergent and submerged, respec-
tively. As seen in the figure, wave dissipation percent-
age over MSS and ORBs is similar once both features are
submerged, consistent with Fig. 9b, d. Conversely, MSS
results in much stronger wave dissipation than ORB if both
features are emergent.

Mean Frequecy Dissipation

dissipation across the spectrum 3 T T
averaged over wave bursts

1.5

€j (Wm ™2

MS
— — —ORB

-0.5 : :
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Discussion
Harmonic Generation

The waves that affect the study site are locally generated
by winds with a peak at 0.57 Hz, and the MSS feature was
found to be generally more efficient in dissipating waves
across the wave spectrum. An interesting observation over
MSS was the secondary high dissipation rates at subhar-
monic frequencies of the peak frequency such that the sec-
ond highest dissipation is observed at f=0.28 Hz=f,/2 fol-
lowed by the third highest dissipation at f=0.16 Hz ~ f,/4.
The frequency f=0.078 Hz (f,/8) also exhibits relatively
high dissipation among low frequencies.

This pattern suggests energy transfer from low to high
frequencies through superharmonic interactions over the
MSS.

@ Springer

Effects of Wave Shoaling, Breaking, and Reflection

It should be noted that in addition to structural differences
between the two features, the bathymetry and topography
around them differ, and this can affect wave transforma-
tion. The ORBs are constructed on the riverbed, and the
bathymetric elevation offshore and onshore of these fea-
tures are the same. In contrast, the onshore side of the
sill where the marsh is planted is filled with sand and
elevated. The higher elevation of the marsh results in
wave shoaling which can enhance wave breaking and dis-
sipating compared to ORBs. Thus, higher efficiency of
MSS in wave dissipation compared to ORBs could par-
tially be due to shoaling and subsequent wave breaking
in the marsh. To quantify the effect of shoaling and wave
breaking, we use the linear wave theory to calculate the
predicted significant wave height in the absence of MSS
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Fig. 12 Variation of wave dissipation percentage (relative to the incom-
ing wave height) against relative crest height (R). Structures are a sub-
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based on incoming wave information and compare the
results with the measured significant wave height onshore
of MSS. The shoaling coefficient is calculated as (Dean
and Dalrymple 1991):

(6)

g,shore

where C,,,-and C,g,,, are wave group velocities offshore
and shoreside of MSS, respectively. Wave celerity is esti-
mated using the formulation of Hunt (1979), which is then
used to calculate C,. In the absence of sufficient informa-
tion on local bathymetry, refraction effects are ignored, and
the predicted wave height shoreside of MSS (H,,) .0 18
calculated as:

H

mo, pred

= KsHmo, off (7)

where H, ,¢1s the spectral significant wave height offshore
the MSS. The effect of wave breaking is also considered by
imposing depth-induced breaking limit of 0.78. This limit is
used to eliminate significant wave heights larger than 0.78 of
the time-averaged depth from the record. The measurements
that were below the accuracy threshold for the significant
wave height are omitted including zeros recorded during
low tides where shoreside of MSS was exposed. Figure 13
shows the variation of H, ioresiqe 282108t H,y9 1,4 around
the MSS. The slope of the line (0.73) indicates that 27% of
the wave height attenuation can be attributed to the stone sill.
This result agrees with observations of Morris et al. (2021)
for wave attenuation over rock sills in their Virginia sites.

Wave reflection can affect measurements, and location
of gages can be selected to minimize this effect. However,
other considerations can also influence gage placement. The
motivation to place gages in the immediate vicinity of the
structures were to isolate the effect of structures on wave dis-
sipation and eliminate the effects of wave refraction, bottom
roughness, and vegetation on wave heights. R1 could not be
placed further away as wave dissipation calculations would
have been complicated by the impact of vegetation marsh.
R3 was a few meters away from the marsh edge on its sho-
reside; thus, we do not anticipate wave reflection to affect
its measurements. As seen in Fig. 9c and d, wave heights on
offshore and shoreside of ORBs are comparable. Noting that
water depth does not change around ORBs and thus there is
no shoaling effect, we conclude that the effect of reflection
from ORBs should be minimal. Porous breakwaters damp
short waves more efficiently than the long waves, and since
the observed waves are dominantly short (Fig. 8), we expect
that they are much more strongly damped than reflected by
the stone sill. In general, to minimize wave reflection, wave
gages can be placed several wave lengths away from reflec-
tive surfaces. In doing so, however, potential effects of other
frictional elements including bottom sediments or aquatic
vegetation should be considered.

Permeability of Structural Features

It would be instructive to evaluate the permeability of
structural features of different types. Van der Meer and
d’Angremond (1991) provide an equation for wave transmis-
sion coefficient through porous breakwaters as a function of
incoming wave height, offshore wave steepness, freeboard,
crest width, and mean rock size. Based on their study, as
the mean rock size increases, wave transmission coefficient
increases or wave attenuation decreases. Although ORBs
in this study were more permeable than the stone sill, both
features showed comparable wave transmission when sub-
merged. When emergent or near-emergent, however, the stone
sill exhibited lower transmission as expected. The porous
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breakwaters investigated in Van der Meer and d’Angremond
(1991) do not represent the highly permeable oyster reef balls
in this study, and to our knowledge, there is no study that
compares wave transmission through permeable structures
of different types. This could be the subject of a future study.

Summary and Conclusion

Waves were measured around two widely used living
shorelines features, namely a marsh sill and an array of
oyster reef balls, in a sheltered bay. The two features were
built to stabilize the shorelines of the Hermitage Museum
and Gardens property along the Lafayette River, and a
comparison of their performance in attenuating wave
energy was possible since they were in the same wave
environment. The sheltered small estuarine/riverine envi-
ronment that this property is located on represents typi-
cal properties that are good candidates for nature-based
shoreline stabilization features; thus, findings from this
study can be widely applicable. Four pressure sensors were
deployed on the offshore and onshore sides of each struc-
ture for 27 days in September and October of 2019. The
waves in the study area were generally small with a maxi-
mum of 9-cm wave height measured during the deploy-
ment. The MSS and the ORBs were submerged 28% and
94% of the deployment time, respectively.

@ Springer

Similar to observations in earlier studies (Van Der Meer
et al. 2005; Zhu et al. 2020), our measurements indicate that
wave attenuation depends highly on the ratio of incoming sig-
nificant wave height to the free board. Although MSS was
more dissipative in general due to higher crest elevation and
an elevated marsh behind, the two features caused compa-
rable wave dissipation once they were submerged, and the
free board was larger than 0.625 of the incoming significant
wave heights. It is noted that ORBs are constructed with low
crests to provide favorable condition for oyster settlement and
growth which occurs in subtidal or intertidal conditions, and
thus constructing them with high crest will diminish their eco-
system functions. Higher wave attenuation can be achieved by
constructing multiple lines of ORBs, and the small footprint
of ORBs compared to MSS can support this approach. Future
studies can examine the number of rows, arrangement, and
dimension of ORBs that can provide dissipation rates that are
comparable to high-crested MSS features.

Future work can involve numerical simulation of wave
dissipation over MSS and ORBs, their combination, or other
alternative to achieve optimal design for wave dissipation
and habitat services. Furthermore, in the absence of control
site, numerical models can differentiate between damping
due to structures and the morphology of the shorelines.
Finally, the purpose of living shorelines is to reduce erosion
and stabilize the coastline. Future work can assess how these
features affect sediment resuspension by waves and how the
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resuspension results in shoreline erosion or accretion around
these features.
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