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Abstract

One of the paramount goals of oyster reef living shorelines is to achieve sustained and adaptive
coastal protection, which requires meeting ecological (i.e., develop a self-sustaining oyster
population) and engineering (i.e., provide coastal defence) targets. In a large-scale comparison
along the Atlantic and Gulf coasts of the United States, the efficacy of various designs of oyster
reef living shorelines at providing wave attenuation was evaluated accounting for the ecological
limitations of oysters with regards to inundation duration. A critical threshold for intertidal oyster
reef establishment is 50% inundation duration. Living shorelines that spent less than half of the
time (< 50%) inundated were not considered suitable habitat for oysters, however, were effective
at wave attenuation (68% reduction in wave height). Reefs that experienced > 50% inundation
were considered suitable habitat for oysters, but wave attenuation was similar to controls (no
reef; ~5% reduction in wave height). Many of the oyster reef living shoreline approaches
therefore failed to optimize the ecological and engineering goals. In both inundation regimes,
wave transmission decreased with an increasing freeboard (difference between reef crest
elevation and water level), supporting its importance in the wave attenuation capacity of oyster
reef living shorelines. However, given that the reef crest elevation (and thus freeboard) should be
determined by the inundation duration requirements of oysters, research needs to be re-focused
on understanding the implications of other reef parameters (e.g. width) for optimising wave
attenuation. A broader understanding of the reef characteristics and seascape contexts that result
in effective coastal defence by oyster reefs is needed to inform appropriate design and

implementation of oyster-based living shorelines globally.

Keywords: coastal management; coastal erosion; nature-based coastal defence; shoreline

protection; wave transmission
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Introduction

Oyster reefs are highly valued as a fishery resource and as biogenic habitat for a diverse suite of
marine species (Grabowski et al. 2012, Cohen and Humphries 2017). Their ecological and socio-
economic worth has driven extensive oyster reef restoration, in response to widespread declines
in oyster populations (85% functionally extinct; Beck et al. 2011). Recently, there has been
increased interest in constructing or restoring oyster reefs for living shoreline applications to
stem erosion (Piazza et al. 2005; Bilkovic et al. 2016). Living shorelines are engineered
structures primarily composed of natural materials that can be used as an alternative to other
“harder” engineered structures, such as seawalls and rock revetments, which are environmentally
(Bulleri and Chapman 2010) and economically (Hinkel et al. 2014) costly. Oyster reefs can alter
hydrodynamic conditions in estuarine systems through increasing bed friction (Wright et al.
1990, Whitman and Reidenbach 2012, Styles 2015, Kitsikoudis et al. 2020), facilitating wave
attenuation (Manis et al. 2015) and accreting sediment on the leeward side of the reef (Salvador
de Paiva et al. 2018, Chowdhury et al. 2019). This will become particularly relevant in the future
as increased risk of climate change-related erosion and flooding to burgeoning human
populations along the coast (Young et al. 2011, Neumann et al. 2015, Meucchi et al. 2020) will
result in an increased need for investment in coastal protection infrastructure, and the
development of adaptive and sustainable approaches to shoreline protection (Morris et al. 2020).

Traditional coastal defence structures (e.g., seawalls, breakwaters) have usually
undergone extensive numerical and physical modelling to identify the important design
parameters and their performance under various environmental conditions (e.g. wave heights,
water depths). Low crested breakwaters are constructed at or below the water level (i.e.,

submerged), and can inform wave transmission at oyster reef living shorelines. In low crested
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breakwaters, wave transmission is most sensitive to the depth of breakwater submergence, the
incident wave height, and the crest width (Seabrook and Hall, 1998; van der Meer et al. 2005).
Wave transmission increases with increased submergence, increased incident wave height, and
decreased crest width (Seabrook and Hall, 1998; van der Meer et al. 2005). Crest width becomes
particularly important as submergence increases, whereas freeboard (difference between reef
crest elevation and water level) has a larger effect when submergence is reduced (Seabrook and
Hall, 1998). Secondarily, the period of the incident wave, the breakwater armour dimensions (in
the case of a rubble mound structure), and the breakwater slope have small effects on wave
transmission (Seabrook and Hall 1998).

Similar to breakwater construction, the creation of an oyster reef living shoreline begins
with the placement of reef substratum such as oyster shell, pre-cast concrete structures, or
crushed limestone (Hernandez et al. 2018, Morris et al. 2019a) for oyster colonisation. Physical
modelling of the reef substrate agrees with findings from low-crested breakwaters that the
freeboard, crest width and incident wave height are key parameters for wave transmission (Allen
and Webb 2011, Webb and Allen 2015, Coghlan et al. 2016). This pattern of wave attenuation as
a function of water depth in relation to the crest elevation has also been confirmed in field
studies (Chauvin 2018, MacDonald 2018, Wiberg et al. 2018, Chowdhury et al. 2019, Zhu et al.
2020, Spiering et al. in revision). While this research has clearly shown that a smaller
submergence results in greater wave attenuation by oyster reefs, these findings do not take into
account oyster habitat requirements, a necessary consideration for the appropriate application of
oyster reef-based living shorelines.

Unlike static structures, the vertical reef building capacity of oysters makes them a

candidate for creating dynamic structures (Mitchell and Bilkovic 2019). Oyster reefs exhibit a
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natural resilience and adaptive capacity to recover quickly from major storm events (Livingston
et al. 1999) and are capable of accreting at a rate necessary to maintain elevation in areas facing
sea-level rise (Rodriguez et al. 2014) or local subsidence (Casas et al. 2015). A key variable that
affects the recruitment, survival, and growth of oyster reefs is the duration of inundation (Table
1), which is a function of the absolute elevation of the reef and the tidal range. The lower
elevation threshold of intertidal oysters is commonly determined by increased biofouling,
predation, competition, or sedimentation in the subtidal (Fodrie et al. 2014, Solomon et al. 2014),
whereas the maximum elevation of oysters in the intertidal is driven by availability of filter
feeding time and exposure to extreme temperature stress. The optimum inundation duration,
therefore, is a trade-off among these limiting factors. The inundation duration has been
reasonably well-studied for the eastern oyster (Crassostrea virginica) in some locations along the
east coast of the United States (Table 1). This species is generally found at 60-80% inundation,
with lower and upper boundaries at 50% and 95% inundation, respectively (Fodrie et al. 2014;
Byers et al. 2015; Ridge et al. 2014, 2017; Solomon et al. 2014; Marshall and La Peyre, 2020;
Table 1). Thus, for intertidal oysters, constructing a reef base at an elevation that spends more
than 50% of the time inundated is critical for oyster establishment. Consequently, there is a
dichotomy between the reef elevation for optimal engineering design and habitat provisioning for
oysters.

As efforts to characterise wave attenuation by oyster reef living shorelines are growing,
the aim of this paper is to assess whether observed trends in oyster reef wave attenuation apply
across different environments and reef types using data across a large spatial scale. Further, we
consider wave transmission alongside the ecological limitations for oysters to characterize the

expected balance between effective wave attenuation and likelihood of reef persistence. Wave
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attenuation was measured at 15 oyster reef living shoreline-control pairs in five locations (New
Jersey/Delaware, Virginia, Florida, Alabama and Louisiana) along the Atlantic and Gulf coasts
of the United States. At each location we assessed the effects of oyster reef living shorelines
compared to controls (no reef) on wave attenuation relative to the inundation duration of the reef.
It was predicted that: (1) wave transmission would be greater at oyster reefs with an inundation
duration of > 50% compared with < 50%; (2) for oyster reefs with an inundation duration of >
50%, wave attenuation would increase with width; and (3) there would be a difference in wave
transmission between shell-based and concrete-based oyster reefs. Furthermore, at the Virginia
and Florida reefs, we compared the wave height attenuation of oyster reef living shorelines to

rock sills and natural unrestored oyster reefs, respectively.

Methods

Study locations

The fifteen oyster reef living shoreline (hereafter, “oyster reef”’)-control pairs (Fig. 1) were
selected to cover the diversity of techniques commonly employed, which varied within and
among states in terms of age, materials, and size (Table 2; Appendix S1: Table S1). The wave
climate in the offshore waters at each location was observed at the NDBC (National Data Buoy
Center) stations (Appendix S1: Fig. S1), and the wind field was observed at the closest NOAA
(National Oceanic and Atmospheric Administration) climate station (Appendix S1: Fig. S1) over
a two-year period from 2017 — 2018 and during the study period at each location (one week).

Wind fetch distances were calculated for each site using fetchR (Seers 2018).
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New Jersey/Delaware

Study sites at Nantuxent (NJ1; 39.2848, -75.2361) and Gandy’s Beach (NJ2; 39.2789, -
75.2430) were located on the western shore of New Jersey; the site at Mispillion (NJ3; 38.9477, -
75.3149) was located on the eastern shore of Delaware, in Delaware Bay (Table 2). In 2016, nine
shell bag oyster reefs were installed at Gandy’s Beach on land owned by The Nature
Conservancy, and a series of Oyster Castles® were installed at Nantuxent next to Money Island
Marina (The Nature Conservancy 2017). These sites have high value, both economically (Money
Island Marina was the off-load point for the NJ commercial oyster fleet) and environmentally
(Gandy’s Beach is a nesting site for horseshoe crabs and a feeding ground for the migrating red
knot). Oyster Castles® were also installed at the mouth of the Mispillion River, immediately
adjacent to the DuPont Nature Center (Moody et al. 2016), situated across the river from a large
breakwater present on the bay-side. This site is a common feeding area for red knots during their
spring/summer migration, is home to one of a few naturally occurring intertidal oyster reefs in
Delaware, and the aim was to expand the natural oyster reef to stabilize eroding saltmarsh.

The tides in Delaware Bay are semi-diurnal, and the mean tidal range is 1.7 m (NOAA
station 8535055; Table 2). In the offshore waters, the predominant wave direction is from the
east and south-east, with an average significant wave height of 1.05 m from this direction in the
period 2017 — 2018, and 0.83 m during the study period (Appendix 1: Fig. S2). The predominant
wind direction is from the west, where the greatest wind speeds were recorded during the study
period (Appendix 1: Fig. S3). This corresponded to the direction with the largest fetch distances
at NJ1 and NJ2 (Appendix S1: Table S1). During the deployment at NJ3, wind speeds were low

(< 4 ms™) from the east and south.
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Virginia

Diggs (VA3; 37.4473, -76.2605) was located in Chesapeake Bay and Laws (VA1;
36.8973, -76.2721) and Captain Sinclair (VA2; 37.3245, -76.4275) were located in two sub-
estuaries of Chesapeake Bay, the Lafayette River and Mobjack Bay, respectively (Table 2). The
oyster reefs were constructed in 2016 — 2017 as erosion control for private waterfront properties
and were made of Ready Reef, Oyster Castles® and bagged shell for Diggs, Laws, and Captain
Sinclair, respectively. At all of the sites, there was also a section of shoreline protected by a rock
sill with saltmarsh.

The tides in Chesapeake Bay are semi-diurnal and the mean tidal range is 0.7 m (NOAA
station 8637689; Table 2). In the offshore waters, the predominant wave direction is from the
east and south-east, with an average significant wave height of 0.93 m from this direction in the
period 2017 — 2018, and 0.68 m during the study period (Appendix 1: Fig. S2). A southerly wind
was predominant during the study period (Appendix 1: Fig. S3), which corresponded to the
direction of the highest fetch at VA1 and VA2 (Appendix S1: Table S1). Although, the strongest
wind (above 8 m s™') was recorded from the north during the study, the direction with the largest

fetch at VA3 (Appendix S1: Fig. S3; Table S1).

Florida

Florida sites were located on the east coast of Central Florida in Mosquito Lagoon, which
encompasses the northernmost section of the Indian River Lagoon system (Table 2). The tides
are semi-diurnal and the mean tidal range is 0.3 m (NOAA station 8721222; Table 2). The Indian
River Lagoon System is long (195 km), shallow (1-3 m) and narrow (2-4 km), making it

extremely fetch-limited (Appendix S1: Table S1) and only persistent south-east or north-west
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winds tend to cause flooding and erosion (Colvin et al. 2018). During the study the predominant
winds were from the south and southwest (Appendix 1: Fig. S3). In the offshore waters, the
predominant wave direction is from the east and northeast, with an average significant wave
height of 1.18 m from this direction in the period 2017 — 2018, and 0.48 m during the study
period (Appendix 1: Fig. S2).

The oyster reefs Mosquito (FL1; 25.9589, -80.8746), Hallmark (FL2; 28.9684, -80.8803)
and Pufferfish (FL3; 28.9699, -80.8818) were oyster reef restoration projects constructed in
2010, 2017 and 2016, respectively using the oyster mat method (oyster shells attached to
aquaculture grade mesh; www.restoreourshores.org). The oyster reefs were restored on the
historic footprint of degraded natural reefs, and at all sites there were natural unrestored oyster

reefs adjacent to the oyster reef living shoreline.

Alabama

Alabama study sites were located in Portersville Bay; Northeastern Point aux Pines (AL1;
30.3881, -88.2943) was on the north-eastern portion of a peninsula in the bay (Sharma et al.
2016), while Coffee Island 1 and 2 (AL2, AL3; 30.3428, -88.2552) were on the eastern shoreline
of Coffee Island (or Isle aux Herbes) (Table 2). The Point aux Pines reef was constructed in 2009
comprising three 25 m units of loose shell. The Coffee Island reefs, constructed in 2010, were

made of experimental units of bagged shell, ReefBLK™ and Reef Ball™

, the latter two were
used in this study (Heck et al. 2012).
The tides in Portersville Bay are diurnal and the mean tidal range is 0.4 m (NOAA station

8735180; Table 2). In the offshore waters, the predominant wave direction is from the south and

south-east, with an average significant wave height of 0.89 m from this direction in the period

10
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2017 — 2018, and 0.57 m during the study period (Appendix 1: Fig. S2). The most persistent
winds during the study were from the east and south-east (Appendix 1: Fig. S3), which also
corresponded to the direction of greatest fetch at these sites (i.e., south and east; Appendix S1:
Table S1). The small percentage of wind events > 10 m s™! from the south/east direction were not

captured in this study, which likely result in the greatest wave events at these sites.

Louisiana

The sites were in the Biloxi Marsh estuary in Eloi Bay (LA1, LA2; 29.7760, -89.4071)
and Lake Athanasio (LA3; 29.7459, -88.4688) in southeastern Louisiana (Table 2). This location
has diurnal tides with a mean tidal range of 0.4 m (NOAA station 8761305; Table 2). In Eloi
Bay, the living shoreline was constructed by the Coastal Protection and Restoration Authority of
Louisiana (CPRA) in 2016 to reduce wave energy in order to minimize adjacent marsh erosion
and provide a platform for oysters to grow on. A coastal engineering analysis based on wave
attenuation and stability was used to determine the final living shoreline design, which
incorporated multiple bioengineered designs, including Wave Attenuation Devices (WAD®) and
ShoreJAX™ which were used in this study (Carter et al. 2016). At Lake Athanasio an
Oysterbreak™ shoreline protection reef was built by The Nature Conservancy in 2011. Wave
data for the period 2017 — 2018 were not available for these sites, however, modelling by CHE
(2014) showed that the annual average wave height at the CPRA reefs between 1980 - 2012 was
0.43 m (Appendix 1: Fig. S2). Relatively low wind speeds (< 6 ms™') were recorded
predominantly from the northwest and west during the study. The largest fetch distances are
from the south and east at the sites in this location, which was the prevailing wind direction

during 2017 — 2018 (Appendix S1: Table S1, Fig. S2).

11



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

Data collection

Wave loggers (RBR®solo D wave; hereafter RBRs) were deployed for 48 hours (36 hrs for NJ2,
NJ3 and FL2 due to tide times and distance to travel between sites) at each reef, rotated over 5
weeks in June - July 2018. At each site four RBRs were deployed at a control (no reef) and
oyster reef treatment; one each placed offshore and onshore of the control or reef area (~ 2-5 m
from the on- and off- shore reef edge; Fig. 1b). The control was selected to be as close to the reef
as possible (site dependent; a minimum of ~ 10 m), yet outside the reef zone of wave influence,
maintaining similar shoreline characteristics (e.g. vegetation, substrate type), orientation and
fetch. The RBRs were attached with cable ties to a metal or PVC pole that was hammered into
the seabed and the transect length between the onshore and offshore RBRs at each treatment was
measured. The RBRs were programmed using the software Ruskin (v1.13.12; mode = wave;
frequency = 1 Hz; duration = 1024; burst rate = 1 hour) to collect wave data (significant wave
height, Hs, in metres and associated period, T, in seconds). The wave data collected is assumed to
be primarily wind-driven, however, boat wakes may also be important wave sources in some
locations (Garvis 2009) and could have contributed to the wave heights in this study.

At LA1 and LA2, five RBRs were deployed: two placed onshore and offshore of the
control and three placed around two replicate reefs (two onshore of each reef and one offshore of
the reefs). A different set-up was used due to the difficulty of returning to the sites over multiple
days to rotate the RBRs (5 RBRs were the maximum we had available). As the reefs were
aligned with a similar orientation along the shoreline, we assumed that the offshore wave energy

would be consistent between reefs. There was no significant difference between the wave heights
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recorded at the offshore RBR for the control and reef treatments (t37)=-1.1996, P > 0.05),
providing further support of this assumption.

Ten photo-quadrats (0.09 m?) were taken of each reef at New Jersey, Delaware, Virginia
and Florida and the percentage cover of oysters was calculated using 25 random points assigned
using the program CPCe4.1 (Kohler and Gill, 2006). The percentage cover of oysters could not
be quantified at Alabama or Louisiana as water levels were too high during the sampling period
and the water too turbid to take photo-quadrats. The size of the reef (length, width, height) and
distance from shoreline was either measured in the field during RBR deployment or determined
from aerial imagery using ArcGIS. All reefs were positioned parallel to the shore.

In Virginia and Florida, rock sills and natural oyster reefs were added as an additional
treatment to the experimental design, respectively. In Virginia, rock sills were present at all sites
adjacent to the oyster reef living shoreline, and two additional RBRs were positioned onshore
and offshore of the structure at the same time as the oyster reef and control treatments, as before.
Unfortunately, one RBR was lost in a storm during the last deployment in Virginia, which left
five for deployment in Florida. Therefore, in Florida one RBR was placed onshore of the natural
oyster reefs, and the offshore wave height was assumed to be the same as that for the oyster reef
living shoreline, as before. At all sites, the natural oyster reef was directly in line and adjacent to
the oyster reef living shoreline. There was, however, a significant difference in the wave heights
recorded between the offshore RBR for the control and oyster reef living shoreline treatments
(ta22)= -3.9571, P <0.001), although the mean + SE was similar for both treatments (0.01 +

0.001 m).
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Wave analysis

The absolute pressure values recorded by the RBRs were converted to gauge pressure
using atmospheric pressure data obtained from the closest weather stations to each site
(Appendix S1: Fig. S1; Morris et al. 2019b). Wave data were post-processed to account for
shoaling and breaking, where appropriate, using the method detailed in Haynes (2018) and
(Morris et al. 2019b). Water densities were calculated using the Thermodynamic Equation of
Seawater — 2010 (TEOS-10; IOC et al. 2010), using the known salinity at each location and
water temperatures obtained from World Sea Temperatures (www.seatemperature.org). The

corrected pressure data were then converted to water depth using this calculated water density
(Eq. 1),

P

where d is the water depth, P is the pressure, p,, is the density of water, and g is the acceleration
due to gravity.

The water levels were linearly detrended to remove low-frequency signal, which
provided an average water depth for each burst (of 1024 samples per hour, as above) and a zero-
average input for Fast-Fourier-Transform. A pressure response factor, K,,, was determined for

each frequency bin of the Fast-Fourier-Transform (Eq. 2; Kamphuis 2010),

__ cosh(k(d+2))
Ky = cosh(kd) (Eq.2)

where k is the wave number, d is the water depth, and z is the logger level from the
surface. The wave energy density spectrum was then corrected for depth by dividing it by the

pressure response factor squared. The output wave energy density spectrum was divided into sea

(1 to 10 s period) and swell (10 to 20 s period) components (USACE 1984). Significant wave
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heights for each logger (Hs; using the zeroth-moment wave height) were determined from the

wave spectrum (Eq. 3; Moeller et al. 1996),

Hy = 4 Etotar/ (Pw9g) (Eq. 3)
where E;,;q; 1S the total energy defined as the integral of the wave energy density spectrum. The
wave period corresponding to the significant wave height, T1/3, was approximated as 1.2 T}y,

where T),o1 1S the zero-crossing period (Eq. 4; Goda 2010),

Tino1 =~+/Mo/m, (Eq. 4)
where m, and m, are the zeroth and second moments of the wave energy density spectrum,
respectively. Linear wave theory was used to calculate wave length, celerity and group velocity,
based on wave conditions at the offshore logger and assuming wave period did not change as the
wave approached shore. Wave celerity at the onshore RBR within each treatment at a site was
estimated based on Hunt (1979). This was used to calculate the shoaling coefficient (Eq. 5;

Haynes 2018),

Ks = \[Cgorr/Coom (Eq. 5)
where Cy ¢ is the offshore RBR wave group celerity, and Cy ., 1s the onshore RBR wave
group celerity. Predicted onshore wave heights were generated to account for shoaling (Eq. 6)
and breaking (using the co-efficient of 0.78 multiplied by the depth at the onshore gauge; Haynes
2018),

H prea = Hs orrKs (Eq. 6)
where Hs pred 15 the predicted wave height and Hs ofr 1s the offshore wave height. The wave
transmission coefficient was defined as the ratio of measured to predicted wave height (Eq. 7;
Haynes 2018), where the predicted wave height was the limiting of the shoaling or breaking

wave height,
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Ki = Hs on/Hs prea (Eq.7)
where Hs on 1s the recorded wave height at the onshore RBR. The wave transmission coefficient
accounts for potential changes in wave height due to shoaling and breaking, but not other
processes that could not be controlled for in this study (e.g., refraction and diffraction). All
processing was done in MATLAB (MathWorks 1996) and resulted in hourly data for water
depth, significant wave height at each RBR, wave period and the wave transmission coefficient
during the period the RBRs were underwater (i.e. only at high tide for most locations).

The freeboard (m) was calculated as the reef height minus the water depth. The
inundation duration was calculated as the percentage of time the entire reef was submerged (i.e.,
the freeboard had a negative value) during the study period. The inundation period during the
study was compared to longer-term data using water levels at nearby USGS gauges (NOAA tides
and currents for Alabama; Appendix S1: Fig. S1). The difference between the reef crest elevation
and water level relative to NAVDS88 was used to calculate the percentage of time the crest of the
reef was inundated. The reefs were categorised into more or less than 50% inundated; this
threshold was chosen as the lower limit of inundation for C. virginica (Table 1). Regression
slopes between onshore measured and predicted significant wave heights were compared for
controls, and oyster reefs based on inundation duration, width and construction material. Further
the wave heights were compared at controls, oyster reefs and either rock sills or natural oyster
reefs, at Virginia and Florida respectively. The effect of location (fixed, 3 levels: New Jersey,
Virginia, Florida), inundation duration (fixed, percentage), and age (fixed, years) on the
percentage cover of oysters was tested using a linear mixed effects model, with site nested in

location included as a random factor on log transformed data. A likelihood ratio test comparing
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the model with and without site was used to obtain a p-value for this random effect. All analyses

were done in R 3.4.0 (R Core Team 2017).

Results

Significant wave heights recorded at the sites ranged from 0 — 0.35 m during the study period
(Fig. 2a). Average water depth between the gauge pairs ranged from 0.16 — 2.35 m (Fig. 2b),
after reef emersion time was truncated from each data set (i.e., low tide). The NJ2 site
experienced the greatest depth of inundation (freeboard = -1.88 m) due to a combination of the
low height of this reef and New Jersey experiencing the greatest tidal range (Table 2), with a
potential contribution of the greater wave heights recorded during the study period (Fig. 2a). The
LAT and LA2 sites experienced the least inundation (freeboard = 0.86 m), with the crests
exposed 100% of the time (Table 2). The average freeboard of all reefs is listed in Appendix 1:
Table S1.

Three out of the 15 reefs had an inundation duration of less than 50% (FL1, LA1, LA2),
while the other 12 reefs were inundated more than 50% of the time and considered to be within
the tolerable aerial exposure limits for C. virginica (Table 1). Two reefs were fully inundated
during the study (AL1, AL2; Table 1, Fig. 2b). The categorisation of the reefs based on the
measured study conditions aligned with that estimated from the USGS gauges during the study
and longer-term from 2017-2019 (Table 1). In general, the inundation durations measured during
the study were representative of the longer-term data (Table 1), but at VA3 the inundation
duration was 30-40% greater during the study compared to the long-term data (Table 1). This is
likely due to the storm event captured causing wind and/or wave set-up, which generated the

second highest wave heights in the study (after NJ2; Fig. 2a). Similarly, the inundation duration
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at FLL3 was 20% less, and at AL3, 40% more during the study compared to the long-term data.
The reason for these differences is less clear but is likely due to the water level data from the
USGS gauges not being site specific, and therefore providing an estimation only.

There was little difference between the percent change in wave height between the
controls (5.9%) and oyster reefs that experienced greater than 50% inundation duration (4.5%;
Fig. 3a, b). In contrast, a 68.4% decrease in wave height was observed at reefs that were
inundated for less than 50% of the time (Fig. 3b). Despite this, when the freeboard was the same
between reefs that had either greater or less than 50% inundation duration, the wave attenuation
was also similar (Fig. 4). Wave transmission significantly decreased with increasing positive
freeboard and decreasing submergence for both inundation regimes (Fig. 4). Thus, the overall
result of a lower wave attenuation of reefs that have a greater inundation duration is driven by
these reefs experiencing less time at the optimal freeboard for wave attenuation (i.e., a reef crest
elevation that is either at or above the water level). Reefs that had an inundation duration of
greater than 50% were categorised based on the range of widths to determine if reefs of a greater
width had a lower wave transmission. Based on the range of reef widths observed in this study,
width had little effect on the wave transmission of these reefs (Fig. 3¢). Whether the reefs were
made of shell or concrete also had less of an effect on wave transmission compared to reef height
(Fig. 3d).

On average, the rock sills were 2.5 times taller than the oyster reefs in Virginia and spent
35% or less time inundated during the study (Table 2). Rock sills reduced wave heights by 72%
compared to a 5% and 3% reduction in wave height at oyster reefs and controls, respectively
(Fig. 5a). In Florida, the restored oyster reefs were a similar width and height as the natural

unrestored reefs, with the latter having a slightly taller profile at FL2 and FL3 (Table 2). The
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wave attenuation was greatest at the natural reefs (84%), followed closely by the restored oyster
reefs (75%), compared to the controls (35%; Fig. 5b). However, the percent of variance
explained by the linear model was lower at the natural (15%) and restored (31%) oyster reefs.
There was no significant effect of location (F344=0.03, P>0.05), inundation duration
(F1,4=0.23, P>0.05), or age (F14=0.01, P>0.05) on the percentage cover of oysters. However,

there was a significant difference in the oyster cover among sites (P<0.001; Table 1).

Discussion

To achieve the goal of a sustainable coastal defence structure, oyster reef living shorelines must
be effective at both hazard risk reduction and habitat provisioning for oysters. Understanding the
coastal protection afforded by reefs within the habitat limitations of oysters is therefore
important for identifying the parametric ranges for which oyster reefs and coastal defence
overlap. Oyster reefs where the crest was inundated less than 50% of the time were almost 14
times more effective at reducing the wave heights observed during this study than those that had
an inundation duration of more than 50%. The width of the reefs that had > 50% inundation
ranged from 0.6 — 6.6 m; these widths had little effect on the wave transmission of the reefs.
Eight out of the nine study sites where oyster colonisation could be quantified experienced the
optimal inundation regime. However, the percentage cover of oysters varied among these sites,
with no effect of inundation duration, age, or location.

The duration and depth of inundation are determined by the intertidal elevation of the reef
and the tidal amplitude of an area (Byers et al. 2015), as well as periodic events such as storm-
driven wind or wave set-up. The duration and depth of inundation have an effect on wave

attenuation and on oyster recruitment, survival, and growth. Previous research has shown that
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oyster reefs are very effective at attenuating waves when the reef crest height is at, or above, the
water level (Chauvin 2018, MacDonald 2018, Wiberg et al. 2018, Chowdhury et al. 2019, Zhu et
al. 2020, Spiering et al. in revision). This is because waves are strongly modified or break as they
cross the reef (Wiberg et al. 2018). As the water levels increase, a reduction in wave height is
instead caused by the interaction of oscillatory motion with the reef, the effect of which
decreases with increasing water depth (Wiberg et al. 2018). Here, our data support this finding,
showing that the negative relationship between wave transmission and reef submergence is
evident across the large biogeographic scale studied.

It has been noted previously that some of the reefs studied may only spend 10-25% of the
time at the optimal freeboard for wave attenuation (MacDonald 2018, Wiberg et al. 2018, Zhu et
al. 2020). When reefs become submerged, the wave attenuation can decrease to 0-20% (Wiberg
et al. 2018; Fig. 4). However, this inundation duration is within the optimal range for oyster
population establishment (Table 1). Critically, C. virginica do not tend to colonise substratum
where the inundation duration is less than approximately 50% (Ridge et al. 2015; Table 1). Reefs
with crests above this threshold will not be colonised by oysters, although if the reef base is
within the optimal range then oyster habitat may be provided lower on the structure, but this will
not result in an oyster reef that can build and maintain itself (i.e., wave attenuation is provided by
the artificial reef base not the growing oyster reef; Morris et al. 2019). Greater submergence
times enhance feeding, and therefore growth of oysters (Solomon et al. 2014), and reduce
desiccation stress. Too much immersion time, however, can negatively affect oysters due to
greater fouling or predation in the subtidal (Fodrie et al. 2014). Thus, there is an optimum
inundation duration that varies slightly along the geographical range, but seems to be within a 5-

40% range (Table 1). This translates to oyster reefs spending a greater percentage of time outside
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of the freeboards that maximize wave attenuation, and can explain the overall difference in wave
attenuation of reefs that experienced more or less than 50% inundation duration in this study.

The extent to which the inundation duration affects wave attenuation is also dependent on
the tidal amplitude. Where the tidal range is low, the variation in wave attenuation will be less
than in areas that have a greater tidal range. Although all of the sites here are considered
microtidal (defined as a tidal range of 0—2 m as per Davies 1964), they still experienced a range
of tidal amplitudes (Table 2), with the reefs in New Jersey having a greater depth of inundation
than the other sites. In contrast to its effect on wave attenuation, an increased depth of inundation
can have a positive effect on oyster growth and reef height due to a greater volume of water
delivery per unit of time and flow velocity that affects feeding and larval delivery (Byers et al.
2015).

For the reefs where the percent cover of oysters could be measured, inundation duration
varied between 68-97% for all but one reef (FL1; 38%). This variation was similar to that found
across a 1,500 km region from North Carolina to Florida (52-84%; Byers et al. 2015), where
there was no effect of inundation duration across latitude, and therefore oyster reef properties.
There was, however, significant variation in percent cover of oysters among sites in this study
that was not a factor of inundation duration. Other physical variables that commonly affect
oyster reef properties are salinity and temperature (Byers et al. 2015). Temperature linearly
declines with increasing latitute, but as there was no effect of location on oyster cover, it is
unlikely to be the cause of the site variability. Similarly, given that oysters are found in each of
the areas studied, the salinity was considered to be suitable. Another factor that affects the
recruitment of reef substratum is larval availability. The reefs in this study relied on natural

recruitment from the water column. If the reefs are recruitment-limited then they may never
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establish an oyster population; larval dispersal and connectivity are therefore important
considerations in the siting of reef substratum (Lipcius et al. 2008, Puckett et al. 2018). Further,
as coastal defences are inherently built in turbulent, wave exposed environments, an added
variable of the threshold of exposure for oyster reef establishment is critical in oyster reef living
shorelines (Whitman and Reidenbach, 2012). The benthic flow across the reef can be
manipulated to enhance larval recruitment by increasing topographic complexity that creates
interstitual spaces, which lower the shear stresses that can dislodge larvae (Whitman and
Reidenbach, 2012).

The comparison of rock sills to oyster reefs further supports the importance of crest
height for wave attenuation in narrow structures. Rock sills showed a similar magnitude of wave
height reduction as the oyster reefs that were exposed for more than 50% of the time, which
again was much greater than the oyster reefs in Virginia that all had <50% exposure. When
oyster reef living shorelines were compared to natural reefs in Florida, the wave attenuation was
similar between the two treatments (75% and 84%, respectively), and double that of the control
(35%). This is likely due to the similarity in size (height and width) of the restored and natural
reefs, as the restored reefs were deployed onto the historic footprint of natural degraded reefs.
However, the natural reefs had a very low percent cover of live oyster compared to the restored
reefs (except FL1). Live oysters increase bed roughness and therefore drag, which can lead to
better flow energy attenuation (Kitsikoudis et al. 2020). In contrast, degraded reefs consist of
loose disarticulated shells that can be moved around with wave events. Therefore, even though
the wave attenuation observed was similar between restored and natural degraded reefs here, it is
unclear how this may evolve through time, as degraded reefs could eventually disintegrate if not

colonised by oysters (Kitsikoudis et al. 2020). The pattern of wave attenuation across treatments
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in Florida, when considered alone, was very different to the overall patterns observed, as greater
attenuation was recorded at both the control and oyster reefs, but it was also more variable. This
is likely due to Florida experiencing only very small wave heights for the duration of the
deployment. Smaller, high frequency waves (e.g., 1 s period) may have been under-sampled with
the 1 Hz frequency used to compare treatments in this study, which potentially resulted in the
reporting of smaller wave heights than were present. However, similar maximum wave heights
have been recorded at other sites in Mosquito Lagoon, Florida, using a 32 Hz sampling
frequency (Kibler et al. 2019), thus our results are just as likely to be due to the calm weather
during deployments and the fact that these sites are very sheltered under normal conditions.

At the other locations, there was a range in wave heights observed and these were
comparable to those in previous studies in New Jersey (average 0.03 - 0.11 m, maximum 0.15 -
0.55 m; MacDonald 2018), Virginia (average 0.03 - 0.10 m, maximum 0.30 - 0.50 m; Wiberg et
al. 2018) and Louisiana (average 0.10 m, maximum 0.45 m; Chauvin 2018). Nevertheless, these
wave heights were generally more representative of calm to average conditions due to the trade-
off between the large-scale of the study and wave sensor deployment duration (36 - 48 hours),
which limited the range of wave conditions that could be observed. The size of the waves
(Wiberg et al. 2018, Chowdhury et al. 2019), as well as whether they are swell- or wind-
dominated (Zhu et al. 2020) or accompanied by storm tides, impacts the efficacy of oyster reefs
at wave attenuation. Previous studies of oyster reefs have shown that for the equivalent water
depth, wave attenuation increases with wave height (Wiberg et al. 2018, Chowdhury et al. 2019).
This may explain why fringing oyster reefs have been found to have a greater impact on
shoreline retreat at higher exposure locations (La Peyre et al. 2015). Hence, there is the potential

that with larger wave heights the wave transmission values observed in this study could decrease
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at oyster reef living shorelines. This highlights the need to examine multiple reefs experiencing
diverse conditions to get a complete understanding of how they work.

It is also important to consider the type of shoreline being protected, as habitat type can
influence susceptibility to erosion from different weather events. For example, saltmarsh was the
predominant shoreline type in our study. Leonardi et al. (2016) demonstrated that marsh-edge
erosion was caused by moderate, but high frequency (2.5 &+ 0.5 per month) storms. Larger
storms, in contrast, are often accompanied by storm surge, which dissipates over the marsh bed
rather than impacting the marsh edge. Previous research on oyster reef living shorelines has
shown significant variability in erosion control of saltmarsh among sites (Meyer et al. 1997,
Piazza et al. 2005, Stricklin et al. 2010, Scyphers et al. 2011, La Peyre et al. 2013, Moody et al.
2013, La Peyre et al. 2014, 2015). Oyster reefs are likely to have the greatest effect on the
reduction of saltmarsh erosion when the elevation of the marsh platform coincides with the water
depths that maximize wave attenuation (i.e., when reef submergence is low; Wiberg et al. 2018).
As currently designed, reefs that are within the habitat requirements for oysters are likely to have
little effect on higher-elevation shorelines dominated by saltmarshes. How this process translates
to protection by oyster reefs for other shoreline habitat types is not well known.

Natural oyster reefs were once vast, with historical imagery suggesting reefs kilometres
long fringed the shorelines in the 1800s in Chesapeake Bay, Virginia (Woods et al. 2005). A
recent study in Mosquito Lagoon, Florida, found that small-scale restored oyster reefs (as studied
here) had a cumulative positive impact on erosion rates that may not be observed at a single site
(McClenachan et al. 2020). The variability in effectiveness of oyster reefs at providing erosion
control may be the result of a mismatch in the scale of the construction of living shorelines and

that required for delivery of the coastal defence service. For example, McClenachan et al. (2020)
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demonstrated that the combined 89 smaller oyster reef projects had a landscape scale effect
within this ecosystem. At an individual scale, the reefs we studied were narrow structures. The
range of widths observed had little effect on the wave attenuation of the reefs that were at the
appropriate elevation for oysters. However, physical modelling of submerged rubble-mound
breakwaters (Seabrook and Hall, 1998) and bagged oyster shell reefs (Allen and Webb, 2011)
showed that wider structures of the same elevation can further decrease wave transmission by
20-40%. Field studies have shown width to be important for wave attenuation in saltmarshes
(Shepard et al. 2011) and coral reefs (Ferrario et al. 2014), however, this factor has not been
examined for oyster reefs. This is likely due to most of our knowledge on the wave transmission
of oyster reefs being generated from studies on living shorelines, with a paucity of information
available on natural reefs (Narayan et al. 2016). For living shorelines to be used as a tool for
restoration and risk reduction, it is imperative that we optimize the design to maximize both

ecological and engineering outcomes.

Conclusions

In the face of a changing climate, there is an increasing interest in living shorelines as an
adaptive and sustainable coastal defence strategy. For living shorelines to be successful, they
need to establish a self-sustaining population of the target species and have the ability to provide
coastal protection under the conditions that cause erosion and/or flooding. This large-scale study
across multiple states provides a broader perspective on the diversity of oyster reef living
shoreline approaches. We showed that many of the living shoreline approaches using oysters
failed to optimize the ecological and engineering goals. To date, studies have focused on

understanding the wave attenuation of oyster reefs without integrating consideration for the
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569  ecological limitations of oysters. This has resulted in a focus on how the crest of the reef

570 influences wave transmission. However, given that this design parameter needs to stay within the
571  optimal inundation duration for oysters, efforts should be refocused to understand the effects of
572  other design parameters, such as reef width, on maximising wave attenuation over a greater

573  inundation range. This approach should apply generally to the design and implementation of

574  living shorelines, where the engineering parameters are calculated to account for the ecological
575 limitations of a species in order to achieve both goals. Identifying the circumstances under which
576  living shorelines can be designed to achieve these goals is also important to determine the

577  thresholds for their use successfully. Our results suggest that the low-crested, narrow oyster reefs
578 that are commonly built are, on average, not effective at wave attenuation. Their ability to

579  provide erosion control, however, will also depend on the elevation of the shoreline and the

580  conditions that contribute to local erosion. This combination of factors has likely contributed to
581 the large variation in erosion control by oyster reef living shorelines reported in the literature. A
582  broader understanding of the reef characteristics and seascape contexts that result in effective
583  coastal defence by oyster reefs is needed to inform the design of future living shoreline projects.
584  This continued research effort will ensure that oyster reef living shorelines are successful in

585 achieving both their ecological and engineering goals.
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820  Table 1. Studies that have reported the percent of time a reef should be inundated for the optimal
821  recruitment, survival and/or growth of Crassostrea virginica.

State Inundation duration
North Carolina 82 — 95%!
North Carolina 60 — 80 %?
North Carolina 72 — 82 %°
North Carolina to Florida 52 — 84%*
Florida 80 — 95%>
Louisiana 52 — 949%5

Fodrie et al. (2014); *Ridge et al. (2014); *Ridge et al.
(2017); “Byers et al. (2015); *Solomon et al. (2014);
®Marshall and La Peyre (2020)
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842  Table 2. Characteristics of oyster reef living shorelines and rock sills and natural oyster reefs.

843  Crest elevation where available is given in metres relative to NAVDS8S8. Age is number of years

844  at time of study. The percent of time the structures are inundated (% inundation duration) is

845  given when (a) measured during RBR deployment; (b) calculated based on USGS gauges for

846  deployment period; and (c) calculated based on USGS gauges from January 2017 — August 2019.

847  For more oyster reef living shorelines characteristics refer to Appendix 1: Table S1. *Note this

848  site is in Delaware. - data unavailable.

State/ Type Age Length x Height Crest Tidal % inundation % oysters
Reef yp (yrs) Width (m) (m) elevation range (m) duration (£SE)

(@ (b (9

NJ1 Concrete 2 6x1 0.65 -0.48 824 877 802 41.2+52
NJ2 Shell 2 51x6 0.17 -0.57 1.7 68.7 747 752 04+04
NJ3*  Concrete 4 2x1 0.53 0.01 68.7 58.6 526 113=+44
VAl Concrete 2 16 x 0.6 0.40 0.00 67.6 534 509 6.2+ 1.7
VA2 Shell 1 35%x0.9 0.30 0.04 0.7 757 66.1 544 0
VA3 Concrete 1 28 x 0.85 0.30 0.01 909 80.0 535 0
FLI1 Shell 8 55 x5.25 0.64 - 38.1 - - 24+1.6
FL2 Shell 1 30 x 6.67 0.29 0.41 0.3 97.2 100 98 74.0+3.5
FL3 Shell 2 20 x 4 0.27 0.38 75.6 100 98 344+6.1
AL1 Shell 9 65 x5 0.60 -0.37 100 100 994 -
AL2 Concrete 8 125 x 2.28 0.23 -0.24 0.4 100 100 983 -
AL3 Shell 8 125 x 2.64 0.31 0.17 929 66.7 504 -
LA1 Concrete 1.5 130 x 2.7 1.40 0.84 0 0 1.2 -
LA2 Concrete 1.5 178 x 5.5 1.40 0.66 0.4 0 0 4.8 -
LA3 Concrete 7 75 %3 1.10 -0.06 63.0 81.0 844 -
VAl Rock sill 2 294 x2.4 0.69 0.46 30.7 8.9 9.2 1.2+04
VA2  Rocksill 7 413x%x1.9 0.84 0.40 0.7 357 163 139 14.4+45
VA3 Rock sill 1 51.4 x3.6 1.02 1.03 8.9 0 0.02 0
FL1 Natural - 47 x 7.8 0.64 - 38.1 - - 04+04
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FL2 Natural - 35x59 0.49 - 0.3 58.3 - - 4.0+2.7
FL3 Natural - 35 x3.1 0.33 - 64.4 - - 24+1.7
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Figure 1. A map of the five study areas. In each study area (red dots) there were three oyster
reef-control pairs, a schematic example of the wave logger (RBR) set-up for one pair is shown.
The circles (oyster reef treatment) and triangles (control treatment; no reef) indicate wave sensor
deployment (not to scale). For a detailed map of each area see Appendix 1: Fig. S1.

Figure 2. (a) Significant wave heights (m) at the offshore wave logger (RBR); and (b) the
average depth (m) recorded during each burst at 15 oyster reef living shorelines across five
locations (New Jersey/Delaware, Virginia, Florida, Alabama, Louisiana from left to right). The
red lines in (b) indicate the height of the reef (m; matching scale on y-axis).

Figure 3. Comparisons of measured (y-axis) and predicted (x-axis) significant wave height (m)
for (a) control (R*=0.97); (b) oyster reef living shorelines with an inundation duration above 50%
(R?=0.97) and below 50% (R?=0.78); (c) reefs that have an inundation duration of more than
50% and widths of less than 1 m (R*=0.97), 2-4 m (R2=0.97) and 5-7 m (R2=0.96); and (d) reefs
constructed of concrete (R?=0.88) and shell (R?=0.96). Values below the dotted line indicate a
decrease in wave height. The decrease in wave height is given as a percentage on the graphs. The
shaded area is the 95% confidence interval.

Figure 4. Correlation between the wave transmission coefficient (Kt) and freeboard (m) for reefs
that have an inundation duration of less or greater than 50%. A wave transmission value of less
than one indicates a reduction in wave height. A positive or negative freeboard value indicates
the reef is emerged or submerged, respectively. The shaded area is the 95% confidence interval.
Figure 5. Comparisons of measured (y-axis) and predicted (x-axis) significant wave height (m)
for (a) control (R?=0.99), rock sill (R?=0.94), and oyster reef living shoreline (R?>=0.98) in

Virginia; (b) control (R?=0.84), natural oyster reef (R?=0.15), and oyster reef living shoreline
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897  (R?=0.31) in Florida. Values below the dotted line indicate a decrease in wave height. The
898  shaded area is the 95% confidence interval.
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