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Abstract
Nature-based features, also called living shorelines, are 

increasingly applied in coastal protection and restoration. 
However, the processes and mechanisms (feedbacks and 
interactions) of wave attenuation, current velocity change, 
and sediment deposition and erosion along the living shore-
line remain unclear, thus limiting the adaptive management 
of living shoreline restoration projects for coastal shoreline 
resilience under future storm conditions. In this study, wave, 
current, and sediment dynamics along the Little Toms Cove 
living shoreline, Chincoteague National Wildlife Refuge, 
Virginia, a low wave energy environment, were investigated 
during a 2-month winter period in 2019 to examine the effects 
of living shoreline structures on shoreline protection and oys-
ter habitat enhancement. It was found that wave attenuation 
by the living shoreline structures (oyster castles or constructed 
oyster reefs) is dependent on water depth, wind speed, wind 
direction, and local bathymetry. Analysis of observed data 
indicate that the oyster castles along the Little Toms Cove 
living shoreline play a limited role in wave attenuation in this 
low wave energy environment. During the 2-month winter 
period, wave energy was attenuated by 39.7 percent when oys-
ter castles were emergent or slightly submerged with south-
west winds. In contrast, when the oyster castles were fully 
submerged, wave energy behind the oyster castles increased 
by 38.6 percent. The construction of oyster castles affected 
circulation patterns with increase or decrease in velocity at 
nearshore waters protected by the castles depending on loca-
tions of measurements in relation to the oyster castles. Bottom 
shear stress analysis indicates that tidal currents play a larger 
role than waves on shoreline and marsh edge erosion along 
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the Little Toms Cove shoreline during the 2 months of field 
monitoring. The oyster castles protecting the marsh edge and 
tidal flat from erosion resulted in higher fine sediment concen-
tration in the water column landward of the castles because 
more sediment was retained in the lee side of the castles. It 
is important to maximize sediment within the wetlands and 
adjacent mudflats behind the oyster castles. Erosion from the 
marsh edge and interior serves as the major source of sediment 
for this wetland system due to the limited sediment supply in 
Assateague Channel. Furthermore, it was found that the oyster 
castles along the Little Toms Cove living shoreline were 
inundated more than 60 percent of the time, leading to the 
enhanced oyster habitat as evidenced by suitable velocity (less 
than 10 centimeters per second) and mean grain size (less than 
0.08 millimeters) for oyster feeding and the increased oyster 
shell density and growth in the intertidal zone protected by the 
castles than in the control area. More field data (for example, 
concurrent monitoring of sediment concentration and salinity) 
over other seasons (for example, summer) could help examine 
the long term and combined engineering and ecological ben-
efits of living shoreline restoration projects under seasonal and 
enhanced future storm conditions.

Introduction
Over the past 2 decades, natural or nature-based features 

(NNBF) have been used in coastal erosion control, water qual-
ity improvement, restoration of habitat for fish and wildlife 
species, and maintaining coastal processes and functions 
(Scyphers and others, 2011; Sutton-Grier and others, 2015; 
Sharma and others, 2016; Polk and Eulie, 2018; Safak and 
others, 2020; Morris and others, 2021). The shorelines pro-
tected by these NNBF are called living shorelines, and NNBF 
are also termed as living shoreline structures (LSS), soft 
structure, and green infrastructure. Coastal habitats include, 
but are not limited to, intertidal flats, salt marshes, beaches, 
and dunes. LSS are nature-based features. Many LSS such as 
oyster castles have been constructed along the U.S. northeast 
Atlantic coast after Hurricane Sandy (2012) to restore and 
protect coastal shorelines from damage of future storms (Abt 
Associates, 2019; Babson and others, 2020). Two primary 
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goals of these living shoreline restoration projects were to 
mitigate shoreline erosion and to maintain or enhance criti-
cal habitat for economically and ecologically essential fish, 
shellfish, marine plants, and animals (Holcomb and Lusk, 
2016; Sharma and others, 2016; Theuerkauf and others, 2017; 
Polk and Eulie, 2018; Chowdhury and others, 2019; Morris 
and others, 2019; Wiberg and others, 2019; Safak and oth-
ers, 2020; Zhu and others, 2020; Morris and others, 2021). 
Materials for constructing LSS are diverse and include, but are 
not limited to, rocks, coir logs, shells, reef balls, and oyster 
castles. Oyster castles (a method for living shoreline resto-
ration) are made of concrete blocks and assembled as con-
structed oyster reefs (COR).

LSS, especially COR, are intended for wave attenuation 
(Chowdhury and others, 2019; Wiberg and others, 2019; Safak 
and others, 2020; Zhu and others, 2020). Wave energy is a 
major driving force of coastal wetland lateral erosion (Marani 
and others, 2011; Leonardi and others, 2016). It is therefore 
assumed that the greater the amount of wave attenuation 
caused by the LSS, the greater the reduction of the erosion 
rates. Nevertheless, studies found that annual rates of coastal 
erosion in salt marshes behind LSS (for example, oyster reefs) 
could still be high compared with that using hard/gray infra-
structures such as rock breakwaters (for example, Scyphers 
and others [2011]), suggesting that LSS may be effective in 
wave attenuation and erosion reduction and (or) sediment 
deposition under certain wind, wave, and tidal conditions, but 
may not be effective in other conditions such as high wave- 
and surge-induced overtopping, large tidal ranges, and deep 
water depth (Wiberg and others, 2019; Zhu and others, 2020; 
Morris and others, 2021). The efficacy of LSS in attenuating 
waves and thus reducing erosion is dependent upon not only 
the type, size (height and width), and layout (location, orienta-
tion, and assembly) of living structures, but also the wave 
conditions (incident wave height, period, and direction), water 
depth, tidal range, bathymetry, vegetation and soil features of 
the shore, and sediment texture of the tidal flat (Chowdhury 
and others, 2019; Wiberg and others, 2019; Zhu and oth-
ers, 2020; Fivash and others, 2021; Wang and others, 2021). 
However, very few studies have examined the processes and 
mechanisms of wave and current attenuation by LSS, result-
ing in the lack of information and data on how much wave 
and current energy can be attenuated by LSS and under what 
conditions, and on the linkage of sedimentation and shoreline 
change with storm-induced wave and current dynamics. Such 
information is critical for the effectiveness assessment of the 
LSS and adaptive management of living shoreline restoration 
projects.

Furthermore, there is a tradeoff between maximum 
reduction of shoreline erosion and maximum growth of 
oyster and other fishery species for living shoreline restora-
tion projects (Morris and others, 2019, 2021). This is because 

the duration and depth of inundation influence both wave 
attenuation and oyster recruitment, survival, and growth. To 
achieve the shoreline protection goal (reduction of erosion), 
LSS should be placed nearshore at a vertical position higher 
than the mean sea level and with the crest elevation similar to 
or higher than the vegetation platform along the shore to keep 
LSS emergent greater than (>) 50 percent of the time. This 
is due to the large decrease in LSS capacity in wave energy 
attenuation when the LSS are submerged. For example, it 
was found that significant wave height can be reduced by as 
much as 52 percent from an offshore wave gage location to a 
site behind an oyster castle along Gandys Beach, New Jersey, 
when the oyster castles were emergent in contrast to less wave 
height reduction or even increase in wave height when the 
oyster castles were submerged (Zhu and others, 2020; Wang 
and others, 2021; Bredes and others, 2022). Conversely, to 
create the most suitable habitat, oyster reef based LSS should 
be placed in the lower spectrum of the intertidal zone to ensure 
that the structure is submerged >50 percent of the time. For 
eastern oyster (Crassostrea virginica) along the east coast 
of the United States, a 60–80 percent inundation is required 
for optimal oyster recruitment, survival, and growth (Morris 
and others, 2021). A greater submergence time can enhance 
feeding, and therefore growth of oysters, and reduce desicca-
tion stress (Solomon and others, 2014; Marshall and La Peyre, 
2020; Morris and others, 2021). Therefore, the location, con-
figuration, orientation, and three-dimensional features (crest, 
width, and length) of oyster reef based LSS in relation to 
water depth could affect the realization of optimal ecological 
benefits of living shoreline restoration projects, which are to 
reduce erosion by wave attenuation and sediment trapping and 
to enhance oyster production by providing optimal conditions 
for oyster recruitment, survival, and growth.

A living shoreline restoration project on the Virginia coast 
was studied to analyze the effects of oyster castles on waves, 
current patten, and sedimentation. The specific research 
objectives were to (1) conduct field measurements of wave 
and current regimes and sedimentation with and without LSS, 
(2) understand the magnitude, mechanism, and processes in 
controlling wave, current, and sediment dynamics, (3) under-
stand the processes of sediment deposition and erosion and 
the linkage between sediment dynamics (erosion, transport, 
and deposition) and varying wave and current actions along 
the living shoreline, and (4) examine the potential relationship 
between hydrodynamic-geomorphological forces (wave, cur-
rent, and sediment dynamics) and oyster population dynamics. 
Data and information provided by this study can be useful for 
the assessment of the effectiveness of living shoreline restora-
tion projects along the east coast and the implementation of 
new and optimal LSS design under future climate change and 
rising sea level.
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Methods

Site Description

The U.S. Fish and Wildlife Service, The Nature 
Conservancy, and Virginia Marine Resources Commission 
constructed 3,550 linear feet (1,082 meters [m]) of liv-
ing shoreline using oyster castles at Little Toms Cove and 
Assateague Bay, Chincoteague National Wildlife Refuge, 
Virginia (fig. 1A, B), in 2016 (Holcomb and Lusk, 2016). 
Toms Cove covers about 8 square kilometers and is a shal-
low embayment with an average depth of 2.5 m and salinity 
of approximately (~) 28 parts per thousand (fig. 1B). Tide 
is semidiurnal with a tidal range of about 0.7 m near the 
Chincoteague Inlet. The oyster castles at the Little Toms Cove 
within Toms Cove (fig. 1C, D) were selected for this study 
after a site visit in July 2017. The criteria for selecting a repre-
sentative living shoreline section included (1) the presence of 
an elevation gradient for capturing wave transformation from 
offshore to nearshore with oyster castles, (2) the existence of a 
control area along the shore that has similar wind/wave fields 
and bathymetric features to the shoreline protected by the 
oyster castles but no oyster castles implemented on ground, 
(3) the presence of a shoreline with salt marshes well distrib-
uted and protected by the oyster castles, and (4) a location 
outside of Virginia Marine Resources Commission’s shellfish 
ground lease boundaries.

Each oyster castle consists of 28 four-pronged concrete 
blocks (0.3 m x 0.3 m) and acts as an artificial oyster reef to 
provide a substrate for oyster spat to settle and grow (fig. 1D). 
It measures approximately 1.9 m long, 0.7 m wide, and 0.5 m 
tall, and is composed of three stacked layers of concrete 
blocks. There are around 70 oyster castles at the study site 
(fig. 1C). These oyster castles were constructed in two stag-
gered rows with a distance of ~0.7 m between them. The two 
rows of oyster castles run parallel to the marsh edge with an 
average to-marsh distance of ~10 m. There are gaps (~1.9 m) 
between two oyster castles in each row (fig. 1C). The double-
row oyster castle layout blocks the direct exchange of tidal 
flow from southwest to marsh area, but still allows exchange 
of tidal flow through gaps between oyster castles and from 
directions such as southeast to marsh area.

These oyster castles were constructed to attenuate 
wave energy and to protect salt marsh from wind-wave and 
current-induced erosion, accumulate sediment, and reduce 
storm surge impact on vegetation distribution and growth and 
to provide suitable habitat for oyster recruitment, survival, 
and growth. Salt marsh vegetation in the study area consists 
almost entirely of Spartina alterniflora. A recent study found 
that salt marshes in Assateague Island National Seashore, 
including Chincoteague National Wildlife Refuge, expanded 
by 4.01 hectares per year from 1962 to 1994 as a result of the 
recovery of the reclaimed salt marsh area but retracted at a rate 
of −3.4 hectares per year from 1994 to 2016 due to interior 
loss and edge erosion (Campbell and Wang, 2020).

Field Monitoring and Data Processing

Multiple locations were selected to capture the spatial 
and temporal variations in wave dissipation, current velocity, 
and sediment deposition and erosion both horizontally and 
vertically with and without oyster castles along the shoreline 
at Little Toms Cove. Sensors for the hydrodynamic forcing 
(waves, currents, and water level) and instruments for sedi-
mentation were deployed February 27–28, 2019, and retrieved 
April 29–May 3, 2019.

The wind conditions at Toms Cove were obtained from 
the National Oceanic and Atmospheric Administration station 
in Wachapregue, Va. (station ID: 8631044, fig. 1A), which is 
40 miles southwest of the project site. During the deployment 
period, the largest wind speed was 14.7 meters per second 
(m/s) coming from south-southwest and northeast, and about 
1 percent of the wind had a speed >10 m/s (see “wind rose” 
in figure 1.1). In 2018, the largest wind came from northeast 
(nor’easter) with a speed of 16.5 m/s, and about 1.5 percent 
of the wind had a speed >10 m/s. Considering that the fetch is 
short when winds come from northeast, nor’easters should not 
have a large impact on the wave height at the wave gage sites. 
Therefore, the recorded 2-month wave data are sufficiently 
representative for analyzing the influence of the oyster castles 
on wave propagation at Toms Cove.

Six pressure transducers or wave gages (WGs) (Ocean 
Sensors Systems, Inc., OSSI–010–003C) were deployed, but 
one (WG1, 765 m southwest of the oyster castles) for offshore 
wave monitoring was lost; therefore, wave data were available 
at five locations. At a water depth of approximately 1.2 m, 
WG2 was placed in front (or bayside) of the oyster castles 
during low tide when sites were exposed, WG5 and WG6 were 
placed behind (or leeside of) the oyster castles, whereas WG3 
and WG4 were installed near the vegetated shore without the 
protection of the oyster castles as control locations (figs. 2A 
and 3A). These wave gages were sampled continuously at 
10 hertz to take a 20-minute (min) burst every 30 min. The 
recorded raw gage pressure data was converted to desired 
wave characteristics (for example, water depth, wave heights, 
and periods) following the protocol described in Wang and 
others (2021). The instrument measured a different atmo-
spheric pressure from the reference pressure (in this study, it 
is the atmospheric pressure recorded at the National Oceanic 
and Atmospheric Administration station [station ID: 8631044] 
on calm days). The difference is considered as the instrument's 
offset. Then, the gage pressure (p) was achieved by subtracting 
the atmospheric pressure (patm) from the corrected water  
pressure data (ṕ) as p = ṕ − patm. The gage pressure was  
then converted to the water depth (h) as h = p/ρg, where  
ρ (= 1,014 kilograms per cubic meter) is the seawater density 
and g (= 9.81 meter per second squared) is the gravitational 
acceleration. Lastly, each burst of water depth was con-
verted to free surface elevation based on linear wave theory 
and transformed to a wave energy spectrum through the 
Ocean Wave Analyzing Toolbox (OCEANLYZ, version 1.4) 
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Figure 1. Selected living shoreline A, location on the coast of Virginia, B, location in the study area in Toms Cove, C, oyster castles in 
Little Toms Cove, D, oyster castle covered with oysters (photograph taken in February 2019 by William Capurso, U.S. Geological Survey) 
and E, panoramic view of the oyster castles in Little Toms Cove (photograph taken in February 2019 by Hongqing Wang, U.S. Geological 
Survey). Map images are the intellectual property of Esri and are used herein under license. Copyright 2022 Esri and its licensors. All 
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Figure 2. Locations of A, wave gages, B, tilt current meters and acoustic Doppler current meter (ADV), C, sediment traps, D, sediment 
tiles, E, marsh edge erosion pins, and F, marsh/tidal flat cores along the living shoreline in the Little Toms Cove, Chincoteague National 
Wildlife Refuge. Map images are the intellectual property of Esri and are used herein under license. Copyright 2022 Esri and its 
licensors. All rights reserved. World Geodetic System 1984.
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Figure 3. A, Deployed wave gage (photograph taken in February 2019 by Lukasz Niemoczynski, U.S. Geological Survey), B, tilt current 
meter and the acoustic Doppler velocimeter (ADV; photograph taken in February 2019 by Qin Chen, Northeastern University, used with 
permission), C, tilt current meter and the ADV (photograph taken in February 2019 by Qin Chen, Northeastern University, used with 
permission), D, sediment pin/trap (photograph taken in February 2019 by William Capurso, U.S. Geological Survey), E, sediment tiles 
(photograph taken in May 2019 by Hongqing Wang, U.S. Geological Survey), and F, marsh edge erosion pin along the shoreline in the 
Little Toms Cove, Chincoteague National Wildlife Refuge (photograph taken in May 2019 by Hongqing Wang, U.S. Geological Survey).
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(Karimpour and Chen, 2017). From the wave energy spectrum 
(Sηη), bulk wave characteristics such as zero-moment wave 
height (Hm0) and peak wave period (Tp) were extracted using 
the following equation:

   H  m0    = 4  √ 
_

  m  0      = 4  √ 
___________

   ∫   f  min−cutoff    
 f  max−cutoff     S  ηη   (f) df   , and   T  p    =   1 _  f  p  

   (1)

where
 m0 is the zeroth moment of the wave energy 

spectrum,
 f is the frequency,
 fp is the peak frequency associated with the 

maximum value of Sηη (f),
 fmin-cutoff is the minimum cut-off frequency, and
 fmax-cutoff is the maximum cut-off frequency.

The accuracy of wave height measurements is plus or 
minus (±) 0.05 percent. Therefore, wave heights smaller than 
0.01 m were removed from further analysis. In this study, 
wave attenuation is determined by comparing wave height val-
ues at a nearshore station behind COR (WG5) or in the control 
area (WG4) to wave height values at the offshore location 
(WG2) measured during the study period.

Eleven tilt current meters (TCMs; Lowell Instruments, 
LLC; six long TCMs [LTCMs], range of 0–80 centimeters 
per second [cm/s], and five short TCMs [STCMs], range 
of 0–75 cm/s), consisting of a tilt-corrected compass in a 
buoyant casing and attached to a concrete tile at the sediment-
water interface, were installed to measure the flow speed and 
direction along the gradient from offshore to nearshore in 
areas with and without the oyster castles (figs. 2B and 3B, C). 
One acoustic Doppler current meter (ADV; SonTek, Argonaut-
ADV) was deployed behind the oyster castles in the middle 
of the oyster castle rows (next to STCM4, fig. 2B) to capture 
the circulation pattern change and confirm the compatibility 
of TCMs in measuring current velocity in the shallow embay-
ment (fig. 3B, C). These TCMs and the ADV were sampled at 
16 hertz in bursts of 20 seconds. The offshore WGs and TCMs 
were deployed by boat. The current data at STCM4 from 
March 1 to April 3, 2019, were missing, and the data at the 
ADV from April 14 to May 2, 2019, were missing. The cur-
rent meters also recorded data when the current meters were 
not completely submerged, leading to some recorded data 
beyond the recommended range. The raw current data were 
processed by (1) time averaging over 30 min and (2) capping 
the time-averaged current speed with 80 and 60 cm/s for the 
LTCMs and STCMs, respectively. In this study, the flood and 
ebb tides are defined based on the water depth changes at the 
offshore WG2. The flood and ebb tides are determined as the 
time when the water depth at WG2 continuously increases 
and decreases in 3 hours, respectively. The bearing angle (θ) 

is defined as the angle relative to true north (clockwise). The 
mean current speeds and directions during flood and ebb tides 
are calculated at all TCMs.

Sediment accumulation on marsh surface and in the water 
column (~0.3 m [1 foot (ft)] above bed surface) was mea-
sured by the sediment pin/trap set approach (Wang and others, 
2021). Eight sediment pin/trap sets (STs) were placed in the 
study area: four along the oyster castle transect (ST1 in the 
front of the oyster castles, ST2 and ST3 on the tidal flat behind 
the oyster castles, and ST4 on marsh surface behind the oyster 
castles), and four along the control transect (ST5, ST6, and 
ST7 on the tidal flat and ST8 on marsh surface in the control 
area) (figs. 2C and 3D). The installation, measurements of the 
coordinates of the pin/trap set, and the elevation of the top of 
the traps were conducted following the method designed spe-
cifically for the National Fish and Wildlife Foundation funded 
living shoreline restoration monitoring and modeling project 
(Wang and others, 2021). During deployment and retrieval, the 
distance from the pin top to sediment surface was measured 
so that the vertical sedimentation (accretion or erosion) during 
the 2-month monitoring could be determined. Sediments accu-
mulated in the traps were collected and put into 500-milliliter 
bottles and shipped to Louisiana State University (LSU) 
Department of Geology and Geophysics for laboratory analy-
sis of sediment mass and grain size distribution.

Five sites were selected in the study area to measure 
sediment accumulation during the 2 winter months. At each 
site, three ceramic tiles (15.24 centimeters [cm] x 15.24 cm) 
were placed as replicates. Three sites were selected behind 
the oyster castles: one in the tidal flat, one on the marsh edge, 
and one in the marsh interior. Two sites were selected in 
the control area: one on the marsh edge and the other in the 
marsh interior (figs. 2D and 3E). The marsh edges and marsh 
interiors were at approximately the same elevation thus having 
similar hydroperiod. The tiles and the sediments accumulated 
during the monitoring period were collected, put into plastic 
bags, and shipped to the LSU laboratory for analysis of sedi-
ment mass and grain size distribution.

Fourteen marsh erosion pins (1.25-inch PVC pipes) were 
placed in the study area to measure marsh edge horizontal 
translation during the 2-month monitoring period. Seven pins 
were placed at the marsh edge behind the oyster castles and 
seven at the marsh edge in the control area (figs. 2E and 3F). 
These pins were installed next to the identified marsh edge 
and were pushed down 0.91–1.22 m (3–4 ft) in sediment. The 
coordinates of these marsh edge pins were measured by Global 
Positioning System (GPS). During the retrieval, the distances 
from marsh edge to pins were measured in three directions 
(perpendicular, 45 degrees [°], and 225° from marsh edge) to 
determine if marsh edge erosion occurred during the monitor-
ing period (Wang and others, 2021).
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During the retrieval, a total of 12 sediment cores to a 
depth of 10 cm were also collected using a 2.54-cm diameter 
soil corer to determine any variation in sediment grain size 
distribution in soil/sediment with and without the protection of 
the oyster castles. Six cores were taken from the area behind 
the oyster castles (three in mudflat and three on marsh surface) 
and six in the control area (also three in mudflat and three on 
marsh surface) (fig. 2F). Samples were placed in vials, packed, 
and shipped to the LSU laboratory for analysis of sediment 
mass and grain size distribution.

The coordinates and elevations of WGs, TCMs, ADV, 
STs, sediment tiles, and marsh erosion pins were measured 
using GPS during the deployment. Additionally, the topo-
graphic and bathymetric data in the study area and the eleva-
tion data (in meters; North American Vertical Datum of 1988) 
of the oyster castles at selected points on the oyster castles 
were also collected during the retrieval (figs. 4 and 5A, B). 
Topobathymetric surveys were conducted using trigonometric 
and global navigation satellite system (GNSS) methods (Wang 
and others, 2021).

100
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75°20'56"75°20'58"75°21'0"75°21'2"

37°53'30"

37°53'28"
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Oyster castle points

Topography and bathymetry points

EXPLANATION

Figure 4. Locations of topographic-bathymetric survey of the study area and the oyster castles in the Little Toms Cove, Chincoteague 
National Wildlife Refuge. Map image is the intellectual property of Esri and is used herein under license. Copyright 2022 Esri and its 
licensors. All rights reserved. World Geodetic System 1984.



Methods  9

 

 

 

  

 
A

C
 

 

 

 

 

 

 

D

B

 

 

 Sediment 

OC1-3

OC1-1

OC1-5

OC1-2

OC1-4 OC1-6

Figure 5. Oyster castle designations, A, top-down view, 
B, simplified side view, C, onsite view with settled oysters 
covering most of the surface area (photograph taken in 
February 2019 by William Capurso, U.S. Geological Survey), 
and D, constructed oyster castles prior to oyster settlement 
(photograph taken in 2017 by Bowdoin Lusk, The Nature 
Conservancy, used with permission). Symbol oc#–# represents 
the ith oyster castle and number of six measurement points 
on that oyster castle with 1–2 representing the highest line or 
crest of the oyster castle and 3–6 representing the footprint. 
Each castle has a well-defined top layer (gray diamonds) and 
middle layer (blue diamonds). Additionally, these castles have 
significant oyster growth, which results in more of a “mound” 
shape shown in the simplified side view as opposed to the 
tiered rectangles. OC, oyster castle.
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Results

Wave Dynamics

The measured zero-moment wave heights (Hm0) and peak 
wave periods (Tp) along the Little Toms Cove, Chincoteague 
living shoreline, from March to April 2019 ranged between 
0 and 0.26 m and between 1 and 3 seconds (s), respectively. 
The time series of water depth, Hm0, and Tp at WG2 during the 
monitoring period are shown in figure 6 as an example, and 
wave data are available in Wang and others (2022a). The wave 
height was mostly smaller than 0.05 m during the 2 winter 
months. Large waves were observed at the five wave gages on 
March 12, March 15–16, March 22, April 15, and April 18–20 
with Hm0 larger than 0.1 m.

Wave generation and propagation in this shallow cove are 
controlled by wind directions and water levels. Thus, the wave 
dynamics along the shoreline and the effect of oyster castles 
on wave attenuation were assessed in terms of wind direction 
sections (0–90, 90–180, 180–270, and 270–360°) and water 
levels, as well as the oyster castle crest freeboard (Rc, defined 
as the distance from the water surface to the crest of the oyster 
reefs) (fig. 7).

The results showed that wave parameters (that is, Hm0 
and Tp) measured at WG5 and WG6 (both behind the oyster 
castles) were similar. For WG3 and WG4, both in the con-
trol area, the measured Hm0 and Tp also presented a similar 
pattern. The results showed that when winds came from the 
northeast, wave heights were lowest due to the limited fetch 
and sheltering of the shoreline (fig. 8). When winds came 
from the southwest, wave heights were larger (~0.25 m). Most 
wave attenuation happened when winds came from northwest. 
During low tides (Rc> −0.8Hm0,WG2), an average reduction rate 
of 39.7 percent in wave height (reduction rate =   ( H  mo, WG2   −  
H  mo, WG5  )  /  H  mo, WG2   ) was observed from the most offshore sta-
tion (WG2) to the nearshore station behind the oyster castles 
(WG5); during high tides, the wave height from WG2 to WG5 
had an average rate of 23.5 percent reduction to 38.6 percent 
amplification during the deployment period (fig. 8).

The WG2-WG4 paired comparison showed that wave 
heights were also reduced from the offshore location (WG2) 
to the control location nearshore even without oyster castle 
protection because of the bathymetric effect or depth-limited 
breaking. Wave heights were reduced by an average of 
37.7 percent from WG2 to WG4 (fig. 9). Peak wave periods 
at all the five wave gage locations were short and in the range 
of 1–3 seconds, indicating waves along the Little Toms Cove 
living shoreline were generated by local winds with limited 
fetches. Overall, field-measured wave data indicate that the 
oyster castles along the Little Toms Cove living shoreline play 
a limited role in wave attenuation in this low wave energy 
environment. Wave height could be attenuated by less than (<) 
40 percent when oyster castles are emergent or slightly sub-
merged with southwest winds (fig. 9). Such wave attenuation 
is also seen in the control area without oyster castles. When 

the oyster castles are fully submerged, wave energy behind 
the structure is less likely to decrease; instead, wave energy 
increased mainly owing to the effect of wave shoaling.

Current Dynamics

The temporal variations of current direction, current 
speed, and water depth during flood and ebb tides were 
recorded at all the TCM locations. Velocity data are available 
in Wang and others (2022b). The data at STCM3 (fig. 2B) 
were shown in figure 10 as an example for the measured 
current dynamics along the Little Toms Cove, Chincoteague 
living shoreline. The time series of the vectors showed the 
circulation pattern of currents. The mean flood and ebb current 
speed were low at locations near the oyster castles (STCM3 
and STCM4) and in the control area (STCM5 and STCM6) 
(fig. 2B) with an average velocity value smaller than 5 cm/s. 
STCM1 and STCM2, behind the oyster castles, had relatively 
stronger currents. The offshore (LTCM1 to LTCM3, fig. 2B) 
current speed was even higher. The average speed was around 
10 cm/s at LTCM1 and LTCM2, and the maximum averaged 
current speed recorded was up to 25 cm/s at these two sites.

During flood tides, the currents at LTCM1, STCM1, 
STCM3, STCM4, and STCM5 were generally oriented 
onshore, while the currents at LTCM3 and LTCM4 were 
mostly oriented offshore. By contrast, LTCM2, LTCM5, 
STCM2, and STCM6 did not have a consistent tendency of 
orientations during flood tides. A snapshot of currents at all 
TCMs during flood tide (21–Mar–2019 06:00:00) is provided 
in figure 11.

During ebb tides, the currents at LTCM1, LTCM4, 
LTCM5, STCM5, and STCM6 generally moved offshore. The 
currents at LTCM3, STCM1, STCM3, and STCM4 generally 
moved onshore due to the flow circulation in the small cove. 
LTCM2 and STCM2 did not have an obvious tendency of ori-
entations during ebb tides. A snapshot of currents at all TCMs 
during an ebb tide (21–Mar–2019, 09:00:00) is provided in 
figure 12. Overall, the circulation pattern at the nearshore 
TCMs can be quite complicated, greatly affected by the sur-
rounding bathymetry and shoreline geometry, and the oyster 
castles tended to alter the circulation (velocity and direction) 
nearby, either increasing or decreasing the velocity, depending 
on the location.

The ADV was deployed close to STCM4 (fig. 2B). 
The magnitude and pattern measured by STCM4 were in 
good agreement with that from the ADV (fig. 13). The north 
components of the current direction measured at STCM4 and 
the ADV were a bit different, which might be caused by the 
different positions of STCM4 and the ADV and the small 
sampling volume the ADV contributed. Specifically, STCM4 
was placed behind the gap of the oyster castle, while the ADV 
was set behind the oyster castles (figs. 2B and 3B, C). As the 
oyster castles can change the direction of current propagation 
towards the shoreline, it is reasonable to observe that current 
velocities were similar in the longshore direction and different 
in the cross-shore direction.
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Figure 6. Time series of water depth, Hm0, and Tp at wave gage 2 (WG2) during March and April 2019 along the Little Toms Cove, Chincoteague National Wildlife Refuge, 
Virginia. m, meter; Mar, March; Apr, April; Hm0, zero-moment wave height; Tp, peak wave period; s, seconds; @, at.



12  Monitoring of Wave, Current, and Sediment Dynamics Along the Chincoteague Living Shoreline, Virginia

To assess the spatial variations of current velocity from 
offshore to nearshore along the Chincoteague living shore-
line, current velocities measured at different TCM locations 
were compared over the 2 winter months, including STCM3 
(in front of oyster castles), STCM4 (behind oyster castles but 
at the middle of the linear structure), and STCM1 (behind 
oyster castles but at the end of the linear structure) (fig. 2B). 
The results showed that the COR could change the circula-
tion pattern by increasing the current velocity at locations 
near the boundaries of the oyster castles but have limited 
influence on the current velocity at locations behind the gaps 
between the oyster castles (fig. 14). Also, it was found that the 
measured current velocities at LTCM1, LTCM2, and LTCM3 
were larger than the velocities measured at nearshore (for 
example, LTCM4 and LTCM5) due to the local bathymetry 
effects (fig. 15). The comparisons between LTCM and STCM 
pairs (fig. 16) showed that (1) the current velocities could be 
increased or decreased from offshore (LTCM4) to nearshore 
(STCM5 and STCM6) in the control area, (2) velocities were 
similar at locations in front of the oyster castles (LTCM5 
and STCM3) or could be increased at STCM3 compared to 
LTCM4, especially with the large current speed (>7 cm/s), 
(3) velocities at locations behind the oyster castles (STCM1: 
<2 m away from the oyster reefs) could be enhanced compared 
to the velocity at LTCM5, especially for large current speed 
(>5 cm/s), and (4) velocities at locations behind the oyster 
castles (STCM2: close to the nearby tidal creek and open 
water) were similar to the ones at LTCM5.

Overall, results show that there is a natural gradient of 
decreasing current velocities from offshore to nearshore loca-
tions along the Little Toms Cove, Chincoteague living shore-
line owing to the effects of the wetlands or land boundary. The 

construction of the oyster castles does affect circulation pat-
terns, but it is heterogenous with velocity increase or decrease 
in nearshore depending on the position relative to the oyster 
castles.

Sediment Dynamics

Field sediment pin measurements (table 1) showed that 
sediment vertical elevation loss occurred during the 2 winter 
months consistently at both the oyster castle transect and the 
control transect. However, because of the GNSS vertical accu-
racy of 3 cm (Wang and others, 2021) for surface elevation 
change measurements, it would be difficult to quantify with 
high confidence the magnitude of vertical surface elevation 
changes at the sites with and without oyster castle protection. 
Nevertheless, it appeared that the oyster castles in front of the 
marsh edge along Toms Cove could not mitigate vertical sedi-
ment surface elevation loss (table 1: elevation loss of 3.96 cm 
behind the oyster castles versus loss of 2.97 cm in the control 
area, student t-test, p = 0.4). This finding is opposite to our 
expectation that the oyster castles would play an active role 
in reducing elevation loss and associated sediment erosion at 
marsh edge and tidal flat behind them.

Marsh edge lateral erosion pin measurements (six behind 
oyster castles and seven in the control area) showed that marsh 
edge behind oyster castles tended to have less lateral erosion 
(mean ± standard deviation: 0.53 ± 1.04 cm) than marsh edge 
in the control area (1.33 ± 1.21 cm) during the study period 
(February–April 2019) although the difference was not statisti-
cally significant (student t-test, p = 0.18).

Figure 7. Sketches of freeboard under different tide conditions. Hm0, zero-moment wave height; WG2, wave gage 2; 
Rc, crest freeboard; >, greater than; <, less than.
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Sediment trap measurements showed that sites at marsh 
edge and tidal flat protected by oyster castles tended to trap 
more sediment than sites along the control transect during 
the 2 winter months. In addition, the grain size of the trapped 
sediment behind the oyster castles tended to be finer than that 
in control sites, and trapped sediment behind the oyster castles 
tended to have a higher fraction of clay and less fractions of 
silt and sand (table 2). It should be noted that because sedi-
ment trap samples were limited over a short winter storm 
period, more sediment trap samples across the shoreline with 

and without the oyster castles and over a longer period are 
needed to determine the actual impact of oyster castles on 
sediment dynamics near the shoreline.

Sediment tile measurements showed that during the 
2 winter months, interior marsh area tended to accumulate 
more sediment (mean ± standard error: 185.01 ± 88.55 grams 
per square meter [g/m2]) than tidal flat (128.08 ± 54.71 g/m2)  
and marsh edge (33.01 ± 0.94 g/m2) behind the oyster cas-
tles whereas marsh edge tended to accumulate more sediment 
(357.10 ± 224.57 g/m2) than interior marsh (6.26 ± 3.37 g/m2)  

Figure 8. Scatterplots of the zero-moment wave heights and peak wave period measured at wave gage (WG) 2 and WG5 separated 
by wind directions and water levels. m, meter; Hm0, zero-moment wave height; Rc, crest freeboard; Tp, peak wave period; s, seconds; °, 
degree; @, at; <, less than; >, greater than; %, percent.
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in the control area (table 3). The clay fraction tended to 
increase from interior marsh in the control area (26.77 ± 
1.53 percent) to interior marsh behind oyster castles (32.47 
± 0.29 percent) whereas the sand fraction tended to decrease 
from interior marsh in the control area (8.74 ± 2.47 percent) 
to interior marsh behind oyster castles (2.02 ± 0.28 percent) 

with smaller grain size (mean D50 = 6.97 micrometer [µm]) in 
the interior marsh behind oyster castles than that in the control 
area (10.10 µm) (table 3). The marsh edge sites behind oyster 
castles and in the control area also showed a similar pattern in 
grain size distribution with interior marsh, or finer sediment 
tended to be accumulated at marsh edge behind oyster castles.

Figure 9. Scatterplots of the zero-moment wave heights and peak wave period measured at wave gage (WG) 2 and WG4 separated 
by wind directions and water levels. m, meter; Hm0, zero-moment wave height; Tp, peak wave period; Rc, crest freeboard; s, seconds; °, 
degree; @, at; <, less than; >, greater than; %, percent. 
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Figure 10. The water depth, current vectors, and current speed measured at short tilt current meter 3 (STCM3) during March and April 2019 along the Little Toms Cove, 
Chincoteague living shoreline, Virginia. The vector plots show the current directions (pointing upwards means true north). The red and green dots correspond to the flood and 
ebb tides, respectively, defined based on the water level changes at wave gage 2 (WG2). m, meter; Mar, March; Apr, April; cm/s, centimeter per second; @, at.
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The analysis of soil/sediment cores in the top 10 cm 
surface of marsh edge and tidal flat showed that there was 
no difference in bulk density and organic matter content 
between sites behind oyster castles and sites in the control 
area (table 4). These results clearly demonstrate that although 
sediment bulk density and organic matter content were not 
affected by the oyster castles, sediment texture is affected 
by the construction of the LSS due to the finer sediment (silt 
and clay) that is accumulated in the soil (D50: 56 µm versus 
97 µm; mud fraction: 67 percent versus 48 percent).

Topobathymetric Survey

Topobathymetric survey was conducted during deploy-
ment along the Little Toms Cove living shoreline project area 
using GNSS surveys and total station trigonometric leveling. 

Both real-time network and static satellite techniques were 
utilized to determine the elevation of survey points across the 
study area with a horizontal accuracy of ± 0.015 m (0.05 ft) 
and a vertical accuracy of ± 0.03 m (0.10 ft). Topobathymetric 
data from this study (2019) were combined with the U.S. 
Geological Survey (USGS) Coastal National Elevation 
Database (CoNED prior to 2014 for the study area) to create 
a high-resolution (0.2 m) topobathymetric dataset (fig. 17) 
incorporating the oyster castles for future high-resolution 
wave, hydrodynamic, and sediment transport modeling. The 
integrated modeling results can be used for adaptive shoreline 
management under future climate change with increased fre-
quency and intensity of storms. The elevation survey data are 
available in Capurso and others (2022).

10 cm/s

Figure 11. A snapshot of currents at all tilt current meters (TCMs) during a flood tide on March 21, 2019, at 6 a.m. Mar, March; m, 
meter; cm/s, centimeter per second; WG, wave gage; LTCM, long tilt current meter; STCM, short tilt current meter; @, at.
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Discussion

Effect of Oyster Castles on Attenuation of Wave 
and Current Velocity

Monitoring data indicate that the oyster castles along 
the Little Toms Cove living shoreline play a limited role in 
wave attenuation in this microtidal (0.7 m), low wave energy 
(wave height <0.25 m) environment. Wave height attenu-
ated by up to 40 percent when oyster castles were emergent 
or slightly submerged. When the oyster castles were fully 
submerged, however, wave energy behind the structure tended 
to be increased by up to 38.6 percent; therefore, instead of 
reducing wave energy, submergence supported an increase in 
wave energy. Using the same methodology for wave monitor-
ing and data analysis in Gandys Beach, New Jersey, in upper 
Delaware Bay, a high wave energy environment where the 
tidal range is 1.72 m and shoreline is exposed to Delaware 
Bay, wave height behind the oyster castles (as high as >1 m) 
was reduced by 52 percent when oyster castles are emergent or 
slightly submerged (Zhu and others, 2020; Wang and others, 
2021). One common finding at both low and high wave energy 
shorelines is that oyster castles would not reduce wave energy 
when the castles are fully submerged. Instead, wave height 

could be increased under such structure inundation condi-
tions by as high as 70 percent and 39 percent at the Gandys 
Beach (Zhu and others, 2020; Wang and others, 2021) and 
Little Toms Cove (fig. 8) living shorelines, respectively. Wave 
breaking by shallow water depth can be responsible for wave 
height reduction behind oyster castles, whereas wave shoal-
ing, wave diffraction, and wave focusing can be responsible 
for wave height amplification (Zhu and others 2020; Wang and 
others, 2021).

Further evidence for the limited role of oyster castles in 
wave attenuation along the Little Toms Cove living shoreline 
is provided by the finding that wave heights were reduced by 
38 percent along a transect in the control area (from WG2 to 
WG4, fig. 9). Such wave attenuation may be attributed to the 
geomorphological conditions of the control site (WG4). The 
control site is protected by the salt marshes in the west and a 
nearby offshore shoal. In contrast, sites behind the oyster cas-
tles would have large wind fetch under the same water level 
conditions (fig. 8), resulting in the reduction of wave height 
at WG5, especially when winds come from the southwest, a 
direction associated with the highest wave heights in the study. 
In addition, it was found that mats of macroalgae (Gracilaria 
sp.), distributed more in the control area than in front of the 
oyster castles during the 2 winter months, might have had 
the same effects on wave energy dissipation as seagrass (for 

10 cm/s

Figure 12. A snapshot of currents at all tilt current meters (TCMs) during an ebb tide on March 21, 2019, at 9 a.m. Mar, 
March; m, meter; cm/s, centimeter per second; WG, wave gage; LTCM, long tilt current meter; STCM, short tilt current 
meter; @, at.
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Figure 13. Current measured by short tilt current meter 4 (STCM4) and acoustic Doppler velocimeter (ADV) along the Little Toms Cove, Chincoteague living 
shoreline, Virginia. VelE and VelN represent the current velocities in the east and north direction, respectively. Apr, April; cm/s, centimeter per second.
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example, Paul and others [2012]). It should be noted that a 
section of the Little Toms Cove living shoreline without the 
protection of oyster castles could not serve as qualified con-
trol/reference sites with similar topographic and bathymetric 
features. Better determination of oyster castle influence on 
wave attenuation along the living shoreline could be investi-
gated with numerical wave models or physical wave models 
where the topographic and bathymetric features and the wave 
heights can be controlled.

Wave data analysis indicates that wave height reduction 
along the Little Toms Cove living shoreline is dependent on 
the ratio between the freeboard of the oyster castles and the 
offshore (incoming) wave height. This observation is consis-
tent with the finding from the Gandys Beach living shoreline 
(Zhu and others, 2020; Wang and others, 2021). Regardless 
of tidal ranges and wave heights of the living shorelines for 
both low and high wave energy conditions, wave attenuation 
capacity of the LSS will decrease with increasing water depth 
above the crest of the structure and increased incident wave 
height (Ysebaert and others, 2011; Chowdhury and others, 
2019; Wiberg and others, 2019; Converse and others, 2020; 
Zhu and others, 2020; Morris and others, 2021; Polk and 
others, 2022; Spiering and others, 2021; Wang and others, 
2021). Since the height of the oyster castles is closely related 
to the freeboard and water depth, oyster castle height will be 
one of the critical factors that determine the wave attenuation 
capacity of oyster castles (Wiberg and others, 2019; Converse 
and others, 2020). Moreover, changes in the length and width 
of the oyster castles and their configurations can be consid-
ered in improving the wave attenuation capacity (Chowdhury 
and others, 2019; Morris and others, 2019; Polk and oth-
ers, 2022).

There are few studies on the impact of LSS on the current 
velocity field in shallow areas along coastal shorelines. This 
study showed that the effect of LSS on nearshore circulation 
and current velocity varied in space and time and was depen-
dent upon wind and wave conditions, tidal phase (ebb versus 
flood), location of measurement in relation to living structures, 
and geomorphological features. Measured current velocities 
at multiple locations with and without oyster castles along the 
Little Toms Cove living shoreline indicate that the construc-
tion of oyster castles affects circulation patterns with velocity 
increase or decrease depending on locations of measurements. 
Current velocities tend to be reduced at locations behind 
oyster castles but along the middle of the structures, whereas 
velocities could be increased at locations behind the oyster 
castles but near the boundary between the structures and open 
water especially during ebb tides. Without the construction of 
the oyster castles, circulation patterns and current velocities in 
the study area are also dependent on local bathymetry, distance 
to the tidal creek and (or) open water, tidal forcing, and wind.

Previous studies also found that depth-averaged mean 
current velocity was more reduced in the landward side of 
the oyster reef than the seaward side and alongshore flow and 
current velocity varied in and around the oyster reef areas 
(for example, Chowdhury and others [2019]). Whitman and 
Reidenbach (2012) found that current velocity over mudflats 
along the Virginia coastline could be reduced by a factor of 
two compared with flows over adjacent oyster reefs. It was 
found that the tidal current was relatively stronger in ebb 
tide compared to flood tide (Chowdhury and others, 2019). 
Nardin and others (2020) also found that along the microtidal 
shoreline in the Virginia Coast Reserve, the maximum flow 
velocity was greater during ebb tides than during flood tides 

Figure 14. Comparison between the current speed measured at different short tilt current meters (STCMs) during flood and ebb 
tides. cm/s, centimeter per second; @, at.
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for each tidal cycle, and the alongshore current velocity was 
at the maximum value when the relative wave direction was 
around 45°. Another factor contributing to reduced current 
velocity at the locations behind the middle of the oyster castles 
may be the existence of shells of dead oysters and mussels 
placed behind the oyster castles. Shells of oysters and mussels 
could increase the bottom drag and dissipation on current via 
increased bed roughness, thus reducing current velocity and 
wave height (Kitsikoudis and others, 2020; Spiering and oth-
ers, 2021).

Effect of Oyster Castles on Sediment Deposition 
and Marsh Edge Erosion

In this study, field sediment pin measurements, although 
limited in sample size and confidence, indicate that oyster 
castles along the Little Toms Cove shoreline are unlikely to 
mitigate soil elevation loss and sediment vertical erosion dur-
ing the 2-month study period compared to the shoreline sec-
tion in the control area. This finding is different from previous 
studies (Wang and others, 2021; Polk and others, 2022). Polk 
and others (2022) studied 17 living shoreline projects along 

the North Carolina coasts and found that living shorelines with 
sills composed of bagged oyster shells, rock, oyster reef balls, 
or a mixture of these materials can promote both horizontal 
and vertical sediment accumulation after the passage of a 
Category 1 storm compared to unaltered marshes and bulk-
headed shorelines. Using the same sediment pin method for 
the Gandys Beach living shoreline, also equipped with oyster 
castles, Wang and others (2021) found that oyster castles 
protected the marsh and mudflat behind them from erosion by 
either reduced vertical erosion or increased deposition during a 
2-month winter storm period compared to locations in the con-
trol area. Marsh edge erosion pin measurements in this study 
reveal that oyster castles along the Little Toms Cove shoreline 
can prevent marsh edge from lateral erosion due to storms. 
This finding is consistent with previous living shoreline stud-
ies. Chowdhury and others (2019) found that salt marsh retreat 
rate along a subtropical coast during monsoon season (high 
wind and wave condition) was significantly reduced at the 
oyster castle sites compared to the control sites. Wang and oth-
ers (2021) found that oyster castles along the Gandys Beach 
living shoreline reduced the lateral salt marsh edge erosion 
protected by the structures from four nor’easters.

 

 

 

Figure 15. Comparison between the current speed measured at different long tilt current meters 
(LTCMs) during flood and ebb tides. cm/s, centimeter per second; @, at.
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Figure 16. Comparison between the current speed measured at different long tilt current meters (LTCMs) and short tilt current meters 
(STCMs) during flood and ebb tides. cm/s, centimeter per second; @, at.
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Table 1. Sediment pin measurements and surface elevation change during February–April 2019.

[No land subsidence detected during the 2 months by GPS measures on top of traps during deployment and retrieval. Change = retrieval−deployment, distance from pin top, greater than 0: erosion, less than 
0: accretion. #, number; H1, distance from pin top in south direction; H2, distance from pin top in west direction; H3, distance from pin top in north direction; S, south; W, west; N, north; cm, centimeter; Ave, 
average; Std, standard deviation]

Pin #
Deployment (February 28, 2019) Retrieval (May 1, 2019) Change over 2 months

H1 (S) H2 (W) H3 (N)
Mean  
(cm)

H1 (S) H2 (W) H3 (N)
Mean  
(cm)

H1 (S) H2 (W) H3 (N)
Mean  
(cm)

Oyster castle transect

1 109.73 109.42 109.42 109.52 111.25 111.86 111.86 111.66 1.52 2.44 2.44 2.13
2 110.34 108.51 109.42 109.42 116.13 111.86 115.82 114.60 5.79 3.35 6.40 5.18
3 106.68 107.90 108.20 107.59 111.56 111.56 112.17 111.76 4.88 3.66 3.96 4.17
4 108.20 105.46 107.90 107.19 110.95 111.56 112.17 111.56 2.74 6.10 4.27 4.37

Ave (cm) 108.43 112.40 3.96
Std (cm) 1.38 1.71 1.58

Control transect

5 109.42 108.81 109.12 109.12 114.91 114.91 114.30 114.71 5.49 6.10 5.18 5.59
6 112.47 110.95 110.95 111.46 115.21 112.78 113.39 113.79 2.74 1.83 2.44 2.34
7 110.95 111.25 111.25 111.15 113.08 113.39 114.00 113.49 2.13 2.13 2.74 2.34
8 73.15 77.11 76.81 75.69 76.50 76.20 79.25 77.32 3.35 −0.91 2.44 1.63

Ave (cm) 101.85 104.83 2.97
Std (cm) 15.84 16.62 1.90
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In this study, the sediment distribution in the control 
area was assumed to represent the preconstruction grain size 
distribution. Sediment measurements (mass and grain size) 
showed that marsh edge and tidal flat protected by the oyster 
castles along the Little Toms Cove living shoreline trapped 
more and finer sediments from the water column than their 
counterparts in the control area, suggesting that marsh edge 
and tidal flat behind the living structures had a higher amount 
of sediment that can be accumulated. This finding is consistent 
with previous similar studies, where oyster reefs were found 
to trap and accumulate fine sediments compared to precon-
struction conditions (Colden and others, 2016; Chowdhury 
and others, 2019). Wang and others (2021) found that salt 
marsh and mudflat behind oyster castles along the Gandys 
Beach living shoreline trapped more and coarser sediments 
(sand) than their counterparts in the control area during winter 
months. Nevertheless, sediment measurements using the tiles 
showed that marsh edge in the control area accumulated more 
than 10 times the sediments that marsh edge behind the oyster 
castles accumulated (table 3). This could partially explain 
the tendency of higher vertical surface erosion in marsh edge 
behind the oyster castles due to wave amplification when 
oyster castles were submerged. This pattern suggests that more 
suspended sediments in the water column behind the oyster 
castles would not settle down and deposit in the marsh edge 
and tidal flat. Instead, these sediments may have been trans-
ported and deposited in the interior marsh area as indicated by 
the higher accumulated sediment amount than marsh edge and 
tidal flat behind the oyster castles (table 3). In the control area, 
marsh edge accumulated more sediment than interior marsh, 
suggesting that the suspended sediment would not transport 
and deposit in the interior marsh for marsh vertical accretion. 

Although more sediments were found to be accumulated in 
the marsh edge location in the control area than in the marsh 
edge behind the structure, a higher lateral edge erosion was 
measured in the control area than in the marsh edge protected 
by the oyster castles, suggesting that sediment in marsh edge 
in the control area was prone to losing sediment under the 
impacts of wind, wave, and tidal forcing.

Analysis of soil samples in the top 10 cm depth showed 
that finer sediment (silt and clay) accumulated in soils behind 
the oyster castles, consistent with the finding of finer sedi-
ment from the water column deposited in the surface of marsh 
edge and tidal flat along the Little Toms Cove living shoreline. 
This observation is inconsistent with Wang and others (2021), 
who found that salt marsh and mudflat area in the leeward 
side of the oyster castles in the Gandys Beach living shoreline 
accumulated large grain size sediment in the soils. There are 
very few studies that examine the changes in soil properties, 
including bulk density, organic matter, total organic carbon, 
and nitrogen in soils protected by using oyster reefs, oyster 
shell bags, or oyster castles. In this study, there tended to be 
no difference in soil bulk density and organic matter content, 
suggesting that the construction of oyster castles would not 
change these soil properties in a period of <2.5 years. This 
finding is of ecological importance as it was found that living 
shoreline marshes tend to have lower soil organic content, 
higher bulk density, and lower soil carbon, nitrogen, and 
phosphorus than their natural marsh counterparts (Chambers 
and others, 2021). The sediment organic matter content and 
bulk density in marshes behind the oyster castles were main-
tained, thus allowing marshes to continue providing needed 
soil conditions (for example, nutrients) for marsh to grow and 
trap mineral sediment. Dutta and others (2021) found that 

Table 2. Total sediment mass accumulated in sediment traps and sediment grain size distribution during February–April 2019.

[g, gram; µm, micrometer; %, percent; St, sediment trap; Ave, average; SE, standard error; D50, median sediment particle size]

Sediment trap
Total sediment  

(g)
D50  
(µm)

Mean  
(µm)

Clay % Silt % Sand %

Oyster castle transect

St1 21.34 9.47 17.98 20.67 72.26 7.07
St2 14.11 12.36 18.84 15.49 79.11 5.40
St3 27.08 9.68 16.16 19.87 75.33 4.80
St4 20.75 15.45 25.30 15.47 72.82 11.71
Ave 20.82 11.74 19.57 17.88 74.88 7.25
SE 2.65 1.40 1.99 1.39 1.56 1.56

Control transect

St5 18.83 14.73 22.04 14.34 78.08 7.59
St6 17.52 15.55 22.03 14.03 79.04 6.93
St7 20.20 13.65 19.86 15.27 79.60 5.13
St8 15.98 15.63 25.03 14.81 73.15 12.04
Ave 18.13 14.89 22.24 14.61 77.47 7.92
SE 0.90 0.46 1.06 0.27 1.47 1.47
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living shoreline project sites located near Dauphin Island, 
Alabama, had significantly higher organic matter content and 
associated carbon and nitrogen but lower bulk density (a depth 
of 30 cm) than the hardened shoreline sites and that living 
shoreline treatments over time facilitate conditions that favor 
organic-matter rich and fine-grained sediments and approach 
the conditions found in the natural shoreline. Spiering and 
others (2021) found that organic content within sediments 
of the oyster shell-bag-based restored shoreline increased by 
threefold and shoreline sediments became finer relative to 
pre-restoration values. Safak and others (2020) also found that 

organic matter, silt, and clay content all increased in sediments 
collected in the living shorelines compared to paired control 
treatments. Additionally, it was found that the effect of LSS 
including oyster reefs in controlling shoreline erosion is quite 
variable over time (significant efficacy during storm-induced 
erosion) (Chowdhury and others, 2019). Shoreline erosion 
rates were found to vary in space and weakly depend on the 
spatial distribution of wave energy (Priestas and others, 2015). 
Therefore, long-term monitoring (>3 years) of changes in 
shoreline and marsh edge erosion along the Little Toms Cove 
can be helpful for the assessment of LSS’s long-term benefits.

Table 3. Total sediment mass accumulated on sediment tiles and sediment grain size distribution during February–April 2019.

[g, gram; m2, square meter; µm, micrometer; %, percent; Ave, average; SE, standard error; D50, median sediment particle size]

Replicate
Total sediment 

mass  
(g)

Mass 
(g)/area(m2)

D50  
(µm)

Mean  
(µm)

Clay % Silt % Sand %

Interior marsh behind oyster castles

1 2.36 101.57 7.25 13.46 31.89 66.27 1.84
2 8.41 362.01 6.74 12.84 32.79 65.55 1.66
3 2.12 91.45 6.93 13.22 32.72 64.72 2.56

Ave 4.30 185.01 6.97 13.17 32.47 65.51 2.02
SE 2.06 88.55 0.15 0.18 0.29 0.45 0.28

Marsh edge behind oyster castles

1 0.79 34.06 7.08 13.92 31.95 64.74 3.31
2 0.72 31.13 7.55 14.11 29.47 67.31 3.22
3 0.79 33.84 7.53 14.04 29.89 66.81 3.30

Ave 0.77 33.01 7.39 14.02 30.44 66.29 3.28
SE 0.02 0.94 0.15 0.06 0.76 0.79 0.03

Tidal flat behind oyster castles

1 2.21 95.33 23.87 44.32 15.80 54.84 29.36
2 1.26 54.03 8.46 17.32 27.91 64.62 7.46
3 5.46 234.87 7.20 13.60 31.50 65.70 2.80

Ave 2.97 128.08 13.18 25.08 25.07 61.72 13.21
SE 1.27 54.71 5.36 9.68 4.75 3.46 8.19

Interior marsh in control area

1 0.03 1.25 12.29 23.07 24.40 64.19 11.40
2 0.11 4.87 10.22 21.68 26.27 62.71 11.02
3 0.29 12.66 7.79 14.88 29.64 66.57 3.79

Ave 0.15 6.26 10.10 19.88 26.77 64.49 8.74
SE 0.08 3.37 1.30 2.53 1.53 1.12 2.47

Marsh edge in control area

1 17.94 772.29 5.45 9.63 38.84 61.16 0.00
2 6.92 297.86 5.48 9.43 38.55 61.45 0.00
3 0.03 1.16 24.04 29.40 19.15 63.89 16.97

Ave 8.29 357.10 11.66 16.16 32.18 62.17 5.66
SE 5.22 224.57 6.19 6.62 6.52 0.86 5.66
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Linkage Between Wave, Current, and Sediment 
Dynamics

Shoreline retreat and marsh edge erosion are determined 
by multiple factors, including waves, current, sediment tex-
ture, and soil strength (Marani and others, 2011; Priestas and 
others, 2015; Sanford and Gao, 2018). Bottom shear stress 
can be generated by both waves and currents, both of which 
can contribute to sediment deposition and erosion, resulting in 
gain or loss of shoreline over time (Wang and others, 2021). In 
high wave energy coastal areas such as Gandys Beach in the 
upper Delaware Bay, wave-induced bottom shear stress was 
found to play a larger role than current-induced shear stress 
(Wang and others, 2021). In this study, wave induced, current 
induced, and wave-current induced bottom shear stresses at the 
wave gage and current velocity measurement locations along 
the Little Toms Cove shoreline were calculated according to 
Soulsby and others (1993) and Swart (1974). It was found 
that values of the current-induced shear stress had ranges of 
0–0.06 Newton per square meter (N/m2) (STCMs) and 0–0.9 
N/m2 (LTCMs), whereas the values of wave-induced shear 
stress had a range of 0–0.25 N/m2, suggesting that tidal current 
is the major factor rather than waves in determining shoreline 
erosion, although both tidal current and waves played a role on 
shoreline and marsh edge erosion along the shoreline during 
the 2 months of field monitoring.

Due to the geophysical setting of the study area (for 
example, along the shoreline in Toms Cove, protected from 
large wave energy entering from the Chincoteague Inlet, 
fig. 1B), the shoreline in Toms Cove is affected by low wave 
energy (for example, significant wave height is normally 
<0.2 m, although it can reach about 0.4 m during a storm 
period). Small waves, although more frequent, were found to 
have little effect on bay bottom and adjacent marshes (Wiberg 
and others, 2019). Therefore, it is understandable that although 
the oyster castles can still reduce wave height under emergent 
and slight inundation conditions, vertical surface erosion in 
marsh edge and mudflat behind the oyster castles tends to be 
higher than sites in the control area during submerged condi-
tions. In contrast, our current data showed that current velocity 
behind the oyster castles could be enhanced by the constructed 
structure in the area near the end of the oyster castles, where 
marsh edge scours were observed. This study indicates that 
LSS such as the oyster castles in low wave energy shallow 
coastal shoreline areas will change the circulation pattern 
(velocity field) in and around the area protected by the LSS, 
but the change in direction (increase, no change, or decrease 
in velocity) and magnitude will depend on local topography, 
structure characteristics (shape and configuration), and wind 
and tidal conditions (Kitsikoudis and others, 2020).

Table 4. Sediment properties of the marsh/tidal flat cores collected on May 1, 2019.

[g/cm3, gram per cubic centimeter; %, percent; µm, micrometer; S, location behind oyster castles; C, location in control area; m, marsh cores; f, tidal flat cores; 
Ave, average; SE, standard error; D50, median sediment particle size]

Core
Bulk density  

(g/cm3)
Organic matter 

%
D50  
(µm)

Mean  
(µm)

Clay % Silt % Sand %

Behind oyster castles

1Sm 0.71 6.27 7.69 16.87 34.36 62.35 3.29
2Sf 1.06 1.53 159.20 157.70 6.17 13.68 80.16
3Sm 0.72 6.42 8.40 19.96 30.49 58.67 10.84
4Sf 1.54 2.25 10.48 21.81 26.68 60.99 12.32
5Sm 0.43 10.43 8.45 21.19 30.04 56.77 13.18
6Sf 1.43 1.42 142.00 148.60 7.29 15.64 77.07
Ave 0.98 4.72 56.04 64.36 22.51 44.68 32.81
SE 0.18 1.47 29.99 28.11 5.09 9.53 14.56

In control area

7Cm 0.80 4.66 131.90 136.90 10.44 21.28 68.27
8Cf 1.57 1.32 156.90 150.10 3.26 6.48 90.26
9Cm 0.35 11.32 5.72 10.31 35.31 63.77 0.92
10Cf 1.35 2.02 137.73 128.33 9.29 19.03 71.68
11Cm 0.49 7.62 5.97 12.59 36.51 61.52 1.97
12Cf 1.42 1.85 142.10 127.20 6.42 14.89 78.69
Ave 1.00 4.80 96.72 94.24 16.87 31.16 51.96
SE 0.21 1.62 28.93 26.39 6.11 10.17 16.27
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Figure 17. Topographic and bathymetric map of the study area and oyster castles in the Little Toms Cove, Chincoteague, Virginia. The map was 
updated using field elevation survey and U.S. Geological Survey (USGS) Coastal National Elevation Database (CoNED) data. Image generated from 
USGS CoNED data. NAVD 88, North American Vertical Datum of 1988; ≤, less than or equal to.
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It was found that shear stress comparisons at locations 
on both lee side and ocean side of the oyster castles showed 
that bottom shear stress increased from the location (STCM3) 
in front of the oyster castles to the locations (STCM1 and 
STCM4) behind the oyster castles (fig. 18). This pattern 
could be responsible for the potential increased vertical 
surface erosion in the marsh edge and mudflat area behind the 
oyster castles.

As with other coastal shorelines, such as those in the 
Virginia Coast Reserve (Nardin and others, 2020) and within 
Chincoteague Bay (Priestas and others, 2015), there is very 
limited sediment supply and delivery to the salt marshes 
from the river and offshore sources. Most of the sediment 
transport, erosion, and depositional processes along the Little 
Toms Cove shoreline are also related to sediment redistribu-
tion within the system. The erosion of sediment from marsh 
edges can lead to the suspension of finer grained sediments 
(Carruthers and others, 2011), which may explain the accu-
mulation of finer sediment in the marsh edge and mudflat area 
behind the oyster castles. Considering the limited protection 
of the Little Toms Cove shoreline from erosion driven mainly 
by tidal current induced shear stress and limited sources of 
sediment supply, it is necessary to utilize mineral sediment 
from other sources, such as beneficial use of dredged materi-
als, to bring mineral sediment into this study area for shore-
line restoration as a critical component of this living shoreline 
restoration.

Contributions of Oyster Castles to Shoreline 
Protection and Oyster Habitat Enhancement

The goals of the living shoreline restoration in 
Chincoteague Bay include not only increasing resiliency of 
salt marsh habitat and adjacent infrastructure to withstand 
future storms, but also providing ecosystem services such 
as nutrient removal, uptake of sediments, water filtration, 
and habitat for other marine organisms (Holcomb and Lusk, 
2016). It was found that the oyster castles play a limited role 
in reducing wave and current energy thus reducing shoreline 
and marsh edge erosion along the Little Toms Cove shoreline. 
Although the oyster castles may not be capable of reduc-
ing elevation loss and sediment erosion in marsh edge and 
mudflat behind them, reduced lateral marsh edge erosion was 
found in this study at locations protected by the structures. 
Studies found that the effect of oyster reefs could be enhanced 
by extending the width and height of the reefs depending 
on immersion time in the investigated site (Chowdhury and 
others, 2019). For oyster castles along the Little Toms Cove 
living shoreline, crest height is at the design upper limit 
(~0.5 m). Although placing the oyster castles closer to the 
shore (that is, making the oyster castle crest elevation slightly 
higher than the marsh edge toe) to protect marsh edge erosion, 
their role in protecting shoreline erosion will still be limited 
based on this study’s analysis of wave and current dynam-
ics with and without the structures. Alternatively, studies 
found that oyster reefs need to be inundated at 60–80 percent 
in the intertidal zone for optimal recruitment, growth, and 
survival (Solomon and others, 2014; Marshall and La Peyre, 
2020; Morris and others, 2021). The oyster castle inundation 

Figure 18. Comparison of current-induced bottom shear stress at nearshore locations along the Little Toms Cove living shoreline, 
Chincoteague, Virginia. STCM, short tilt current meter; tauc, bottom shear stress; N/m2, Newton per square meter; @, at.
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duration was found to be 61 percent (49–65 percent using 
highest and lowest castle crest elevation), suggesting that 
oyster castles constructed along the Little Toms Cove shore-
line meet the habitat requirement of the oyster population. In 
this study, field observation showed that oysters had grown 
on almost all of the castles from the bare blocks 2 years after 
castle construction (fig. 5). Field oyster monitoring data using 
0.25 m x 0.25 m quadrats collected on the castles by The 
Nature Conservancy and Shippensburg University showed that 
spat shell growth increased 50.6 percent from 9.2 millimeters 
(mm) in August 2016 to 18.7 mm in September 2017, and 
adult oyster growth increased 12.1 percent from 41.5 mm in 
September 2017 to 47.2 mm in August 2018. Results of this 
study clearly demonstrate that the oyster castles along the 
Little Toms Cove shoreline play a limited role in shoreline 
protection; however, they do play a significant role in enhanc-
ing oyster habitat suitability. Even during the period when cur-
rent velocity increased due to the impact of the oyster castles, 
velocities around the oyster castles (in front of and behind) 
were <10 cm/s, a velocity threshold above which oyster feed-
ing could be inhibited (Wang and others, 2021).

Another indication of enhanced oyster habitat by the LSS 
is that the mean grain size of sediment to a depth of 10 cm at 
the marsh edge and mudflat protected by oyster castles was 
reduced to 0.064 mm compared to 0.094 mm in the control 
area (table 4), and mean sediment grain sizes in the traps and 
on the tiles were all <0.05 mm (most of them in the range of 
0.01–0.02 mm). A mean grain size of 0.08 mm was identified 
as a critical threshold for reef growth to outpace mortality 
from sediment accumulation-induced burying (Housego and 
Rosman, 2016). Note that with enhanced oyster growth on 
these oyster castles over time, it is predicted that the effect 
of oyster castles in reducing shoreline and marsh edge ero-
sion will be increased or be maintained in the face of rising 
sea level as a result of the positive feedback between oyster 
reef growth and reduction of shoreline erosion as the system 
evolves (Morris and others, 2019).

Future Research Opportunities 

This study collected data on wave, current, and sediment 
dynamics over 2 winter months along the Little Toms Cove 
living shoreline, a low wave energy coastal area. Since the 
goals of living shoreline projects are to promote long-term 
coastal sustainability under future climate change and sea 
level rise by combining engineering (shoreline protection) 
and ecological (habitat enhancement) benefits, more research 
can help to examine the long-term engineering and ecological 
benefits of living shoreline restoration projects. Sustainable 
living shoreline using oyster reefs under future climate change 
and sea level rise is achievable (Rodriguez and others, 2014; 
Morris and others, 2021; Salatin and others, 2022). Based on 
the lessons learned from this study, future research could be 
conducted including:

1. Expand the monitoring of wave, current, and sediment 
dynamics into other seasons (for example, summer or 
hurricane season) and multiple years.

2. Add concurrent and continuous monitoring of water 
column total suspended solid concentration and salinity 
in areas with and without LSS to fully understand the 
relation between hydrodynamic forcing and sediment 
transport, deposition, and erosion since sediment traps 
do not provide accurate information about the fluxes of 
particles in motion (Storlazzi and others, 2011).

3. Add locations on the submerged oyster castle crest to 
measure wave height, current velocity (depth profile), 
and sediment concentration to the monitoring plan 
to examine hydrodynamic forcing change and oyster 
biological processes (such as recruitment, growth, and 
mortality) with and without LSS.

4. Couple wave, hydrodynamic, and sediment transport 
models to better examine the effect of LSS on wave 
attenuation, current pattern change, and sediment deposi-
tion and erosion with sufficient spatial resolution of 
model grids to resolve the small LSS because it is almost 
impossible to select control sites in field studies with the 
same spatial varying estuarine environment.

5. Add field measurements of aboveground and below-
ground marsh productivity to understand the contribu-
tion of both organic matter and mineral sediments to 
marsh elevation change and sediment deposition and 
erosion along living shorelines.

6. Couple physical and ecological models (for example, 
coupled hydrodynamic, water quality, and oyster popula-
tion modeling system) to understand and optimize both 
engineering and ecological benefits of different designs 
of living shoreline restoration projects under future 
storm conditions.

Summary

1. Wave attenuation by oyster castles in Chincoteague 
living shoreline project area, a low wave energy environ-
ment, is dependent on water depth, wind speed, wind 
direction, and local bathymetry. This is consistent with 
the finding in a high wave energy environment such as 
Gandys Beach, New Jersey. Wave attenuation potential 
along the living shorelines is limited especially during 
high tide under both energy environments.

2. Living shoreline structures such as oyster castles could 
affect local current velocity and its spatial and temporal 
patterns as a result of the combined wind-induced waves 
and tidal forcing. Nevertheless, in a low wave energy 
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environment such as the Little Toms Cove living shore-
line area, tidal current is the major factor rather than 
waves in determining shoreline erosion.

3. Living shoreline restoration projects are complex 
coupled ecological and engineering systems. In situ 
measurements with limited spatial and temporal cover-
ages are not sufficient to quantify the total effects of 
living shoreline projects. It is challenging to define a true 
“control site” for comparison due to the complex, heter-
ogenous morphodynamical and ecological processes.

4. Numerical models validated by the short-term field data 
may serve as a tool to predict the long-term impact of 
living shoreline projects. The data collected at Toms 
Cove can be valuable for further studies, particularly the 
calibration and validation of wave, hydrodynamic, and 
sediment transport numerical models.
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Appendix 1. Wind Rose at Toms Cove, Virginia

Figure 1.1. The wind rose shows the wind directions and wind speeds during March 1–May 2, 2019, at Toms Cove, 
Chincoteague National Wildlife Refuge, Virginia. m/s, meter per second; Ws, wind speed; N, north; E, east; S, south; 
W, west; ≥, greater than or equal to; ≤, less than or equal to; <, less than; °, degree; %, percent.
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