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Abstract
Restored oyster reefs enhance commercial harvests and ecosystem services in coastal environments. Spatial and temporal
changes in habitat availability can affect reef persistence and restoration benefits, and understanding how construction and
location of a restored habitat influence its persistence over time is key to optimizing restoration efforts. The short-term persistence
of six subtidal restored oyster reefs in Pamlico Sound, NC, USA was characterized by sidescan sonar and bathymetric mapping
conducted immediately after restoration in August 2016 and again 21 months later in May 2018. A U-net convolutional neural
network architecture was trained to classify reef pixels within the sonar imagery using image-based and image-texture features
calculated from gray-level co-occurrence matrices. Oyster reef restoration used shell and limestone marl to construct flat
substrates, with only a few 10’s of centimeters of local relief, spread over areas of ~3000–12,000 m2. All six reefs provided
habitat for the settlement and growth of oyster populations, but this role changed as reefs underwent varying degrees of sediment
burial between surveys. Reefs constructed in relatively low-energy environments lost ~18–35% of their substrate area, primarily
by deposition of sediment along their margins. Reefs having greater sediment supply and greater exposure to predominant winds
and currents were most susceptible to burial and became heavily fragmented with ~50–65% of the restored habitat lost. Sediment
dynamics appear to exert a controlling influence on the success of these reefs, and oyster restoration sites in high-energy
environments may have limited long-term economic and ecosystem benefits.
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Introduction

Given that oysters and oyster reefs provide valuable ecosystem
services and economic benefits, restoration of these degraded
biogenic habitats has been a priority for several decades (Coen
et al. 2007; Powers et al. 2009; Beck et al. 2011; Grabowski
et al. 2012; La Peyre et al. 2014; Baggett et al. 2015; Hernández
et al. 2018; Theuerkauf et al. 2019). Restoration seeks to en-
hance oyster populations (and indirectly, associated ecosystem

services) by increasing available substrate to supplement natu-
ral habitat for settling oysters, or deploying live oysters to areas
with high growth and survivorship, yet low natural larval set-
tlement (Beck et al. 2011; La Peyre et al. 2014; Baggett et al.
2015; Hernández et al. 2018). In many states along the US East
and Gulf Coasts, both approaches are used to promote ecosys-
tem services of oysters, support an oyster fishery, and promote
economic growth (e.g., MD DNR 2020; NC DMF 2020a; VA
DEQ 2020). Despite these efforts, only a marginal fraction of
historic reefs have been successfully restored (Beck et al. 2011;
Hernández et al. 2018).

In North Carolina, oyster reef restoration is a key priority
outlined in the State’s long-term Coastal Habitat Protection
Plan (Deaton et al. 2010). The North Carolina Division of
Marine Fisheries (NC DMF) has established two primary res-
toration programs to address this need. The Oyster Sanctuary
Program has established a network of 15 no-harvest reserves
that were constructed to provide larval spillover to harvested
reefs. Reefs within the reserves are high relief (1–2 m) and are
constructed with a variety of materials including recycled oys-
ter and clam shell, limestone boulders, concrete reef balls, and
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granite rip rap (NC DMF 2020a). Most of these reserves sup-
port robust oyster populations, with some serving as metapop-
ulation sinks and others as sources based on differences in
larval production, connectivity, recruitment, and oyster sur-
vival (Powers et al. 2009; Mroch et al. 2012; Puckett and
Eggleston 2012; Puckett et al. 2014; Puckett and Eggleston
2016; Peters et al. 2017).

In addition to these no-harvest reserves, the NC DMF an-
nually builds dozens of lower relief (<0.5 m) habitats using
limestone marl and recycled shell, collectively called cultch.
These cultch reefs are constructed on sedimented substrates
within shallow (<2–3 m) embayments and are intended to
support oyster settlement and growth for harvest (Peters
et al. 2017; NC DMF 2020a). They are open to commercial
fishing (mechanical dredging and hand tonging) once oysters
reach legal size (76-mm shell height), typically after ~3 years.
The NC DMF annually deposits 3500–17,500 m3 of cultch in
harvestable subtidal waters, with an estimated total of 700,000
m3 of material deployed between 1915, when oyster habitat
enhancement efforts began in the state, and 2013 (Callihan
et al. 2016).

The NC DMF identifies appropriate areas for restoration
based on accessibility to reef material stockpiles and restora-
tion sites, ease of access for commercial fishermen, and his-
toric fishery knowledge. Although habitat suitability index
(HSI) models (Puckett et al. 2018; Theuerkauf et al. 2019)
are being used to guide placement of no-take, subtidal oyster
spawning sanctuaries in NC, there is no HSI model to guide
placement of cultch reefs (J. Peters, NC DMF, pers. comm.).
The present study was designed, in part, to help inform crea-
tion of such an HSI model for siting cultch reefs.

Improved oyster demographics and the associated ecosys-
tem benefits of oyster restoration for water quality improve-
ment and fish habitat enhancement, among others, are well-
known and have been cited as factors justifying the construc-
tion of subtidal reefs in North Carolina (e.g., Powers et al.
2009; Pierson and Eggleston 2014; Peters et al. 2017;
Theuerkauf et al. 2019). The North Carolina Cultch Planting
Program is a substantial investment—costing ~$10 million in
2010–2015—and the acreage and benefits provided by previ-
ously constructed cultch reefs are assumed to persist long-
term once restoration is complete (Callihan et al. 2016).
However, issues with sedimentation and hypoxia on low-
relief subtidal reefs in North Carolina are common and can
occur relatively quickly—even before harvest begins
(Lenihan and Peterson 1998; Lenihan 1999; Powers et al.
2009; Peters et al. 2017). Since existing measures of restora-
tion benefits do not account for these rapid changes in habitat
quality, long-term expected benefits are likely overestimated.
The longevity of cultch reefs should be quantified before ben-
efits can be properly evaluated (Grabowski et al. 2012).

Here, we quantify the short-term persistence of restored
low-relief oyster cultch reefs in a relatively shallow, wind-

driven lagoonal-type estuary. Newly constructed reefs were
mapped twice over a period of ~21 months using a high-
resolution (550 kHz/1600 kHz) bathymetric and side-
scanning sonar system. Semantic segmentation of the sonar
imagery was accomplished using a deep learning network
operating on a suite of image and image-based textural feature
classes. To assess reef longevity, and inform future reef design
and construction efforts, temporal and spatial changes in reef
substrate were explored as a function of location and site char-
acteristics. We conclude with recommendations for incorpo-
rating sediment processes into oyster restoration siting.

Study System

Pamlico Sound (~120 km × 40 km) is a shallow (~4.5-m
average depth) lagoonal estuary with limited tidal influence
from its three narrow oceanic inlets. Our study was conducted
on a set of six subtidal restored oyster cultch reefs (hereafter,
reefs) that were constructed by the NC Division of Marine
Fisheries (NC DMF) Cultch Planting Program in the summer
of 2016 (Fig. 1; Table 1). These reefs are located within south-
western Pamlico Sound, near its confluence with the Pamlico
and Neuse River estuaries.

The Pamlico River Estuary covers ~2600 km2 and includes
the Pungo River and lower Tar-Pamlico River (NC DWR
2014). The Neuse River Estuary covers ~1500 km2 and in-
cludes the lower Neuse and Bay Rivers (NC DWR 2009).
Both river-estuarine systems drain ~16,000 km2 of the
central-eastern piedmont and coastal plains, including sub-
stantial agricultural areas. They are often characterized by
high turbidity, high nutrient loads, and low DO events, espe-
cially following increasingly frequent major storms (Paerl
et al. 1998, 2018; Burkholder et al. 2004; NC DWR 2009,
2014).

During the present study, base-level discharge fluctuated
around 50 m3 s−1 and 75 m3 s−1 for the Tar-Pamlico and
Neuse Rivers, respectively (Fig. S1; USGS stations
02089500 and 02083500). Hurricane Matthew (category 1),
however, caused historic flooding in October 2016, withmean
daily discharges reaching ~1200 and ~1000 m3 s−1 (Fig. S1).
This marked the second highest period of discharge observed
since monitoring began in the1930s—being surpassed only
during the passage of Hurricane Floyd in 1999 (Fig. S1;
USGS stations 02089500 and 02083500). Riverine flushing
associated with the passage of Hurricane Matthew delivered a
pulse of high turbidity water into the estuary and altered the
hydrodynamic and biogeochemical processes of southern
Pamlico Sound for 2–3 months (Paerl et al. 2018, 2020; Du
et al. 2019; Osburn et al. 2019). In late April 2017, following
an atmospheric front which brought heavy rain, mean daily
discharge from both rivers rose again to ~550 m3 s−1; dis-
charge events of this size or larger occur on average every
~4 years (Fig. S1).
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Winds in coastal North Carolina are southwesterly (toward
northeast) in the summer, and northeasterly (toward south-
west) or northwesterly (toward southeast) in the fall, winter,
and early spring (Xie and Eggleston 1999; Luettich et al.
2002; Jia and Li 2012b). Median wind speeds are ~4.7 m
s−1, but often exceed ~12 m s−1 (95% quantile) during the

passage of atmospheric fronts, hurricanes, and nor’easters
(Fig. S2). Wind strength and direction drive sediment resus-
pension within Pamlico Sound (Paerl et al. 2006; Mulligan
et al. 2015; Clunies et al. 2017) and the local exposure of
shorelines to wind and wave energy is a primary factor con-
trolling their erosion (Cowart et al. 2011; Eulie et al. 2017).

Water circulation near the study sites is driven primarily by
wind (Xie and Eggleston 1999; Luettich et al. 2002; Jia and Li
2012a, b) and freshwater input from the Tar-Pamlico and Neuse
river systems. Modeling suggests that during southwesterly and
northwesterly winds, surface waters in southwestern Pamlico
Sound generally flow eastward away from the rivers as bottom
waters move westward toward the rivers (Xie and Eggleston
1999; Jia and Li 2012b). During northeasterly winds, water flow
becomes more complicated in the sub-bays and riverine estuar-
ies, but generally moves southward at the surface and northward
or eastward at depth (Jia and Li 2012b). Silts and clays sourced
by riverine input and shoreline erosion are resuspended during
strong wind events and transported locally over short distances
by these currents (Wells and Kim 1989; Leonard et al. 1995;
Giffin and Corbett 2003; Ji and Jin 2014). Although the specific
pathways of sediment transport are not well-understood, these
sediments are thought to be deposited and resuspended multiple

Fig. 1 a Study reefs in southwest Pamlico Sound, NC, USA. b Northern
reefs: Deep Bay (DB), Rose Bay (RB), and Caffee Bay (CB). c Southern
reefs: Bonner Bay (BB), Ditch Creek (DC), and Jones Bay (JB). Dashed

lines in b and c represent approximate deep channel isobaths (4–6 m
depth) for both river-estuarine systems

Table 1 Reef location and construction information. Initial volume
(m3) of material for sites with mixed substrates listed as marl (M), shell
(S), and total volume (T)

Site name Site ID Location Material Initial volume (m3)

Bonner Bay BB South Mixed M: 687
S: 274
T: 961

Ditch Creek DC South Mixed M: 357
S: 39
T: 397

Jones Bay JB South Marl 262

Deep Bay DB North Marl 469

Rose Bay RB North Shell 579

Caffee Bay CB North Shell 637
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times en route to the deep basin. Sands are transported into
Pamlico Sound through inlets and accumulate as flood tide
deltas (Wells and Kim 1989).

Reef Construction

Reefs at Bonner Bay, Jones Bay, and Ditch Creek (southern
reefs) were built south of the Pamlico River near the mouth of
the Neuse River Estuary (Table 1; Fig. 1c). Bonner Bay is
located within a sub-bay on the south side of the Bay River
system. Three substantial marsh creeks flow into Bonner Bay
before entering the Bay River proper. Reefs at Jones Bay and
Ditch Creek were built in Jones Bay, which empties directly
into Pamlico Sound. The Jones Bay reef is on the northern
side of Jones Bay, and Ditch Creek is on the southern shore at
the mouth of a marsh creek. The Intracoastal Waterway ship-
ping channel intersects the head of Jones Bay and enters the
lower-central part of the Bay River from the north. Reefs at
Deep Bay, Caffee Bay, and Rose Bay (northern reefs) were
built in sub-bays north of the confluence of the Pamlico River
with Pamlico Sound (Fig. 1b). Given the different hydrody-
namic features and sources of water to these areas, southern
and northern reefs were expected to have different abiotic
regimes and develop differently.

Seabed sediments throughout western Pamlico Sound typi-
cally comprise a mixture of sand, silt, and clay size particles
(Poppe et al. 2014; Eulie et al. 2018). The NCDMF hasmapped
benthic habitat throughout portions of western Pamlico Sound
using a sounding pole to characterize the substrate sediments as
soft, firm, or hard based on the refusal of the pole (NC DMF
2020b). Soundings were conducted from a small GPS-equipped
vessel traversing initially along gridlines at 10-s intervals in
latitude and longitude, and then employing finer resolution tran-
sects in areas where changes in the bottom characteristics were
detected. The reefs mapped in this study were sited on hard
substrate, with the Bonner Bay and Ditch Creek reefs positioned
nearest to a transition between soft and hard sediments (Fig. S3).

Reefs were constructed in ~1–3mofwater with theirmargins
~100–200 m from the nearest saltmarsh. Reefs were built from
recycled oyster shell, limestone marl, or a mix of both materials.
Mixed reefs were constructed with a marl base and relatively
thin shell veneer. Reefs were built by unevenly spraying mate-
rial from a barge or by dumping material overboard using a
bucket-loader. The total amount of material deployed to con-
struct reefs varied between ~250 and 1000 m3 (Table 1).

Methods

Data Collection and Processing

To identify how reefs changed following restoration, they were
mapped within a few weeks of construction in August 2016,

and then again 21 months later, in May 2018. Both surveys
were conducted using a SeaRobotics Mini-Cat unmanned sur-
face vehicle (USV) equipped with an Edgetech 6205 bathymet-
ric side-scanning sonar (550 kHz/1600 kHz) that was mounted
between the catamaran hulls. The USV was operated autono-
mously along pre-planned survey routes with the aid of a
Hemisphere Vector 320 GPS (<20-cm horizontal accuracy).
The shallow draft (<0.2m) of the USV and the wide (>8×water
depth) effective swath width of the sonar provided >100%
bathymetric coverage and nearly 200% sidescan coverage over
the planned footprint of the reef. Vehicle track lines were mod-
ified slightly between surveys to optimize the performance of
the USV under prevailing sea states and to ensure full coverage
of the reef area. Motion reference and position data were inte-
grated with the sonar data in real time. Bathymetric returns
were stored at 0.15-m range intervals, and dual-frequency sonar
data (550 kHz/1600 kHz) were acquired using the HYPACK
(v. 2016 and 2018) acquisition system. Sound velocity data
were obtained from conductivity, temperature, and depth
(CTD) profiles collected during the USV surveys.

Bathymetric data were post-processed using the MBMAX
module with HYPACK (v. 2018), where navigation, motion
reference, and point cloud data were manually reviewed and
edited. Beam positions were recalculated based on local sound
velocity data derived from the CTD profiles. Geo-referenced
point cloud data were gridded with 0.5 × 0.5-m resolution
using the MB-System package (Caress and Chayes 1995).
Bottom-detection and navigation data were edited and
smoothed before removing the water column from the sonar
imagery. The intensity of the 1600-kHz sonar data was
corrected with time-varying gain and swath data overlain to
produce a sidescan mosaic with 0.05 × 0.05-m spatial
resolution.

Classification of Reef Seabed

Sidescan Image Metrics

Due to differences in the acoustic impedance and fine-scale
seabed roughness, reefs (recycled oyster shell, limestone marl,
or a mix of both materials) were characterized by generally
higher amplitude sonar returns comparedwith the surrounding
sedimented seabed. However, even with such strong material
contrasts, pixel-by-pixel thresholding based on intensity
values is often an ineffective metric for image segmentation.
This reflects (1) the use of normalized (rather than calibrated
absolute) intensities when mosaics are created, (2) the hetero-
geneity of backscattered amplitudes and shadowing effects
associated with seabed roughness and relief, and (3) the pres-
ence of various image artifacts related to the motion and ge-
ometry of the sonar.

To address some of these complicating factors, gray-level
co-occurrence matrix (GLCM) methods introduced by
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Haralick et al. (1973) have been used to segment sonar images
(e.g., Pace and Dyer 1979; Reed and Hussong 1989; Blondel
et al. 1998). In this approach, the texture of an image is char-
acterized by calculating how often pairs of pixels with specific
gray levels and in a specified spatial relationship occur in an
image. The number of occurrences is then tabulated within a
GLCM, from which a range of textural features may be
calculated.

In this study, GLCM’s were calculated using 64 gray levels
and for the first and second pixels adjacent to a pixel of interest
at all angles (horizontal, vertical, and diagonals). For each of
the 1600-kHz sidescan sonar mosaics, the GLCM was calcu-
lated and a suite of textural features (e.g., Chak et al. 2020)
assessed within sliding windows of 20 × 20 pixels (1 m2).
After visually inspecting these resulting raster layers, four
GLCM texture features (energy, correlation, standard devia-
tion, and kurtosis) were retained based on their ability to de-
lineate cultch areas and cultch area boundaries effectively
across each site (Fig. S4).

In addition, the image entropy (e.g., Gonzalez et al. 2011)
within each sliding window was retained along with a version
of the original sonar image that was smoothed using a 2D
Gaussian kernel with a standard deviation of 3 pixels. These
six raster layers, with the same pixel resolution (0.05 × 0.05
m) as the original sidescan mosaics, were used to classify
areas of cultch using a convolutional neural network (Figs.
S4, S5). The network was trained separately for each site
and used to quantify the loss of habitat due to sediment burial.

Network Description and Training

U-net is a pixel-based fully convolutional neural network used
for semantic segmentation. It has a symmetric architecture
comprised of a down-sampling path that captures pixel con-
text and an up-sampling path that propagates contextual infor-
mation to higher-resolution layers for pixel localization
(Ronneberger et al. 2015; Fig. S5). While most deep networks
require large amounts of training data, this architecture has
proven to be a powerful segmentation tool in scenarios with
limited training examples. It has been used extensively for
biomedical applications (e.g., Quo et al. 2018; Zyuzin et al.
2018; Guan et al. 2020), as well as in land-use classification
studies that employ semantic segmentation on multispectral
remote sensing imagery of urban and coastal environments
(e.g., Li et al. 2018; Chu et al. 2019; Garg et al. 2019;
Stoian et al. 2019). The importance of pixel context in the
U-net framework, and its utility in scenarios with limited train-
ing data, is similarly applicable in sonar image segmentation.
We used a modified version of U-net implemented in the
MATLAB (v. 2018b) Deep Learning Toolbox for our reef
classification problem, as outlined in the Supplementary
Information (Fig. S5).

Labeled data for training and validation were obtained by
manually classifying reef and non-reef pixels within image
subsets, typically 1024 × 1024 pixels, that were extracted from
the 1600-kHz sonar mosaics for each survey. Each labeled
subset spanned reef and non-reef areas within the larger sonar
mosaics. One or two labeled image subsets from both survey
years were included for training to best represent the diversity
of seabed characteristics and range of sonar artifacts within the
mosaics (Table S1). To minimize inconsistencies in labeling,
which might influence the performance of the network, all
labeling was done by a single individual (O. Caretti) at a
constant map scale using MATLAB’s Image Labeler applica-
tion. The high turbidity of the waters precluded using visual
seabed survey techniques for additional validation.

Our primary goal was to determine temporal changes in the
exposed area of reef substrate at each site using objective
criteria. Therefore, a separate U-net model was trained for
each site using labeled data and the texture feature layers cal-
culated from both the 2016 and the 2018 surveys. This effort
created network models that were specific to the type of cultch
material used in each reef’s construction and the local charac-
ter of the surrounding seabed, and provided a systematic ap-
proach to quantifying changes in reef area within each site.
The differences among sites and the number of available im-
ages did not support training a single, more generalized clas-
sification model. Key training parameters are summarized in
the Supplementary Information.

Network Validation

Trained site-specific networks were validated using two 1024
× 1024 × 6 (pixel × pixel × number of feature layers) labeled
data subsets, one from each survey year, that were not used in
training. The normalized confusion matrix was used to sum-
marize the proportion of correctly and incorrectly labeled
pixels for the reef and non-reef classes (Table 2). The normal-
ization was based on the number of pixels mapped in each
class, such that the values in cell [1, 2] represent errors of
commission (non-reef pixels misclassified as reef) and values
in cell [2, 1] represent errors of omission (reef pixels
misclassified as non-reef). Commission errors were the largest
at Jones Bay (0.140) and the largest errors of omission were
observed at Bonner Bay (0.141), Caffee Bay (0.120), and
Rose Bay (0.150) (Table 2). The Supplementary Information
further documents the accuracy, intersection over union, and
boundary F1 scores for these network models (Table S3).

Image Segmentation

To generate segmented images for each site’s sonar mosaics,
the six feature layer matrices for the entire map area were input
into the appropriate site-specific trained network. The
resulting binary (reef vs. non-reef) images were then
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median-filtered using a 3 × 3-pixel kernel and masked to a
region of interest common to the 2016 and 2018 surveys.
Eight-direction connectivity (horizontal, vertical, and diago-
nal directions) was used to link pixels and identify patches of
reef material. Isolated patches smaller than 10 × 10 pixels
(0.25 m2) were masked before calculating mapped reef areas.

Characterization of Reef Seabed

Reef Geometry and Setting

Habitat metrics were calculated from the segmented images to
describe initial reef characteristics, and then compared be-
tween surveys to describe changes in habitat over time. The
area and perimeter of each reef patch, as defined based on
pixel connectivity, were calculated and then summed across
all patches in the segmented images. These summed values
are referred to as the mapped area (Am) and mapped perimeter
(Pm) of the reef. The perimeter-area ratio was calculated to
assess the patchiness of the reef habitats. Reef centroid was
calculated by averaging the X and Y locations of all pixels
classified as reef material.

The initial geometry of each reef was determined by find-
ing the closed polygon boundary encapsulating the semi-
contiguous portion, or footprint, of each reef. This boundary
was calculated using an alpha-shape algorithm, which gener-
ates a non-convex bounding area around a set of unorganized
points (i.e., reef pixels) with a specified fit (Edelsbrunner et al.
1983). The eccentricity, ratio of minor to major axes length for
an ellipse fit to the reef-bounding polygon, was calculated for
each reef, along with its circularity, which represents the ratio

of the polygon’s area to the area of a circle with the same
perimeter (Haralick 1974).

The slope of the substrate surrounding each reef was esti-
mated by calculating the angle from the horizontal between
the shallowest and deepest regions in the bathymetry maps.
Distance and direction to the nearest shoreline were measured
from the reef edge or corner closest to the surrounding marsh
in ArcGIS Pro.

Local Relief

The relief of a reconstructed reef is important for preventing
burial of oysters and ensuring that substrate is available for
larval settlement (Lenihan 1999; Colden et al. 2017), as well
as altering local hydrodynamic flow to reduce hypoxia and
promote habitat quality (Lenihan and Peterson 1998;
Lenihan 1999; Whitman and Reidenbach 2012; Colden et al.
2016). Local relief was calculated in a moving window with a
2-m radius (~12.5 m2) around each central pixel in the bathy-
metric grid. This corresponds to the spatial scale of the largest
cultch mounds constructed at Bonner Bay (Fig. 2c). These
relief maps were then masked using the reef footprint polygon
defined from segmentation of 2016 sonar imagery to identify
whether local relief changed over time across a constant area.
The median, 95% and 99% quantiles, and maximum local
relief values were tabulated within this bounding polygon
for each survey.

Adjusted Reef Area Estimates

Themapped reef areas (Am) referenced above were adjusted to
account for errors in the classification. Of the total area clas-
sified within a site-specific mask (At), the proportion (pr) that
is reef material can be calculated as pr = wrf11 + wnf21, where
wr is the proportion of the area that was mapped as reef (wr =
Am/At) and wn is the proportion of the area that was mapped as
non-reef (wn = 1−wr). The f11 term represents the proportion
of the mapped reef area that was identified correctly (i.e., the
[1,1] cell in each site’s normalized confusion matrix; Table 2),
and the f21 term represents the proportion of the mapped non-
reef area that was reef (i.e., the omission error, or the [2,1] cell
in each site’s normalized confusion matrix; Table 2) (cf.,
Olofsson et al. 2013, 2014, 2020; Stehman 2013). The adjust-
ed reef area (Aa) was calculated as Aa = pr At.

Both the mapped (Am) and adjusted (Aa) areas are listed in
Table 3, along with the change in reef area between 2016 and
2018, calculated based on both the mapped and adjusted areas.
Due to errors of omission, adjusted area estimates were typi-
cally larger than mapped area estimates, with the exception of
the Deep Bay and Ditch Creek reefs, where the adjusted
values were slightly smaller in 2016. This result is consistent
with those reported in many land classification studies (e.g.,
Olofsson et al. 2013, 2014). The percentage change in reef

Table 2 Site-specific normalized confusion matrix, normalized by
rows, or referenced to total number of mapped pixels in each class.
Rows represent mapped classification and columns represent reference
validation

Mapped (predicted) class Reference class

Site Reef Non-reef

BB Reef 0.921 0.079

Non-reef 0.141 0.859

DC Reef 0.916 0.084

Non-reef 0.043 0.957

JB Reef 0.860 0.140

Non-reef 0.073 0.927

DB Reef 0.908 0.092

Non-reef 0.045 0.955

RB Reef 0.964 0.036

Non-reef 0.150 0.850

CB Reef 0.956 0.044

Non-reef 0.120 0.880
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area calculated from adjusted area estimates (ΔAa) was consis-
tently lower than the mapped area changes (ΔAm) (Table 3).

Reef Habitat Function

The density of live oysters was measured on each reef to
confirm whether the reefs constructed by the NC DMF func-
tioned as habitat for oysters, and whether their function as
habitat changed as the exposed reef area changed over time.
Immediately after mapping in August 2016, four oyster settle-
ment trays (0.25 m2) were deployed on each reef, filled with
cultch unique to each reef (Table 1), and were placed flush
against the reef surface. The oyster trays were used to provide
a relative measure of oyster recruitment, as well as sub-adult

and adult densities, while standardizing the amount of mate-
rial within trays and among replicates. Trays were sampled by
SCUBA divers once every 2–3 months from October 2016 to
October 2018, and the number of live oysters were counted.
All material was returned to the trays after each sampling
event.

Results

Characteristics of Constructed Reefs

All reefs were built within 100–200 m of the nearest saltmarsh
edge (Table 4). Bonner Bay, Ditch Creek, and Deep Bay were

Fig. 2 Bonner Bay (a) 2016 and
(b) 2018 sidescan sonar mosaics
(0.05-m pixel resolution), (c)
2016 bathymetry map (0.5-m
resolution grid), and (d) map of
2018 segmented reef pixels
(black) overlain on 2016 seg-
mented reef pixels (gray). Reef
centroid marked for each year in
d. Study reef highlighted in b.
Northings and eastings are for
UTM Zone 18
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generally bordered by saltmarsh along their southern edges.
Marshes bordered Caffee and Jones Bays to the north, and
Rose Bay to the east (Fig. 1; Table 4). The shorelines sur-
rounding the reefs were unmodified, natural saltmarsh. All
reefs were built on relatively flat surfaces, with Bonner Bay
and Ditch Creek on the steepest slope of 0.35° (Table 4).

When mapped after their construction in August 2016,
reefs were generally rectilinear in shape, with circularities
<0.4 and eccentricity values >0.6 (Table 4; Figs. 2, 3, 4, 5,
6, 7a). Ditch Creek was the most elongated and narrow (Fig.
3a), and Deep and Rose Bays were the most square-shaped
reefs (Fig. 5a and 6a; Table 4).

Reefs were constructed by spreading cultch to create an
area of mostly contiguous substrate, with the exception of
Jones Bay. The Jones Bay reef was built as a series of discon-
tinuous ridges and had a perimeter-area ratio ~3.5 times that of
any other reef (Fig. 4; Table 3). Bonner Bay was the largest
reef (Aa = 12,138 m2), followed by Rose Bay, Caffee Bay,
Ditch Creek, Deep Bay, and Jones Bay (Aa = 3172 m2)
(Table 3).

Substrates at all reefs were constructed with low local re-
lief, <0.3 m at the 95% quantile level (Figs. 2, 3, 4, 5, 6, 7c;
Table 5). At Bonner Bay, roughly a dozen small mounds were
created with maximum heights of 0.5–0.75 m (Fig. 2c;
Table 5). Low-relief (<0.4 m) ridges were formed at the other
sites (Figs. 3, 4, 5, 6, 7c). The average thickness of cultch,
calculated from the adjusted area and volume of material re-
ported by the NC DMF (Table 1), ranged from ~5 cm at Ditch
Creek to ~8 cm at Bonner, Jones, and Deep Bays (Table 4).

Changes in Reef Characteristics Over Time

As portions of cultch were covered with sediment, these areas
became acoustically indistinguishable from the surrounding
sedimented substrate. These changes are evident in panels a
and b in Figs. 2, 3, 4, 5, 6, and 7, which display sonar mosaics
for the August 2016 and May 2018 surveys. These changes
were identified in the sidescan image-based and GLCM-
textural features used in the classification, and the resulting

Table 3 Two-dimensional reef
habitat characteristics calculated
from segmented images. Mapped
reef area (Am) is the sum of pixel
areas classified as reef. Adjusted
reef area (Aa) accounts for errors
in classification. Change in reef
centroid lists distance and
direction of translation between
2016 and 2018 surveys

Site Year Am mapped
area (m2)

Aa adjusted
area (m2)

ΔAm (%) ΔAa (%) Pm (m) Pm:Am Δ Reef centroid

BB 2016 10,531 12,138 −52 −35 3544 0.34 6.5 m SW

2018 5034 7849 2863 0.57

DC 2016 7872 7742 −73 −65 1931 0.25 24.2 m SW

2018 2146 2743 1590 0.74

JB 2016 2859 3172 −66 −47 3351 1.17 2.8 m E

2018 974 1689 1380 1.42

DB 2016 6086 5951 −33 −29 943 0.16 5.5 m NE

2018 4106 4240 965 0.24

RB 2016 9061 10,095 −25 −18 1562 0.17 7.5 m NW

2018 6829 8277 1025 0.15

CB 2016 8710 9610 −24 −18 1661 0.19 5.5 m NE

2018 6595 7843 2284 0.35

Table 4 Initial 2016 reef characteristics. Average thickness of cultch
was calculated using material volumes (Table 1) and the mapped (Am)
and adjusted (Aa) area estimates (Table 3). Characteristics of the reef

footprint (initial area, perimeter, circularity, and eccentricity) are defined
by the bounding polygon for the semi-contiguous reef area

Reef footprint characteristics

Site Avg. depth (m) Substrate slope Distance (m)
and direction (°) to shore

Avg. cultch thickness
(cm) from Am | Aa

Area (m2) Perimeter (m) Circularity Eccentricity

BB 1.7 0.33° NW 183 m, 176° 9.1 | 7.9 11,955 1307 0.09 0.82

DC 1.5 0.35° NW 162 m, 139° 5.0 | 5.1 9096 599 0.32 0.98

JB 1.4 0.17° SE 127 m, 336° 9.2 | 8.3 5570 408 0.42 0.81

DB 2.8 0.20° N 211 m, 165° 7.7 | 7.9 6376 485 0.34 0.69

RB 2.3 0.16° SW 155 m, 114° 6.4 | 5.7 9624 896 0.15 0.61

CB 1.7 0.20° S 121 m, 312° 7.3 | 6.6 9950 847 0.17 0.80
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segmented images (Figs. 2, 3, 4, 5, 6, 7d) highlight the loss of
restored cultch substrate at each site over the 21-month period.

The Ditch Creek and Jones Bay reefs, both located within
Jones Bay, suffered the greatest burial of cultch substrate
(Figs. 3 and 4), with decreases of 65% and 47% in adjusted
reef area, respectively (Table 3). The Jones Bay reef, which
had the smallest original area and the greatest perimeter-area
ratio, retained an adjusted area of just 1689 m2, and its
perimeter-area ratio increased from 1.17 to 1.42. The original-
ly mid-sized Ditch Creek reef decreased in size to an adjusted
area of 2743 m2 and its perimeter-area ratio tripled to 0.75.
Sidescan sonar imagery collected in 2018 showed the highly
fragmented nature of the Jones Bay reef (Fig. 4b and 4d), and
that sediment burial occurred chiefly across the northern half
of the Ditch Creek reef (Fig. 3b and 3d; Table 3).

The largest site, which was constructed within Bonner Bay
along the Bay River, was intermediately impacted by sedi-
mentation (Fig. 2). When mapped in 2018, 35% of its original
substrate had been sedimented, leaving an estimated adjusted
area of 7849 m2. Its perimeter-area ratio increased from 0.34
to 0.57. The lost substrate was primarily along its eastern and

northernmargins, and included several narrow bands of cultch
that extended away from the main reef area, as well as areas of
low local relief between mounds (Fig. 2b and 2d). In 2017, the
NC DMF constructed additional habitat to the west of the
2016 reef. Although its original footprint is unknown, large
sections of this low-relief cultch substrate remained exposed
when surveyed in May 2018 (Fig. 2b).

The Deep Bay reef, positioned north of the Pamlico River,
lost 29% of its adjusted area (Fig. 5). Much of this loss was
along the margins of the reef, and from an area extending to
the southwest that appeared, based on the texture and intensity
of the sonar imagery, to be more sparsely covered with cultch
than the central portions of the reef (Fig. 5a and 5b). When
mapped in 2018, the adjusted area of cultch substrate at Deep
Bay was 4240 m2. The perimeter-area ratio increased from
0.16 to 0.24, but remained low relative to the more patchy
southern reefs (Table 3). The Deep Bay habitat constructed
in 2016 was located <40 m west of a section of low-relief reef
built in 2015 (Fig. 5). Although the original footprint of this
reef is unknown, significant cultch substrate remained ex-
posed in 2018, nearly 3 years after its construction (Fig. 5b).

Fig. 3 Ditch Creek (a) 2016 and
(b) 2018 sidescan sonar mosaics
(0.05-m pixel resolution), (c)
2016 bathymetry map (0.5-m
resolution grid), and (d) map of
2018 segmented reef pixels
(black) overlain on 2016 seg-
mented reef pixels (gray). Reef
centroid marked for each year in
d. Northings and eastings are for
UTM Zone 18
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The nearby Rose Bay (Fig. 6) and Caffee Bay (Fig. 7) reefs
both lost 18% of their adjusted areas, retaining areas of 8277
m2 and 7843 m2, respectively (Table 3). As with Deep Bay,
the loss of cultch was concentrated along the margins and
among areas of the reef that appeared more sparsely covered
when first surveyed in 2016. The perimeter-area ratios
remained low for these reefs, being essentially unchanged at
Rose Bay (0.17 vs. 0.15) and almost doubling (0.19 vs. 0.35)
at Caffee Bay (Table 3).

Because the penetration depth of very high-frequency so-
nars is negligible within these sediments (Huff 2008; Feldens
et al. 2018), burial depths on the order of ~1 cm may be suffi-
cient to explain the observed decrease in sidescan amplitude.
Uncertainties in vehicle positioning and sea surface height un-
fortunately preclude the direct measurement of sediment thick-
ness based on changes in the elevation of the seabed. However,
maps comparing the 2016 and 2018 bathymetry are displayed

in the Supplementary Information. Profiles crossing the Ditch
Creek (ΔAa = −65%, Fig. S6), Bonner Bay (ΔAa = −35%, Fig.
S7), and Caffee Bay (ΔAa = −18%, Fig. S8) reefs demonstrate
that sediments largely blanketed the underlying cultch, with no
indication of widespread sinking or lateral spreading of mate-
rial. The maximum change in local relief between the 2016 and
2018 surveys indicates that the burial depth can be locally no
more than 10 cm (Table 5).

Reef Habitat Function

Settlement and the subsequent survival of oysters occurred on
all reefs, suggesting that they functioned as habitat for oysters
in some capacity (Fig. 8). Reefs that lost less area to sediment
burial (Deep Bay, Rose Bay, and Caffee Bay) consistently had
more oysters than the reefs that became most heavily
sedimented (Jones Bay and Ditch Creek) (Fig. 8). There were

Fig. 4 Jones Bay (a) 2016 and (b)
2018 sidescan sonar mosaics
(0.05-m pixel resolution), (c)
2016 bathymetry map (0.5-m
resolution grid), and (d) map of
2018 segmented reef pixels
(black) overlain on 2016 seg-
mented reef pixels (gray). Reef
centroid marked for each year in
d. Northings and eastings are for
UTM Zone 18. Artifacts in
bathymetric data reflect sea state
during the survey
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several instances where some oyster settlement trays at Jones
Bay and Ditch Creek were buried in ~3–5 cm of sediment, and
no live oysters were recorded in the buried trays. Among the
reefs with the largest areas inMay 2018, Caffee Bay and Rose
Bay exhibited a rise in average oyster density that extended
through October. At Bonner Bay, where more reef area had
been lost, oyster density dropped substantially by August
2018, indicating that oyster mortality at this reef outpaced
recruitment (Table 3; Fig. 8).

Discussion

In the summer of 2016, six low-relief oyster cultch reefs were
constructed by the NC DMF within southwestern Pamlico
Sound. To minimize the potential for reef subsidence, or sink-
ing of the cultch into the sediments (e.g., Stokes et al. 2012;
Grizzle and Ward 2016), these reefs were principally located
on relatively hard sedimented bottom areas, as assessed using
sounding pole refusal data (NC DMF 2020b). High-resolution
sidescan sonar and bathymetric data were collected a few
weeks after construction in August 2016, and the reefs were
mapped again in May 2018. As with other subtidal reefs in

North Carolina and Virginia (e.g., Lenihan 1999; Powers et al.
2009; Schulte et al. 2009; Colden and Lipcius 2015; Colden
et al. 2016, 2017), the burial of restored substrate by sediments
appears to limit their short-term success—with the reefs in
Pamlico Sound losing 18–65% of their original area over this
21-month period. Nonetheless, contiguous areas of very low-
relief (<0.3 m) substrate persisted on some reefs and func-
tioned as habitat for the settlement and growth of oysters.
The susceptibility of restored oyster cultch reefs to habitat loss
depended on the local sediment supply and hydrodynamics
within each sub-basin.

Importance of Location when Siting Oyster
Restoration

The reefs monitored in this study were located in sub-bays near
the confluence of the Bay, Neuse, and Tar-Pamlico riverine estu-
aries. The path of fine-grained sediment through this system typ-
ically involves repeated deposition and local transport following
wind-induced resuspension (Wells and Kim 1989; Giffin and
Corbett 2003), with elevated suspended sediment loads likely
during the period of high discharge and turbidity following
Hurricane Mathew. Ditch Creek likely supplies additional

Fig. 5 Deep Bay (a) 2016 and (b) 2018 sidescan sonar mosaics (0.05-m
pixel resolution), (c) 2016 bathymetry map (0.5-m resolution grid), and
(d) map of 2018 segmented reef pixels (black) overlain on 2016

segmented reef pixels (gray). Reef centroid marked for each year in d.
Study reef outlined in b. Northings and eastings are for UTM Zone 18
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sediment to the reef built near its mouth, and local sediment
delivery at Bonner Bay is enhanced by its proximity to three small
drainages (Fig. 1c). Fine-grained sediment may also be supplied
to reefs by erosion of nearby marsh shorelines, which is heavily
influenced by shoreline orientation and local fetch (Eulie et al.
2017). Northern facing shorelines adjacent to Ditch Creek,
Bonner Bay, and Deep Bay likely experienced higher rates of
erosion than reefs adjacent to southern facing shorelines, as the
strongest winds during our study occurred from the north, partic-
ularly during the passage of Huricane Mathew.

Bottom water turbidity measurements in the Neuse and
Pamlico River estuaries have shown that passing atmospheric
fronts generating rapidly shifting wind directions and speeds
in excess of 4 m s−1 provide sufficient wave energy to resus-
pend bottom sediments within this shallow basin (Giffin and
Corbett 2003). Large turbidity events occurred mostly as the
result of northwesterly and northeasterly winds, which are
typically associated with the highest wind speeds (Giffin and
Corbett 2003). Winds in Pamlico Sound frequently exceeded
4 m s−1 during our study, which suggests that turbidity events,
and/or the activation of bottom sediments, were common be-
tween mapping surveys.

Hydrodynamicmodels (Xie and Eggleston 1999; Jia and Li
2012a, b) suggest that northerly winds drive water movement
into bays and rivers at depth along the western margin of
Pamlico Sound. We hypothesize that these hydrodynamic
conditions would locally transport resuspended sediments to-
ward reefs in Jones Bay and the Bay River, and into the
Pamlico River and away from northern reefs, which is sup-
ported by the greater extent of burial documented at southern
reefs. The most heavily impacted reefs, Jones Bay and Ditch
Creek, were constructed along the middle section of the east-
west trending Jones Bay (Fig. 1c). Sediments deposited on the
Jones Bay and Ditch Creek reefs were coarser (i.e., more
sandy) than sediments deposited at the other reefs (O. Caretti
personal obs.). The extremely shallow depths surrounding the
Jones Bay reefs (1.5 m), combined with its exposure to wind
and wave energy, would have supported the resuspension and
transport of this coarser material locally within the bay (Fig.
9a).

The reefs constructed north of the Pamlico River experi-
enced lower-energy hydrodynamic conditions (Jia and Li
2012a, b) and had fewer potential sediment sources (rivers,
marsh creeks, and shorelines susceptible to erosion) and were

Fig. 6 Rose Bay (a) 2016 and (b)
2018 sidescan sonar mosaics
(0.05-m pixel resolution), (c)
2016 bathymetry map (0.5-m
resolution grid), and (d) map of
2018 segmented reef pixels
(black) overlain on 2016 seg-
mented reef pixels (gray). Reef
centroid marked for each year in
d. Northings and eastings are for
UTM Zone 18
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the least impacted by sedimentation (Fig. 9b). Sediment burial
at these reefs occurred primarily along their sloping margins,
and across areas where the intensity and texture of the 2016
imagery suggests a somewhat lower density of cultch on the
seabed. Preferential burial of the reef edges is consistent with
earlier observations on restored reefs in the Neuse River estu-
ary (Lenihan 1999) and Chesapeake Bay (Colden et al. 2016,
2017).

Several studies have suggested that reef success can be
linked to their initial height (Lenihan 1999; Colden et al.
2016, 2017; Lueck et al. 2019). Taller reefs may naturally
encounter faster currents (e.g., Lueck et al. 2019). They also
induce a hydrodynamic response whereby water passing over
them must flow faster, to preserve continuity of energy, rela-
tive to water flowing at a similar depth adjacent to the reef
(Lenihan 1999). Bed roughness also tends to increase with

reef height (Styles 2015; Colden et al. 2017), leading to higher
turbulent stress and mixing within the overlying water column
(Reidenbach et al. 2010; Styles 2015). These higher velocities
and shear stresses inhibit the local deposition of fine-grained
sediments compared to lower relief reefs. On patchy reefs,
such as the Jones Bay reef or among the mounds at Bonner
Bay, turbulent flow may weaken at the transition between
rough (reef) and smoother (sediment) surfaces, which may
promote deposition.

Similarly, the strength of turbulent flow may vary between
natural and restored reefs, or conceivably between sites con-
structed from different cultch materials, that differ in bed
roughness (e.g., Whitman and Reidenbach 2012). Bed rough-
ness may have increased on reefs with higher total oyster
densities as oysters continued to settle, survive, and grow on
reefs with less burial. This could initiate a positive feedback

Fig. 7 Caffee Bay (a) 2016 and
(b) 2018 sidescan sonar mosaics
(0.05-m pixel resolution), (c)
2016 bathymetry map (0.5-m
resolution grid), and (d) map of
2018 segmented reef pixels
(black) overlain on 2016 seg-
mented reef pixels (gray). Reef
centroid marked for each year in
d. Northings and eastings are for
UTM Zone 18
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whereby further burial was limited, and more substrate for
oyster settlement was available relative to reefs with fewer
oysters.

In lower-energy environments, the persistence of reefs
within Chesapeake Bay displayed a threshold response, with
reefs taller than 0.3 m surviving, and those with less relief
being buried by sediment (Colden et al. 2017). The reefs con-
structed in 2016 in Pamlico Sound all had <0.3 m of local
relief across 95% of their substrate areas, putting them at risk
of burial. Although portions of the four reefs in lower-energy
hydrodynamic settings were lost, significant (~4000–8000
m2) contiguous sections persisted after 21 months such that

65–80% of their original areas remained exposed and avail-
able for larval settlement. Oyster settlement was consistently
higher on these reefs and continued through October 2018,
with the exception of Bonner Bay, which suggests that reefs
in Deep Bay, Caffee Bay, and Rose Bay may persist and
provide suitable oyster habitat in the short term. Moreover,
sidescan imagery shows that the cultch substrate restored in
2015 in Deep Bay (adjacent to the 2016 reef) remained un-
buried ~3 years after its construction. The exposure of contig-
uous cultch substrates over multi-year periods demonstrates
that low-relief reefs can persist longer than suggested by some
earlier studies (e.g., Lenihan 1999; Colden et al. 2017), pro-
vided they are in settings with a low potential for sediment
deposition.

The moderate to extensive burial observed for some reefs
in Pamlico Sound reduces the available substrate for settling
oyster larvae, lowers the likelihood that oysters will be able to
grow to harvestable size, and limits the long-term ecosystem
benefits of the restoration effort (Lenihan 1999; Powers et al.
2009; Colden and Lipcius 2015; Colden et al. 2017). In a
dynamic, wind-driven system like Pamlico Sound, reef burial
may be ephemeral; however, even if episodes of burial are
short-lived, it is unlikely that such reefs will provide suitable
habitat to establish and sustain a healthy reef community.

Recommendations and Conclusions

The loss of restored oyster cultch reefs in western Pamlico
Sound was driven primarily by sediment burial, which varied
spatially based on local sediment dynamics. While the loss of
viable reef area to sediment burial is not necessarily a new
finding, the variation in burial among reefs seen in this study

Table 5 Median, 95% and 99% quantiles, and maximum local reef
relief (m) calculated within a moving 2-m radius (12.5 m2 area).
Quantiles were determined using all pixels within the reef-bounding poly-
gon calculated from the 2016 segmented images

Site Year Median 95% quantile 99% quantile Maximum

BB 2016 0.09 0.28 0.50 0.74

2018 0.08 0.25 0.41 0.64

DC 2016 0.06 0.17 0.17 0.28

2018 0.05 0.12 0.16 0.21

JB 2016 0.09 0.22 0.22 0.30

2018 0.05 0.12 0.15 0.19

DB 2016 0.10 0.29 0.29 0.35

2018 0.11 0.21 0.25 0.32

RB 2016 0.07 0.20 0.26 0.43

2018 0.10 0.21 0.26 0.34

CB 2016 0.09 0.22 0.30 0.40

2018 0.12 0.24 0.30 0.40

Fig. 8 Mean oyster density and standard error (vertical bar) collected from oyster settlement trays (n = 4) and sampled repeatedly over time. Vertical
dashed lines indicate dates of mapping surveys
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underscores that restoration efforts should consider fine-scale
sediment dynamics as a key factor in site selection, especially
in shallow, wind-driven estuarine systems. This may require
in situ monitoring prior to construction, coupled with
regional-scale to local-scale modeling of sediment dynamics
to identify areas at high risk of burial and areas that would be
more suitable for restoration (e.g., Liu and Huang 2009; Xue
et al. 2012; Zang et al. 2017). Existing habitat suitability index
(HSI) models (e.g., Pollack et al. 2012; Theuerkauf and
Lipcius 2016; Puckett et al. 2018; Theuerkauf et al. 2019)
should incorporate additional layers that identify the proxim-
ity of potential sediment sources (e.g., marsh creeks and larger
rivers, actively eroding shorelines). Although not investigated
in this study, high-resolution sediment sampling and grain size
analysis within targeted basins would help predict the risk of
sediment resuspension and deposition given predominant hy-
drodynamic conditions, and could be used as an additional
predictor of habitat suitability. These layers will be crucial to
incorporate in the development of a new HSI model for cultch
oyster reef restoration in Pamlico Sound and similar turbid,
shallow, wind-driven estuaries.

When constructed in low-energy environments, low-relief
(<0.3 m) cultch substrates may persist for at least a few years;
however, substrates of similar height are likely to be buried (at
least ephemerally) in higher-energy settings (Fig. 9). Taller
reefs may be less susceptible to loss through burial (Lenihan
1999; Colden et al. 2017), such that restoration designs that
incorporate greater relief throughout the reef area may extend
the percentage and longevity of substrate that remains exposed.

As all reefs exhibited sedimentation along their margins
(Lenihan 1999; Colden et al. 2016, 2017; this study), designs
with larger contiguous footprints and smaller perimeter-area
ratios also may have greater longevity.

As shown here, repeated sonar and bathymetric mapping of
restored oyster reefs allowed us to characterize the area, ge-
ometry, and structural complexity of restored habitats, and to
monitor changes in these characteristics over time. A U-net
convolutional neural network architecture was used to classify
pixels within the sidescan sonar imagery using image-based
and image-texture features calculated from gray-level co-oc-
currence matrices. This approach provided an objective way
to identify reef substrate and make estimates of reef area that
considered errors of omission and commission at each site, as
well as appropriate resolution for fine-scale comparisons with-
in and among reefs that, to our knowledge, has not yet been
achieved.

The loss of reef area due to sedimentation can have cascad-
ing impacts on habitat quality for oysters, as well as the nu-
merous ecosystem services provided by restored reefs.
Previous studies have described many of the key consider-
ations and factors that should be included in oyster restoration
design to promote restoration success (e.g., Pollack et al.
2012; Lipcius et al. 2015; Puckett et al. 2018). This study
contributes to that growing body of information by emphasiz-
ing the importance of reef location within the seascape, and
shows that local sediment dynamics strongly impact reef per-
sistence. This study and the questions it generated with respect
to sediment transport processes are key to developing a robust

Fig. 9 Mechanisms driving (a) degradation or (b) persistence of restored
reefs in southwestern Pamlico Sound. (a) Southern reefs (JB, DC, and
BB) experienced a large sediment supply and strong hydrodynamic
conditions that promoted movement of benthic sediments and caused
reef burial. Initial reef characteristics and oyster settlement and growth

were not robust enough to overcome sediment deposition. (b) Northern
reefs (DB, RB, and CB) had fewer potential sediment sources,
experienced lower-energy hydrodynamic conditions, and were least im-
pacted by sedimentation. Low-relief reefs persisted, with sediment pri-
marily deposited along reef margins
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habitat suitability modeling framework for this type of oyster
reef restoration.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12237-021-00921-6.
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