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Fish abundance is enhanced
within a network of artificial
reefs in a large estuary
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and Andrew R. McMains*

!Coastal Studies Institute, Department of Biology, East Carolina University, Wanchese, NC, United
States, 2Department of Environmental Sciences, University of North Carolina Wilmington, Wilmington,
NC, United States

Artificial reefs may be created within estuaries for multiple reasons, including
habitat enhancement, oyster production, or recreational fishing. While traditional
sampling in this environment is difficult due to complex structures and the high
turbidity of estuaries, acoustic imaging sonar provides an effective alternative to
measure abundance and size spectra of the fish community. We sampled eight
artificial reefs in Pamlico Sound, North Carolina, that are designated as oyster
sanctuaries. At each oyster sanctuary, we sampled 26 boat positions along two
transects using ARIS imaging sonar, which included control areas outside of the
sanctuaries over featureless bottom. We found that fish abundance and mean
length were greater within the oyster sanctuary boundaries, but did not observe
any significant differences among artificial substrate types within the sanctuaries.
Further, we found that fish abundance dropped to near background levels within
25 m outside of the oyster sanctuary edge. Size spectra analysis revealed that
abundance was higher in the sanctuaries versus control areas for every length bin
of the fish community (5 to 50 cm). However, the differences in abundance were
greatest for 10 to 30 cm fishes. Our results can be coupled with previous research
on species composition data to more fully understand the potential role that the
Pamlico Sound oyster sanctuaries, and estuarine artificial reefs in general, serve
as habitat and recreational fishing enhancement.

KEYWORDS

ARIS, acoustic imaging, sonar, artificial reef, oyster restoration, Pamlico Sound, size
spectra analysis, habitat

1 Introduction

Interest in how artificial structures function as habitat in marine ecosystems has
increased in recent years, which has been motivated by multiple reasons (Becker et al.,
2018). For instance, artificial reefs are often included in strategies to increase the amount of
complex habitats in order to enhance fisheries production or fishing opportunities (Paxton
etal, 2022; Chong et al., 2024). Indeed, the footprint of artificial structures in the ocean has
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increased dramatically during the last three decades, and a wide
variety of structures are used (Paxton et al, 2024). Further, the
expanding marine energy and aquaculture sectors consist of novel
structures that change habitat function (Dumbauld et al., 2009;
Degraer et al., 2020; Bolser et al., 2021).

While artificial reefs are often associated with the continental shelf
of the ocean, they also occur in estuaries. The specific goals of estuarine
artificial reefs are often similar to their ocean counterparts, but may also
include the enhancement of natural oyster recruitment or shoreline
protection (Brown et al,, 2013; Silva et al., 2016; Theuerkauf et al.,
2021). Artificial reefs in estuaries can have distinct fish assemblages
from adjacent bottom or from natural rocky substrate (Folpp et al,
2013; Pierson and Eggleston, 2014). Further, the complex artificial
substrate can accumulate a diverse community of epibenthic
invertebrates and also attract forage fish (Martin and Bortone, 1997;
Folpp et al., 2013), both of which may lead to novel prey resources for
fish predators (Simonsen and Cowan, 2013).

Along the U.S. Atlantic coast, the state of North Carolina
maintains ~71 artificial reefs and 28 of these are in estuaries
(NCDMF, 2016). Among the estuarine artificial reefs, a network
of 17 of these are designated as oyster sanctuaries, which have the
dual-purpose of containing a protected brood stock of oysters and
providing habitat enhancement. While the function of the oyster
sanctuaries as brood stock has been well characterized (Peters et al.,
2017; Theuerkauf et al., 2021), the habitat enhancement of these
artificial reefs remains uncertain (Pierson and Eggleston, 2014).

There are major challenges with assessing fish habitat
enhancement of estuarine artificial reefs including the difficulty of
using traditional net-based sampling gear around complex structure
and turbid water limiting the application of scuba or cameras.
Alternatively, acoustic imaging sonar has been widely used to assess
aquatic habitat differences in the abundance and length structure of the
fish community in structured environments (Sibley et al., 2023a;
Munnelly et al, 2024). Imaging sonar is also effective in turbid
environments, such as estuaries, and samples the fish community
more completely than traditional gear types; estimates of fish
abundance are frequently higher with acoustic imaging compared to
other methods used in tandem (Kerschbaumer et al., 2020; Sibley et al.,
2023b). This reduction in sampling bias across fish lengths associated
with acoustic imaging is important, because fish communities are
highly size-structured, with different species and life stages spanning
multiple orders of magnitude. Analysis of size spectra—the relationship
of organism densities across length bins—is an effective way to contrast
differences in habitat function (Dunn et al., 2023; Olson et al., 2023;
Letessier et al., 2024). Despite these strengths of acoustic imaging,
species identification is often not possible, and detections of cryptic
species may be underrepresented (Sibley et al., 2023b). Therefore, some
alternate form of sampling to get species identities is often helpful. In
this study we use acoustic imaging sonar to test the hypothesis that
there is a greater abundance of fish within the North Carolina oyster
sanctuaries as compared to adjacent-featureless bottom. Further, we
examine size spectra to determine if the length structure of the fish
community within these sanctuaries differs from the surrounding areas.
Our results can be considered in tandem with previous efforts to
characterize the species assemblage within and around the oyster
sanctuaries (Pierson and Eggleston, 2014).
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2 Methods

2.1 Pamlico Sound study area

The oyster reef sanctuaries sampled over the course of this study
are located in Pamlico Sound, North Carolina (Figure 1). Pamlico
Sound represents the second largest estuary in the U.S. and holds
great importance for fisheries production and biodiversity along the
U.S. Atlantic coast (APNEP, 2012; Binion-Rock et al., 2023). It
functions as an important nursery habitat for a variety of species,
including economically important fishes (e.g., southern flounder
Paralichthys lethostigma, weakfish Cynoscion regalis and red drum
Sciaenops ocellatus), blue crab Callinectes sapidus and penaeid
shrimp. The Pamlico and Neuse Rivers, and the Albemarle Sound
to the north, feed lower salinity water into Pamlico Sound.
Connectivity between the sound and ocean occurs at only three
coastal inlets, specifically Oregon, Hatteras and Ocracoke inlets.
Unlike most U.S. Atlantic estuarine systems, the influence of the
lunar tide is minimal and mostly restricted to areas in close
proximity to the inlets; wind generated tides are the primary
mode of water circulation and larval transport in this system
(Reyns et al., 2006).

North Carolina’s Oyster Sanctuary Program started in 1996,
with the goal of restoring subtidal oyster reef habitat for the eastern
oyster (Crassostrea virginica) in Pamlico Sound (NCDMF, 2023).
The network of oyster sanctuaries established through this program
range in size from 10 to 80 acres. These completely subtidal
restoration oyster reefs are composed of a variety of materials
including natural oyster or clam shell, rip-rap or limestone marl,
concrete reef balls, and recycled concrete or pipe (NCDMF, 2016).
Each sanctuary is unique in arrangement and material types, with
some using only one material and others using multiple materials
laid out in distinct patches. The distance of the sanctuaries from the
nearest shoreline varies from 200 m to 10 km. The goal of the oyster
reef sanctuaries is to provide a productive-natural brood stock of
adult oysters that will produce oyster larvae to distribute
throughout Pamlico Sound (Peters et al., 2017; Theuerkauf et al,
2021). Recreational fishing is allowed within the oyster sanctuaries,
but commercial gear is not.

2.2 Acoustic imaging of artificial reefs

Acoustic imaging technology was used to sample eight oyster
sanctuaries and their adjacent featureless bottom in Pamlico Sound,
and each site was sampled on only one occasion. Specifically, the
Croatan and Deep Bay sanctuaries were sampled during June-July
of 2022; during 2023 Long Shoal, Crab Hole, Pea Island, and Gibbs
Shoal were sampled during May-June and in October Neuse River
and Little Creek sanctuaries were sampled (Table 1). Mean depth
ranged from 2.4 to 6.3 m among these sanctuaries, but varied little
within each sanctuary. All sanctuaries were over 400 m from shore,
with the exception of Deep Bay, which was ~200 m from shore and
in a more enclosed bay. The initial construction date among the
sanctuaries ranged from 1996 to 2016, although the older sites had
been added to as recently as 2014 (NCDMF, 2016). A majority of
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FIGURE 1

Map of Pamlico Sound and adjacent waterways in North Carolina, U.S.A. Orange circles are centered on the locations of each sampled oyster
sanctuary, from north to south: Croatan, Crab Hole, Pea Island, Long Shoal, Gibbs Shoal, Deep Bay, Little Creek, and Neuse River. Size of orange
circles are proportional to mean logged abundance for all samples taken within and adjacent to the oyster sanctuaries. The legend provides back-
transformed abundance values. Map was generated with gridded bathymetry data at ~450 m resolution (GEBCO Compilation Group, 2023). Inset
map of the U.S. Atlantic coastline made with ggplot2 (Wickham, 2016).

TABLE 1 Mean water quality data (surface/depth) and oyster sanctuary characteristics for each sampling date in Pamlico Sound, NC.

Sanctuary Date Temperature Dissolved Salinity Turbidity Turbidity Depth SanctuarX Sanctuary
Sampled (°C) oxygen area (km?) | substrates
(mg/1)
Croatan 6/15/22 26.5/26.6 7.517.0 12.9/13.4 NA NA 29 0.017 Reef ball,
shell, marl
Deep Bay 7/11/22 27.1/27.2 6.9/6.8 19.7/19.7 NA 0.8 24 0.024 Reef ball,
shell, marl
Long Shoal 5/22/23 21.0/21.2 7.8/5.9 27.0/NA 5.0/10.0 1.2 4.2 0.023 Reef ball
Crab Hole 5/30/23 19.8/18.2 9.4/8.4 23.9/28.5 4.7/3.1 1.1 3.8 0.105 Marl
Pea Island 5/30/23 20.2/17.8 8.4/6.9 24.0/29.5 39/1.8 1.3 4.2 0.081 Reef ball,

concrete, pipes

Gibbs Shoal 6/9/23 21.7/21.5 7.2/6.5 23.9/24.1 6.3/10.4 1.0 43 0.114 Reef ball, marl
Neuse River 10/25/23 18.2/18.2 8.5/8.0 22.4/23.0 2.2/34 1.5 4.2 0.023 Shell, marl
Little Creek 10/25/23 19.2/17.9 8.2/8.1 22.4/23.7 1.9/3.8 1.5 6.3 0.053 Reef ball, marl,

concrete, rock
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the sanctuaries had multiple substrate types. However, Crab Hole
and Neuse sanctuaries were composed only of rock-marl, and Long
Shoal contained only reef balls (Table 1).

At each sanctuary, an ARIS Explorer 1800 was used to measure
fish abundance and length structure (Sound Metrics Corporation,
Bellevue, Washington, U.S.A.). Samples were taken at previously
determined-fixed positions along two transects bisecting each
sanctuary, following the approach used by Able et al. (2013). Each
transect contained 13 fixed positions along a straight line, with one
transect running approximately north to south and the other oriented
perpendicular from east to west (Figure 2). Each transect had the
following sampling positions: 200, 150, 100, 10, edge, first-quarter,
middle, third-quarter, edge, 10, 100, 150, 200; where numeric values
indicate locations outside of the sanctuary (in meters from sanctuary
edge) and text-positions describe relative points within the sanctuary
boundaries, which were determined using digital maps of the
sanctuaries (NCDMFE, 2016). Because the sanctuaries varied in size,
the interior sampling distances from the edge varied by sanctuary,
while the distances outside of the sanctuaries were consistent. The
GPS sampling points along each transect were inputted into the
boat’s navigation system prior to sampling. The ARIS was fixed to an
aluminum pole-mount on the starboard-side stern of the vessel, and
the sampling face of the instrument was ~0.5 m below the surface.
The ARIS was mounted to an AR2 Rotator and set to a vertical
orientation (ie., aimed straight down), which improved detection
ability of fish near the bottom and adjacent to reef structures. ARIS
sampling points were two minutes in duration, during which time the
vessel was held in position using a GPS-locked trolling motor
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mounted to the port-side bow of the vessel. ARIS sampling
frequency was 1.8 MHz, and typically sampled at 15 frames per
second, with a typical minimum target resolution between 3 - 4 mm.
The sampling area of seafloor varied among regions based on depth
and the expanding nature of the ARIS imaging area, ranging from
0.75 m” at 2.5 m depth to 4.3 m” at 6.5 m depth (Figure 3).

Water quality samples were taken at a portion of the fixed
sampling positions at both surface (~0.5 m depth) and bottom
(within 1 m of bottom) depths using a handheld water quality meter
equipped with temperature, salinity, dissolved oxygen, turbidity and
depth sensors. Surface turbidity was also measured with a Secchi disk
(Table 1). The recording frequency of water quality varied over time,
ranging from 3 or 4 samples during 2022 to approximately every other
fish sampling position in 2023 (N ~ 14). Water quality varied little
among sampling positions and daily mean surface and bottom values
were calculated across all water quality samples (Table 1).

2.3 Acoustic imaging data processing

Each acoustic imaging sample consisted of a digital video file and
echogram from a 2 min recording (Figure 3). Hereafter, the term
“sample” is used to represent this 2 min ARIS file taken at each boat
position within a given transect and oyster sanctuary (N = 26 per
sanctuary, except N = 20 for Gibbs Shoal, which was not completely
sampled due to inclement weather). Species identification was not
possible, so our analyses focused on abundance and length structure
of the fish community. Each ARIS sample was comprised of a series
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Diagram of sampling design where black points and labels represent sampling positions along the east-west transect and white points represent the
north-south transect. Pink shapes represent structures within the oyster sanctuary and for this example are based on the Crab Hole sanctuary, which

was comprised entirely of rock-marl substrate.
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Example frame images from acoustic imaging. (left) Deep Bay sanctuary (depth ~2.2 m) showing rocks artificial substrate and a large prey school
where the subsampling protocol was used. Also visible is a larger fish near the bottom, which was included separately from the subsampling of small

fish. (right) Long Shoal sanctuary (depth ~4.3 m) showing reef ball substrate

of ~1800 frames. For each sample, ten random-frame subsamples
were selected using R software (R Core Team, 2020); randomly
selected frames were unique for each sample and adjacent frames
were not allowed to be within 50 frames of each other (~3.5
seconds), which was intended to increase independence among
subsamples (Smith et al.,, 2021; Munnelly et al., 2024). Hereafter,
these random subsamples are referred to as “frames” and were
examined for fish abundance and lengths of all individuals present,
which were counted and measured manually using ARISFish
software (ver. 2.8, Sound Metrics Corporation). To get the most
accurate measurement of length, a buffer region of 10 frames on
either side of the designated frame was examined and the clearest of
those frames was chosen for measurement of any given fish. For
example, if the randomly selected frame was number 104 but the
lateral profile of a fish on this frame was not fully visible, frames 94-
114 would be used instead to obtain a better angle for fish
measurement. However, any additional fish that came into view
within the buffer region were ignored. We assumed that any nekton
visible in the ARIS imagery represented a fish. While no obvious
invertebrates were detected during our study, we acknowledge that
invertebrates (e.g., squid, shrimp) might occasionally be misclassified
as small fish. There was minimal drifting detritus in our sampling
areas and water currents appeared to be minimal. The type of habitat

Frontiers in Marine Science

or bottom substrate present was noted for each sample and
categorized as either Rocks, Reef Balls, or Bare (Figure 2). Rocks
substrate could represent anything from a small amount of rubble or
shell material present on the bottom to large piles. Reef Balls that we
observed were identical in dimensions among sanctuaries and
consisted of ~1 m high dome shaped concrete structures
permeated with several large holes. Bare substrate occurred outside
of the sanctuaries, but also was common in sanctuary interiors (i.e.,
between artificial structures).

On rare occasions, if there were large numbers (> 50) of small
prey fish in a frame, a subsampling protocol was used. First, a grid
system was laid over the frame, which is an option within ARISFish
software, and a random number generator was used to select a cell
from each row of the grid containing fish. The fish in those cells
were then counted and the total number was extrapolated based on
the number of cells occupied. Additionally, ten random fish were
measured from the prey school and the mean length from those ten
was used to represent the entire school (range in mean length when
subsampling used was 4.1 to 8.7 cm; mean was 6.1 c¢cm). This
subsampling protocol was used for only 21 individual frames, from
10 different samples (i.e., multiple samples had more than one
frame requiring subsampling) and three different sanctuaries (Deep
Bay, Long Shoal, and Gibbs Shoal).
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2.4 Statistical analyses

2.4.1 Mean abundance and length versus
distance from artificial reef edge

Mean log fish abundance was calculated for each sample by
natural log transforming the fish count in each of the ten random
frames (first adding 1 to allow transformation of zero values) and
then those ten frames were averaged within a sample. Fish
abundance data were log transformed because the data were
strongly skewed due to occasional high fish densities. Fish length
was treated in a similar manner as the count data. First, if multiple
fish were present on a randomly selected frame, then these lengths
were averaged together. Next, all frames where fish were present
within a sample were averaged in order to get a mean length value
per sample. For this approach, frames with zero fish were ignored.
For both mean fish abundance (logged) and mean fish length we
used linear mixed effects models with the nime package in R to
examine the effects of distance from the sanctuary edge (Pinheiro
et al., 2023). Initially, generalized additive mixed models were
attempted, but these resulted in linear fits, so the simpler linear
mixed effects option was used. Two models were fit for each variable
(i.e., abundance and length), the first included sanctuary as a
random effect on the intercept and the second allowed the linear
relationship to vary randomly among sanctuaries. Including
sanctuary as a random effect was important, as overall abundance
per frame can vary due to sanctuary location and date of sample,
and also due to depth varying among regions, which affects the
ARIS sampling area. AIC was used to choose between the two
model options for each variable (Burnham and Anderson, 2002).
Based on model diagnostics both mean log abundance and length
had non-normal residual error distributions. Therefore, we did not
evaluate the above regression models with parametric statistics.
Instead, final model significance was evaluated by performing 1000
bootstrap samples of the data to estimate 95% confidence intervals
for the effect of distance from sanctuary edge on mean abundance
and length; if confidence intervals did not overlap with zero (i.e., a
slope of zero would indicate no effect), then we considered the
effect significant.

2.4.2 Monte Carlo analysis for edge effects

The linear regression analysis described above would not
effectively determine if there was an “edge effect” of the sanctuaries,
where abundance might be higher at the boundaries or just outside of
the sanctuaries. Therefore, to test for an edge effect we grouped the
mean log abundance data into the following categories based on their
sampling location: interior (N = 47; first quarter, middle, and third
quarter samples); edge (N = 31; samples at distance = 0 m); outside (N
= 30; samples at distance = 10 m); control (N = 94; samples at 100,
150 and 200 m). Residual error was not normally distributed and
variance differed among treatment groups, so we used a Monte Carlo
resampling procedure to assess the difference in mean abundance
between adjacent groups (ie., interior vs. edge; edge vs. outside;
outside vs. control). Specifically, for each of these pairwise
comparisons samples were reclassified among the two groups at
random, while preserving initial sample sizes, and a null distribution
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of no difference in mean abundance between groups was generated
(N = 1000 iterations). The observed difference between the groups
was then compared with this null distribution to calculate a P value
and assess significance (Gotelli and Ellison, 2013).

2.4.3 Effects of substrate type

In addition to examining large-scale patterns in abundance and
length across the sanctuary boundaries, the data were also trimmed
to include only the samples within the sanctuary, including edge
positions. With this data subset, mean log fish abundance and mean
length were compared across the specific habitat types recorded
(bare, rocks, and reef balls) using mixed effects ANOVA with
sanctuary as a random effect on the intercept; models were fitted
and evaluated using the nlme and car packages in R (Fox and
Weisberg, 2019; Pinheiro et al., 2023).

2.4.4 Size spectra analysis

The above analyses for abundance and length use mean values,
aggregated within frames and then averaged for each sample. Mean
values among frames were used, as opposed to using the sum, to
prevent bias associated with double counting and repeatedly
measuring fish that maintain position during a sample. While
using mean values is useful for assessing the significance of broad
trends, much information on the length structure of the assemblage
is concealed. For example, schools of smaller fish can drive the
observed variation in mean lengths. Therefore, to visualize
differences in size spectra of the fish community inside versus
outside of the sanctuaries, we used the following data resampling
procedure. One of the ten random frames from each sample was
chosen at random. This produced a set of 202 random ARIS frames,
which represents 26 samples at seven oyster sanctuaries, plus 20
samples from Gibbs Shoal Sanctuary (Gibbs Shoal not completely
sampled). To get equal representation from samples inside the
sanctuary (including edge samples) versus outside, we randomly
dropped six of the outside samples for each sanctuary. This reduced
the set of sampled frames to 156, ten inside and ten outside samples
for each sanctuary, except for Gibbs Shoal, which had eight inside
and outside. This process was repeated 1000 times, each iteration
producing a unique-random set of ARIS frames. For each iteration,
the total number of fish within 5 cm length bins was recorded for
both inside and outside sanctuary positions. Thus, for each length
bin we were able to compare distributions of 1000 potential
outcomes from a random set of frames from 78 samples inside
sanctuaries and 78 outside sanctuaries.

The above iteratively resampled dataset was used to conduct a
size spectra analysis. We fit a generalized additive model (GAM)
with the mgcv package (Wood, 2011) to the length frequency data
using the form,

In (frequency;; + 1) ~ s( ln(length]), k =9) + location; + ti(In (lengthj), by = locationy) + ik

where frequency represents the number of fish for iteration i
(N = 1000) within length bin j, at location k (categorical variable,
inside versus outside sanctuary) and € is residual error. A value of
1 was added to frequency before log transformation to include
iterations with zero fish in a length bin. s represents a smooth-spline
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function and k sets an upper limit on the degrees of freedom for the
smoothed term (i.e., curviness), and ti fits a tensor product
smoothed term, where the effect of length can differ between the
two locations. The 5 cm length bin was omitted from the above
model to be consistent with most size spectra analyses, which
examine the monotonic decline in abundance of individuals from
small to large body sizes (Dunn et al.,, 2023; Olson et al., 2023;
Letessier et al.,, 2024). Further, fish in the 1-5 cm length bin are
probably missed at a higher frequency compared to larger
individuals by ARIS analysts (i.e., greater observer bias; Wei
et al., 2022).

3 Results

Length estimates of 4716 individual fish, across 202 discrete
positions within eight oyster sanctuaries in Pamlico Sound were
obtained through acoustic imaging. Generally, fish length varied by
an order of magnitude on any given sampling date (Table 2). Mean
log abundance of fish varied among oyster sanctuaries by over a
factor of 5 (Figure 1; Table 2). With the exception of Little Creek
sanctuary, fish abundance was always higher inside the sanctuary
compared to outside. Water quality varied greatly among locations.
For example, water temperature varied by 9°C, which reflects the
large range in sampling dates. Salinity was generally above 20 ppt,
although the Croatan sanctuary had a mean bottom salinity of 13.4.
Dissolved oxygen (DO) never approached hypoxic conditions,
although on certain dates bottom DO was notably lower than
surface conditions (Table 1).

3.1 Mean abundance and length versus
distance from artificial reef edge

For examining the effect of distance from sanctuary edge on
mean log fish abundance, the model that allowed the slope of the
relationship to randomly vary among sanctuaries was selected as the
most parsimonious (AIC = 306.7 vs. random intercept model AIC =

10.3389/fmars.2024.1459277

309.3). There was a negative relationship between fish abundance
and distance from the sanctuary edge, supporting the hypothesis
that abundances are higher within sanctuary boundaries (Figure 4).
This negative relationship was significant, based on the
bootstrapped 95% confidence interval for the regression slope
(95% confidence interval: -0.0019, -0.0006; * = 0.20).

For examining the effect of distance from sanctuary edge on
mean fish length, both models performed similarly (random slope
model AIC = 908.7 vs. random intercept model AIC = 907.9) and so
the simpler model with a random intercept was selected. There was
a negative relationship between mean fish length and distance from
sanctuary edge, supporting the hypothesis that fishes are larger on
average within sanctuary boundaries (Figure 5). This negative
relationship was significant, based on the bootstrapped 95%
confidence interval for the regression slope (95% confidence
interval: -0.0262, -0.0069; 1* = 0.27).

3.2 Monte Carlo analysis for edge effects

When fish abundance was examined categorically, to examine for
an edge effect, Monte Carlo resampling showed no significant
difference between the oyster sanctuary interior and edge (P = 0.77;
Figure 6). However, there was a difference between the edge and the
immediate outside perimeter within 25 m of the edge (P = 0.02).
Outside of the sanctuary, there was no difference between sampling
positions near versus farther away from the edge (P = 0.81; Figure 6).
However, there was greater variation in abundance at the 10 m site
compared to more distant controls. Overall, abundance of fish (not
log transformed) was 3.1 times higher within the oyster sanctuaries
(including the edge) compared to outside of them.

3.3 Effects of substrate type

Mean log fish abundance and mean length data were analyzed
across major artificial substrate categories within oyster sanctuary
boundaries. Fish abundance was similar across substrate types

TABLE 2 Mean fish abundance and logged abundance per ARIS frame, and mean length per sample, within and outside of each oyster sanctuary.

Sanctuary Mean Mean Mean log Mean log Mean length Mean length
abundance abundance abundance abundance (min — max) (min — max)
inside outside inside outside inside sanctuary outside sanctuary
sanctuary sanctuary sanctuary sanctuary (mm) (mm)

Croatan 0.56 035 0.18 0.12 7.8 (3.7 - 16.4) 103 (3.6 - 31.6)

Deep Bay 9.98 1.81 1.03 0.47 49 (23 - 30.0) 59 (22 - 19.8)

Long Shoal 9.65 5.82 0.41 031 17.9 (4.2 - 40.0) 116 (3.5 - 28.0)

Crab Hole 0.55 0.06 023 0.03 18.2 (4.1 - 45.0) 13.5 (5.3 - 31.6)

Pea Island 219 0.26 0.82 0.14 15.5 (7.0 - 28.0) 12.7 (59 - 25.0)

Gibbs Shoal 635 0.63 0.41 0.22 13.4 (3.9 - 27.0) 16.3 (3.3 - 46.0)

Neuse River 1.87 039 0.76 0.17 14.0 (4.6 - 46.6) 12.5 (4.9 - 23.5)

Little Creek 0.56 0.64 022 031 18.6 (6.6 - 46.3) 13.8 (6.1 - 37.3)

Length range values (min — max) are based on raw fish length data.
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Random effects regression model of mean logged fish abundance versus distance from oyster sanctuary edge, where a value of zero on the x-axis
indicates samples taken at edges of the artificial reef, and positive and negative values indicate sampling positions outside and inside the sanctuary,
respectively. Gray regression lines represent 1000 bootstrapped regression models

(Figure 7; Mixed effects ANOVA: ){2 =0.29, df = 2, P = 0.87). For
mean length, rocks substrate tended to have smaller fish, but
differences were not significant (Figure 7; Mixed effects ANOVA:
¥ =436,df =2, P=0.11).

3.4 Size spectra analysis

Across 1000 random frame resampling iterations, length
distributions of fish were compared between sampling positions
inside versus outside of the oyster sanctuaries, and fish abundance
was higher within the sanctuaries across all 5 cm length bins
(Figure 8). The most abundant length class were fish in the 6-
10 cm category, and fish in larger length bins declined rapidly; fish
larger than 25 cm were relatively rare occurrences either inside or
outside of the sanctuaries (Figure 8). The size spectra analysis
supported these observations, where predicted abundance based
on the GAM fit (85.6% of deviance explained in model) was higher
inside the sanctuaries across all length bins (Figure 9). Further,
modeled abundance declined more quickly outside than inside of
the sanctuaries as length increased, suggesting that the greatest
proportional difference in abundance occurred among fish of
intermediate lengths (10 - 30 cm; Figure 9). The smallest length
bin (1-5 cm) was not included in the size spectra analysis (see
methods), but we observed that abundances of this group were
much lower outside of the artificial reefs (Figure 8), suggesting that
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the smallest schooling fish were strongly attracted to the
artificial reefs.

4 Discussion

The fish community within the oyster sanctuaries in Pamlico
Sound were notably different in abundance and size structure
compared to the surrounding areas, which largely consist of
featureless bottom in this system. The use of acoustic imaging
technology allowed us to sample a large portion of the fish
community within the highly structured environment of the
sanctuaries, where most sampling gears could not be deployed in
a similar fashion across different locations (e.g., gill nets, trawls).
Obtaining abundance and length data on the fish community,
sampled at discrete positions relative to the oyster sanctuaries
allowed us to examine fine scale spatial characteristics of the fish
community. The resulting data represent size-structured
abundance, which has been increasingly used to contrast fish
assemblages among habitats or to examine the impacts of
protected areas (Dunn et al, 2023; Olson et al., 2023; Letessier
et al., 2024).

The abundance of fish in the sanctuaries was over three times
higher than the surrounding unstructured habitat. Artificial reef
material is well documented to increase fish abundance compared
to nearby control sites (Boswell et al., 2010; Folpp et al, 2013;
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Rosemond et al., 2018). Similarly, restored oyster reefs increase
nekton abundance and diversity over adjacent bare habitats and are
comparable to natural reefs (Brown et al., 2013; George et al., 2014;
La Peyre et al, 2014). We found that all length classes of fish
contributed to this increase in abundance, including both small
schooling fish and larger consumers. Our results contrast with
Pierson and Eggleston (2014) who used gill nets and traps and
found that fish abundance was similar or greater on nearby (1 -
1.5 km) unstructured bottom compared to the oyster sanctuaries.
Comparing our study with Pierson and Eggleston (2014) should be
done with caution, as there are multiple factors that differ in our
approaches, including the specific sanctuaries sampled and that
only limestone marl piles were sampled by the previous study, while
most sanctuaries also contained reef balls or other materials during
our study. However, sampling with nets or traps contains biases that
might have obscured abundance estimates from the previous study.
Specifically, both gill nets and traps may become saturated with
catch, which can reduce the contrast in abundance between
sampling areas (Li et al., 2011; Bacheler et al., 2013a). Further, gill
nets are highly size selective based on mesh size, and there are
distinct species-specific differences in vulnerability to capture with
both gear types (Carol and Garcia-Berthou, 2007; Bacheler et al.,
2013b). Finally, species encounter rates with these passive gear types
might be lower over artificial reefs, due to differences in species
behavior or habitat effects (Scharf et al., 2006). Due to these
potential gear related biases, we suggest that our results provide a
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more accurate estimate of abundance effects within the sanctuaries,
and when used in conjunction with the species composition data
from Pierson and Eggleston (2014), a more comprehensive
understanding of the sanctuaries is possible.

The enhancement in fish abundance we observed within oyster
sanctuaries did not show any evidence of spilling over to the
immediate surrounding areas, at least not at the ~10 m sampling
resolution that we used. Specifically, our nearest sampling position
outside of the sanctuaries was 10 m away, and we found that
abundance there was typically no different than areas > 100 m from
the sanctuary edge. Also, there was no evidence of an edge effect,
where abundance was highest at the sanctuary boundary. Instead,
we found that fish abundance was similar between the sanctuary
edge and interior. Similarly, Boswell et al. (2010) sampled a large
artificial reef in the Gulf of Mexico using acoustics and concluded
that the effects of the reef were confined to within 20 m of the edge.
Rosemond et al. (2018) sampled the fish community around
artificial reefs off the coast of North Carolina using SCUBA. This
study found a more gradual decline in abundance, and areas 30 m
from artificial reefs still showed signs of fish aggregation. The degree
of water clarity might affect this buffer zone for fish enhancement—
water clarity in Pamlico Sound is generally lower than on the
continental shelf—but to our knowledge this has not been
examined. Alternatively, differences in fish use of the areas
surrounding artificial reefs might depend on the local species
assemblage and the scale of movement among the species present.
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based on a Monte Carlo reassignment analysis.

The mean length of fish was higher in the oyster sanctuaries
compared to areas outside of the sanctuary. Indeed, based on our
size spectrum analysis the largest differences in log abundance when
comparing inside the sanctuary with the surrounding areas was fish
between 10 and 30 cm. In other systems, larger mean fish size has
been observed on artificial reefs compared to surrounding areas
(Boswell et al., 2010). Paxton et al. (2020) observed that large
predator species are generally more abundant on artificial reefs than
on natural reefs, a pattern that was driven by more transient
predators (e.g., pelagic, mobile and schooling predators). It is
possible that the larger sized fish observed within the oyster
sanctuaries indicates that the species assemblage differs inside
versus outside the sanctuaries. This conclusion is supported by
studies on the habitat value of restored oyster reefs (George et al.,
2014; La Peyre et al,, 2014). In our study we did not attempt to
confirm species identify or classify fish into potential trophic guilds.
However, anecdotally we did observe larger fish on the acoustic
imagery with more distinct body types within the sanctuaries,
including structure oriented fishes and mobile-pelagic predators.
Fish with porgy-like body forms (family Sparidae) were frequently
observed within the sanctuaries (Figure 3); anglers in the
sanctuaries were also observed to catch sheepshead on multiple
occasions (Archosargus probatocephalus, family Sparidae). Sparids
have been shown to respond positively to artificial reefs and
restored oyster reefs, including subtidal reefs (Folpp et al., 2020;
Davenport et al., 2021). Pierson and Eggleston (2014) support our
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conclusion of distinct communities within the sanctuaries. Based on
gill net and trap sampling of four oyster sanctuaries within Pamlico
Sound, that study found that the community structure differed
within oyster sanctuaries compared to control sites. As an example
using two structure oriented species, a total of 179 Atlantic
spadefish (Chaetodipterus faber) and 13 sheepshead were caught
within the sanctuaries, while in the control areas only 26 spadefish
were caught and no sheepshead (Pierson and Eggleston, 2014).
Additional support that species assemblages on the sanctuaries are
distinct compared to surrounding areas can be seen with passive
acoustics sampling. Specifically, Lillis et al. (2014) sampled
soundscapes with hydrophones at three oyster sanctuaries in
Pamlico Sound. They found that sound levels and acoustic
diversity were higher in oyster sanctuaries compared to nearby
controls, indicating greater biodiversity on the artificial reefs. The
difterences were mostly driven by snapping shrimp activity in the
sanctuaries, but the authors also noted elevated biological noise
from soniferous fishes.

Fish abundance varied substantially among the eight
sanctuaries sampled, although attempts to examine mechanisms
for these differences were beyond the scope of our work. Differences
in fish abundance are likely to be due to a number of factors,
including seasonal-temperature effects and sanctuary distance from
shore. For example, Deep Bay had the highest fish abundance and is
also unique in that it is positioned near more complex-sheltered
marsh habitats. Repeated sampling of these sanctuaries over the
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excluded). Curves represent fit from a generalized additive model; 95% confidence intervals are included but too small to be visible.

course of one or more seasons would be required to understand if
certain sanctuaries have greater abundances of fish over others.
Both Pierson and Eggleston (2014) and Lillis et al. (2014) found
evidence that certain oyster sanctuaries may be more productive
than others. However, the mechanisms behind these differences
remain speculative.

No significant differences were found between the three broad
categories of substrate type that we compared within sanctuaries.
Similar results have been found among studies that compared
substrate type for oyster restoration projects (Brown et al., 2013;
George et al., 2014). Other studies on artificial reefs have found
contrasting results, instead showing that substrate type can
influence fish abundance and that different species may have
unique preferences (Lemoine et al., 2019; Tharp et al.,, 2024).
However, studies on artificial reefs have been able to compare
substrates with much greater structural differences (e.g., concrete
pipes versus sunken ships) as compared to typical oyster restoration
materials. Our analysis of substrate type effects was done
opportunistically, based on ARIS files that happened to occur
over varied bottom types. Therefore, a more directed study to
examine artificial substrate differences, with larger sample sizes
over varied bottom types, might produce different results. It also
should be noted that within certain oyster sanctuaries artificial
substrates are densely arranged, so even if a particular sample was
recorded as bare, some form of structure was often nearby. While
acoustic imaging technology is more limited in its ability to
understand such fine scale differences in the fish community, we
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recommend that future studies using this approach categorize fish
into several guilds (e.g., pelagic vs. benthic; Sibley et al., 2023a) to
maximize the chance of measuring community differences among
artificial substrate types.

5 Conclusions

Artificial reefs have generally been shown to function similarly
to nearby natural habitats (Paxton et al., 2020). In Pamlico Sound,
natural subtidal oyster reefs and human-cultch planted reefs
represent the most comparable, structurally complex habitat to
the sanctuaries where we sampled, but the habitat function of these
areas in Pamlico Sound has received little attention. The sanctuaries
represent a small fraction of the total oyster reef area in this system,
but they harbor much greater oyster densities (Theuerkauf et al.,
2021). Our study has shown that fish abundance, across the full size
spectrum, is higher within the sanctuaries compared to the bare
substrate in the surrounding areas. Further, Pierson and Eggleston
(2014) showed that catches of multiple valuable species were far
greater within the sanctuaries, including sheepshead, spadefish,
black sea bass (Centropristes striata) and southern flounder
(Paralichthys lethostigma). Increased abundances of schooling
prey might also provide enhanced foraging opportunities for
pelagic piscivores. Nevertheless, more research is needed to
determine if this high fish abundance translates into enhanced
productivity of the oyster reef fish assemblage in Pamlico Sound
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(Beck et al.,, 2001; Chong et al., 2024), or if these sanctuaries
enhance habitat availability for certain species and life stages. The
amount of oyster reefs present in Pamlico Sound has been estimated
to be around one third of historical values (Craig et al., 2021).
Therefore, artificial reefs, including oyster sanctuaries, have the
potential to help mitigate this habitat loss. While responses to
increases in habitat availability can be species-specific (Keller et al.,
2017), there are examples of artificial habitats, including shellfish
reefs, enhancing system wide productivity of the fish community in
estuaries (Folpp et al, 2020; Gilby et al., 2021). While future
research is needed to examine the interaction that the Pamlico
Sound oyster sanctuaries have with natural subtidal reefs, the
evidence we present here supports the idea that these artificial
reefs enhance fisheries habitat, which further supports the
justification for investing in artificial reefs designated as
oyster sanctuaries.
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