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Abstract

Introduction: Restoration practitioners seek to restore oyster ecosystems as habitat designed for species targeted by recreational fish-
eries, but they require information on which specific habitat parameters of oyster reefs are preferred by fish.

Objectives: We evaluated the use of restored oyster reefs with a diverse suite of design characteristics (i.e. substrates, depths, and
rugosities) by common recreational fisheries species and other fishes that occupy similar habitats. We quantified (1) broad-scale site
fidelity of fishes at restored reefs, (2) fish association with particular reefs made from substrates including oyster shell, river rock, lime-
stone, concrete rubble, and mixed shell and concrete poles, and (3) the influence of reef rugosity, edges, and depth on fish preference.
Methods: Fish movements were tracked using surgically implanted transmitters and monitoring their positions using an array of acous-
tic receivers at restored reefs with different characteristics.

Results: Oyster shell or limestone deployed with high rugosity was preferred by sportfish instead of concrete rubble, river rock, and low
rugosity reefs. Red drum (Sciaenops ocellatus) preferred shallower reefs (0.5 m) and Black drum (Pogonias cromis) preferred deeper
reefs (1.0 m). Substrate type has the greatest influence on fish locations followed by depth, then rugosity. Reefs with high perimeter to
area ratio may also enhance habitat with fishes most often found associated with reef edges rather than the center of reefs or
surrounding sand.

Conclusions: Restoration practitioners can incorporate these design elements to enhance oyster habitat for recreational fisheries.
Implications for Practice: Results can be used by restoration practitioners to design reefs that enhance sportfish habitat. Oyster cultch
or limestone substrates deployed with high rugosity and high perimeter to area ratio are preferred over concrete rubble, river rock, and
low rugosity reefs. Specific depth zones are preferred by Red drum (approximately 0.5 m deep) versus Black drum and hardhead catfish
(approximately 1.0 m). Sand bottom adjacent to reefs is preferentially used by fish compared to other sand regions and could be counted
toward goals for area of restored fish habitat.
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Introduction

Oyster reefs provide habitat for many sportfish targeted by
recreational fisheries. Unfortunately, the horizontal extent
and vertical structure of oyster reefs are in decline in many
regions due to unsustainable and often destructive harvest
practices (Beck et al. 2011; Zu Ermgassen et al. 2012). The
physical removal of reef structure through mechanical har-
vest by dredges in particular diminishes their ecological value
as fish habitat (Lenihan & Peterson 1998). In response,
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coastal managers seek cost-effective ways to enhance or
restore oyster ecosystems (Peterson et al. 2003; Grabowski
et al. 2012; La Peyre et al. 2014). Where oyster larvae are
not limiting, restoration is principally done by placing suit-
able hard substrates in appropriate locations (Beseres Pollack
et al. 2012; Brown et al. 2014) for oyster larvae to settle and
grow into new or restored reefs that may be utilized by fishes
and other organisms (Plunket & La Peyre 2005; Coen
et al. 2007; Pierson & Eggleston 2014). Identifying the best
substrates, depths, rugosities, and spatial arrangements for
oyster reef restoration remains a key information gap to max-
imize benefits to fishery species.
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Fish preferences among restored oyster reefs

Hard substrates for creating and restoring oyster reefs can
include a variety of materials such as old shells, various types
and sizes of rocks, and reclaimed concrete structures or rubble
(Whitman & Reidenbach 2012; Brown et al. 2014; Dunn
et al. 2014; La Peyre et al. 2014; George et al. 2015). These
can be deployed in various spatial configurations, thicknesses,
and depth zones. Each variable can influence the cost and benefit
of restoration projects (Grabowski et al. 2012; Humphries & La
Peyre 2015; Graham et al. 2017; Davenport et al. 2021) as fish
habitat.

In addition to comparing oyster recruitment and growth
among restoration designs, studies often explore the habitat
value of restored oyster reefs for the diversity of small fishes
and crustaceans that live within the reef structure (Humphries
et al. 2011; Humphries & La Peyre 2015; Rezek et al. 2017;
Davenport et al. 2021). These relatively sessile organisms are
effectively evaluated with small sampling trays (Dillon
et al. 2015; Graham et al. 2017; Blomberg et al. 2018), seines,
drop samplers, and traps (Brown et al. 2014; Rutledge
etal. 2018); however, such methods are easily avoided by larger,
more motile fishes such as those targeted in recreational fisher-
ies. Whereas the smaller reef inhabitants are often site-attached
once settled onto a reef, questions remain about the site fidelity
of larger fishes both at fine scales on particular reefs and over
broader scales to restoration areas in general.

Habitat use by these larger fishes is more often assessed using
collection methods including nets (Harding & Mann 2001;
Plunket & La Peyre 2005; Brown et al. 2014; Pierson & Eggle-
ston 2014; Humphries & La Peyre 2015) which provide snap-
shots of the transient fish community. However, nets do not
provide a measure of how much time fishes actually spend at
particular reefs, whether fish are passing through, stopping for
a time, or are simply highly mobile residents.

In contrast, tools like passive acoustic telemetry have the
advantage of non-destructively tracking fish presence but can
be limited in determining the details of habitat preferences in
ways that are useful to restoration practitioners. Broad-scale
movements are often monitored using an array of widely spaced
telemetry receivers throughout an estuary. This has been used to
examine fish movements in relation to environmental variables
(Dresser & Kneib 2007; Bacheler et al. 2009b; Kendall
et al. 2024) or seasonal migrations (Reyier et al. 2011; Hall
et al. 2019) at the estuary scale (i.e. 100-1000’s of m), but it
lacks the spatial precision to identify which specific habitats
are preferred. Other telemetry studies have used fine-scale posi-
tioning systems to pinpoint fish locations within a few meters on
specific bottom features (Dance & Rooker 2015; Moulton
et al. 2017). However, even studies that use fine-scale position-
ing systems have offered limited insight because there are few
opportunities to deploy them in experimental settings with a
wide range of habitat variables of interest to restoration
practitioners.

The goal of this study was to evaluate the use of restored oys-
ter reefs with a diverse combination of design characteristics
(i.e. substrates, depths, and rugosities) by common recreational
fisheries species and other fishes of similar size (i.e. >20 cm
TL) that occupy the same habitat. Fish movements were tracked

by implanting acoustic transmitters into them and then monitor-
ing their movements using an array of acoustic receivers and a
fine-scale positioning system over a grid of restored oyster reefs
with different characteristics. Specifically, we sought to:
(1) evaluate broad-scale site fidelity of fishes at restored reefs
in general, (2) quantify fish association with particular restored
reefs constructed from various substrates, and (3) determine
the influence of reef rugosity, edges, and depth on fish prefer-
ence among reefs.

Methods

Study Location

The study location in Mission-Aransas estuary, Texas,
United States (Fig. 1A), is characterized by shallow (<2 m
depth), turbid water (approximately 50 NTU) (Rezek
et al. 2017; Palmer et al. 2023), that has historically supported
recreational fishing communities (Ropicki et al. 2016) and com-
mercial oyster (Crassostrea virginica) fishing industries
(Martinez-Andrade 2018; Jensen 2020). By 2007, the spatial
extent of oyster reefs in the estuary was only approximately
12% of what it was in 1891 (Zu Ermgassen et al. 2012), and
recent increases in harvest have elevated concerns for oyster
communities and the ecosystem services they provide (Texas
Parks and Wildlife Department 2022).

This study focused on a group of 20 oyster reefs constructed
in multiple phases on sand bottom in a grid layout off Goose
Island (referred to collectively as Goose Island reefs)
(Fig. 1B & 1C). These reefs varied based on several physical
characteristics that likely influence their value as fish habitat,
including substrate type, age, depth, and rugosity. Construction
began in 2012 approximately 200 m from shore with four rect-
angular reefs (approximately 30 by 20 m) composed of a layer
of concrete rubble topped with reclaimed oyster shells (Rezek
et al. 2017) (Fig. 1C). In 2013, 12 more reefs consisting of three
replicates with four substrate types were added, including oyster
shell (approximately 9 cm diam.), flint/river rock (approxi-
mately 9 cm), limestone (approximately 14 cm), and concrete
rubble (approximately 14 cm) (Graham et al. 2017). In 2021,
four more were installed seaward of the original grid using
recycled concrete construction barriers that were shaped like
long poles (approximately 12 m long, approximately 60 cm tall,
approximately 60 cm wide). These structures, hereafter called
concrete poles, were laid horizontally with an approximately
50 cm wide space in between partially filled with oyster shell
(Palmer et al. 2023). To reflect changes in reef extent since their
original rectangular shape, edges were digitized from a 2023 sat-
ellite image (Esri/Wayback 2023-11-01) (Fig. 1C). These reefs
are surrounded by bare sand for more than 100 m in all
directions.

Benthic communities (e.g. oyster cover and motile epifauna)
have been studied on each reef previously, and oysters readily
recruited to them all, but unfortunately there are no recent data
for all reefs available to characterize their current status. At the
time of the last evaluation in 2021, densities of oysters greater
than 25 mm ranged from 150 to 200/m? and live oysters covered
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Figure 1. Oyster reef restoration area off Goose Island in Aransas Bay, Texas, United States. Inset maps show (A) the general location of Aransas Bay, Texas,
(B) the receiver outer array deployed within Mission-Aransas Estuary with receiver labels for those noted in the text, (C) location of receivers, substrate type, and
deployment year for the Goose Island oyster reefs, and (D) rugosity and reef depth characteristics for the Goose Island oyster reefs. Imagery source: Esri

Wayback, 1 November 2023.

30-50% of the substrate (Palmer et al. 2023). Importantly, how-
ever, prior studies at those reefs (Graham et al. 2017; Rezek
et al. 2017) and elsewhere revealed that restored reefs of various
compositions achieved a benthic community similar to natural
reefs within just 4—18 months of restoration (Pierson & Eggle-
ston 2014; Dillon et al. 2015; George et al. 2015; Blomberg
et al. 2018). Given that all these reefs were at least 2 years old
when the present study took place, the year of establishment
was not included in the analyses. In contrast, reef rugosity
(i.e. variation in height) was quite different among reefs. Most
were initially created with a consistent approximately 30 cm
vertical height above the surrounding substrate except for the
approximately 60-cm tall concrete poles. However, bioerosion,
oyster accretion, storms, or other factors altered their vertical
profiles. A consistent estimate of rugosity among reefs was cre-
ated based on 20 haphazard depth measurements on each reef.
These were taken at the conclusion of the tracking period using
a weighted measuring tape. Standard deviation of depth was

used to represent relative rugosity. Reefs were classified along
a natural break in the distribution as high (10-14 standard devi-
ation SD of depth measurements, 40 cm depth range) or low
rugosity (3-8 SD, 20 cm range) (Fig. 1D).

Water depth in this area gradually slopes such that we catego-
rized the six reefs closest to land as shallow (approximately
90 cm deep), the eight farthest from land as deep
(approximately 115 cm deep), and the six in between as moder-
ate depth (approximately 102 cm deep) (Fig. 1D). Variations in
overall depth depend primarily on wind forcing (mean diurnal
range = 0.11 m, https://tidesandcurrents.noaa.gov).

Fish Tracking

Species targeted here included Black drum (Pogonias cromis),
Red drum (Sciaenops ocellatus), Spotted seatrout (Cynoscion
nebulosus), Hardhead catfish (Ariopsis felis), Gafftopsail catfish
(Bagre marinus), and Southern stingray (Hypanus americanus)
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(Table S1). These are important in recreational fisheries, region-
ally abundant, and have suspected associations with oyster reef
ecosystems (Patillo et al. 1997; George 2007; Brown
et al. 2008; Moulton et al. 2017). From 26 April to 1 May
2023, fish were caught on or adjacent to the 20 study reefs using
hook and line. Minimum size for tagging was 20 cm total length
(TL). A coded transmitter (InnovaSea Inc. model V8-4L, 130-
230 s ping interval, 405 day battery) was inserted into the body
cavity of each fish through a 1.5 cm ventral incision (Reese
Robillard et al. 2015), and fish were released at the point of cap-
ture following the approximately 2-minute procedure.

Fish movements were monitored for 1 year beginning in May
2023 using a multi-scale array of automated acoustic receivers
affixed to plastic poles. Broad-scale movements outside of the
Goose Island reefs were monitored by a widely spaced array
of nine receivers (InnovaSea Inc., model VR2W), hereafter
referred to as the outer array (Fig. 1B). These were placed at sus-
pected movement corridors leading away from the Goose Island
reefs. Precision of fish positions within the outer array was lim-
ited to the approximately 100-150 m detection range of the
receivers. For the Goose Island array, fine-scale locations
(i.e. within a few meters) on the oyster reefs were determined
using an array of 20 receivers (InnovaSea Inc., model VR2Tx)
deployed in the middle of each of the study reefs (Fig. 1C). At
the end of the tracking period, data were downloaded and time
corrected for internal clock drift. All analyses were conducted
in R (Version 4.4.1).

Data Analysis

Broad-Scale. To determine how much time fish spent at
Goose Island reefs versus moving more broadly in the estuary
in the outer array, the days with detections were plotted from
the date fish were tagged until their transmitter batteries expired.
Those detection days (DD) were categorized by location: only at
the Goose Island array, only on the outer array, or on both on the
same day. Proportions of each fish’s total DD among those three
categories were summarized and used to calculate average
values for each species. Patterns of specific receivers used by
fishes on the outer array and synchronous seasonal timing of
movements were noted. Dates with synchronous movements
were compared to water temperature (National Oceanic and
Atmospheric Administration NOAA station ID8774230).

Fine-Scale. Fine-scale fish positions were triangulated using
Fathom Position software (InnovaSea Inc.) based upon time of
signal arrival at Goose Island reef receivers. Because each posi-
tion includes an estimate of horizontal-positioning-error, unac-
ceptable data can be filtered out (Smith 2013; Meckley
et al. 2014). Balancing the requirement of precision to meet
study objectives (i.e. linking fish positions with specific reefs)
while minimizing data loss, a maximum allowable error of
5.7 m (median 1.6 m) from actual fish positions was used to fil-
ter the data. This reduced the data for analysis by 43.6%. In addi-
tion, positions more than 21 m from the outside edge of the
outermost reefs were excluded since those fish were outside

the immediate vicinity of the Goose Island reefs and not relevant
for identifying fish preferences among reef types. This distance
was selected because it was greater than the maximum space
between reefs. This reduced the number of positions by another
1.4%. Lastly, fish with fewer than 25 positions at Goose Island
were also removed from analysis. Collectively, these steps elim-
inated fish with too few datapoints, those datapoints lacking suf-
ficient accuracy to meet study objectives, or those too far from
study reefs to meet objectives. Number of unique days posi-
tioned, and proportion of days positioned on the Goose Island
array compared to the total tracking span (i.e. days between tag-
ging and date of last position in the Goose Island array) were
summarized for each individual.

Preliminary evaluation of positions revealed that many were
located directly on top of specific reefs, but also along the edges
of reefs (Fig. 2). We therefore sought to quantify the relationship
between fish positions and reef edges. Specifically, it was of
interest to determine whether fish positions relative to reef
boundaries differed from random positions, and if so, how far
from a reef edge a fish position should still be considered as
associated with a particular reef.

For this analysis, the distance from each fish position to the
nearest reef edge was calculated (sf package; Pebesma 2018)
and saved as a positive value for locations outside the reefs
(i.e. in the surrounding sand) and a negative value for locations
inside (i.e. on the reef). The number of distance values for each
fish was then summed within 1 m bins at increasing distances
beginning on the reef edge (i.e. from —0.5 to +0.5 m of the
edge), and extending inside (—0.5 to —1.5, —1.5 to —2.5 m,
etc.), and outside of the reefs (+0.5 to +1.5, +1.5 to +2.5 m,
etc.), and plotted as a histogram. Histograms for each fish were
then standardized as the proportion of position counts within
each distance bin. Then for all individuals of each species, the
mean (+ SE) proportion of positions in each distance bin was
calculated such that a single histogram for each species summa-
rized their location patterns relative to reef edges.

We then used these histograms to determine if fish positions
relative to the reef edge were significantly different from random
movements. For this analysis, we took the number of positions
observed for each real individual and generated the same num-
ber of randomly positioned points within the Goose Island array.
As was done for the observed positions, the distance from reef
edge was calculated for each random point and used to create a
histogram. Kolmogorov—Smirnov tests were used to determine
if the observed histogram for each species was significantly dif-
ferent from the random histogram.

The next part of the analysis tested whether each species was
preferentially using one reef substrate versus another and what
other factors (i.e. depth and rugosity) might have influenced reef
use. For this analysis, each fish position was assigned to an indi-
vidual reef if the fish’s location was either inside that reef poly-
gon, or within a species-specific buffer zone surrounding
it. Buffer width was based on natural inflection points in the
observed histograms of fish locations relative to reef edges, such
that 75% of all positions for each species were associated with
reefs. This value incorporated a large majority of animal posi-
tion counts including all positions that occurred on or adjacent
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Figure 2. Representative plots of detection positions that met minimum HPEm criteria from an individual (A) Black drum (POCR-547), (B) Hardhead catfish
(ARFE-573), (C) Red drum (SCOC-665), and (D) Southern stingray (HY AM-666).

to the reef but excluded the 25% of positions in the tail of the dis-
tribution furthest out into the sandy spaces surrounding reefs. In
cases where reefs were close together and the buffer zones over-
lapped (e.g. most concrete poles and shell reefs), the buffers
were split equally. All positions that fell in the open sandy areas
between or beyond the buffers were excluded. After these steps,
remaining fish positions were associated with their closest
study reef.

A generalized linear mixed (GLM) model (glmmTMB pack-
age; Brooks et al. 2017) was used for each species to identify

reef preferences. The number of positions at each reef were tal-
lied hourly for each fish, with any reefs where an individual was
not positioned receiving a tally of zero. These values served as
our proxy for reef preference. Variables that may contribute to
fish preference for a reef were examined, including fixed effects
of substrate type (i.e. concrete rubble, concrete poles and shell,
limestone, river rock, and shell), reef depth (i.e. shallow, moder-
ate, and deep), and rugosity (i.e. high and low); a random inter-
cept effect for each fish (to account for potential intraspecific
variation); and a first-order autoregressive error structure by
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time, grouped by fish, to account for spatial and temporal auto-
correlation. Additionally, because some substrates covered
more area than others, a log offset for total substrate areas was
evaluated. All model components were checked for collinearity
using variance inflation factors (Zuur et al. 2010), which were all
less than 10, so all components were kept in the models. Zero-
inflation and overdispersion were investigated using the
DHARMa package (Hartig 2024). Appropriate model likelihood
distributions tested included Poisson, negative binomial, gener-
alized Poisson, and Tweedie, and were selected based on the
lowest Akaike’s Information Criterion (AIC) and visual inspec-
tion of diagnostic plots from the DHARMa package. Model
selection was conducted using the dredge function of the MuMIn
package (Barton 2025) whereby the random effect of individual
ID and the spatiotemporal autocorrelation term were included in
all model iterations. The best model was determined from the
lowest AIC value. We then plotted the marginal mean estimates
of the number of hourly positions predicted from the GLMs
(emmeans package, Lenth 2025). Marginal means estimates pre-
dict the size and strength of the effects of each variable in isola-
tion while accounting for the average or most common
conditions of all other variables across the reefs. Tukey’s post
hoc pairwise comparisons were conducted to identify significant
differences among factor levels for relevant variables. Although
the study reefs did not consist of a full factorial design
(i.e. concrete poles were only in the deeper areas and inherently
cannot have low rugosity), there was sufficient overlap in com-
binations of reef attributes to enable analysis of all reefs
together. In cases where results depended on reefs with attri-
butes that were potentially confounded, additional analysis of
reef subsets were undertaken without those variables to confirm
that results from the whole model were robust.

Results

A total of 55 fishes were tagged including 20 Spotted seatrout,
13 Black drum, 9 Red drum, 5 Gafftopsail catfish, 5 Hardhead
catfish, and 3 Southern stingrays. The number and duration of
detections in both arrays varied widely among species (Fig. 3).
Most Spotted seatrout and Gafftopsail catfish had few or no
detections at the Goose Island reefs, and were only detected in
the outer array for a few weeks. Therefore, only broad-scale
movements were evaluated for those two species. The other four
species had much longer detection spans at Goose Island. All but
one Red drum and five Black drum were detected at Goose
Island reefs for 5—7 months. All of the Hardhead catfish and
two of the Southern stingrays had very robust detection records
with almost daily detections except during winter months.

Broad-Scale Movements

Overall, 46 individuals were detected on the outer array, includ-
ing all Hardhead and Gafftopsail catfish, Spotted seatrout, and
Southern stingray (Table S1). In contrast, only nine of 12 Black
drum and four of nine Red drum were detected on the outer
array. The average number of DD for fish on the outer array
was 11 (£3 SE) days (0-142 day range). Gafftopsail catfish

had the largest percentage of their total DD on the outer array
(81% =+ 19), followed by Spotted seatrout (80 =+ 5), Black drum
(37 = 14), Southern stingrays (21 + 20), Red drum (9 £ 5),
and Hardhead catfish (7 £ 3). There were no consistent
species-specific location patterns for fish on the outer array.
The three receivers visited by the most individuals (n = 27 at
30_GlI, 25 at 34_GI, and 23 at 33_GI) were those closest to the
Goose Island reefs, whereas receivers farthest from Goose
Island detected the fewest (n = 5 at 32_GI, and 6 at 37_GI).
Because the Gafftopsail catfish and Spotted seatrout quickly left
the Goose Island reefs and had few positions there, they were
excluded from fine-scale analysis.

There were some species-specific seasonal patterns in detec-
tions (Fig. 3). All five Hardhead catfish departed the Goose
Island array on 27 November 2023, at the same time as a cold
front reduced water temperatures from 17 to 12°C. They
returned to the Goose Island array regularly once water temper-
atures rebounded above approximately 20°C in February—
March 2024. Two of the Southern stingrays also exhibited fewer
detections at the Goose Island array during winter months, espe-
cially late January, before returning consistently to Goose Island
in February when water temperatures increased. The Gafftopsail
catfish and Spotted seatrout nearly all departed the area soon
after tagging in May, coincident with daily water temperatures
increasing above 24°C. Black drum also exhibited some sea-
sonal patterns, although the response was mixed such that on
21 November 2023, four shifted away from the Goose Island
array whereas two others increased their occupancy at Goose
Island. This date corresponded to a cold front with a temperature
drop from 21 to 15°C. Lastly, several of the Red drum departed
the Goose Island array in late October 2023 although water tem-
perature showed no anomalous values around those dates.

Fine-Scale Locations

Four Back drum and two Red drum had fewer than 25 positions
within the Goose Island reef array and were excluded from the
fine-scale analysis. The remaining individuals including five
Hardhead catfish, three Southern stingrays, eight Black drum,
and seven Red drum underwent fine-scale positioning analysis
over the Goose Island reefs. Hardhead catfish had the most con-
sistent use of the Goose Island reefs compared to the other spe-
cies with a tracking span ranging from 163 to 280 days
(219 days 19 SE). This corresponded to 47—77% of their total
detected days (60% =+ 10 SE; Table S1). Southern stingrays had
the second highest number of days positioned (189 days +91
SE) and were detected on 66% (£10) of days during the tracking
period. Black drum were positioned at Goose Island over an
average of 117 days (£29 SE) during the tracking span corre-
sponding to 41% (=11 SE), followed by Red drum with an aver-
age of 49 days (29 SE), or 26% (£8 SE) of their tracking span.
Collectively this indicates regular occupancy and high site fidel-
ity of Goose Island reefs for these species to enable fine-scale
positioning analyses.

The histograms of fish positions relative to reef edges indi-
cated that fish were not using the area randomly
(Kolmogorov—Smirnov p < 0.05) (Fig. 4). Most Hardhead
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Figure 3. Abacus plot of detection days at the Goose Island oyster reefs (black points) and the outer array (red points). Individual fish are labeled by transmitter
number and species. Species codes are Hardhead catfish (ARFE), Gafftopsail catfish (BAMA), Spotted seatrout (CYNE), Southern stingray (HY AM), Black
drum (POCR), and Red drum (SCOC).

catfish positions were on top of reefs, with a mode of 2-3 m
inside the reef edge (Fig. 4B) and 75% of their positions on
top, or within 1.1 m of reef edges (Fig. 4B). The mode for Black
drum was most directly associated with the reef edge (i.e. most
positions were in the —0.5 to +0.5 m analysis bin) and 75% of
their detections were on top, or within 3.1 m of reef edges
(Fig. 4A). Red drum positions had a mode just outside the reef
but were still highly associated with the edge (i.e. +0.5 to

+1.5 m bin), with 75% of positions occurring on top, or within
1.5 m of reef edges (Fig. 4C). For these three species which were
associated with reef edges, the outline of individual reefs was
visible by plotting fish positions (Fig. 2A—C). Based on the
75th percentile, buffer widths of 3.1, 1.1, and 1.5 m from the
outside edge were used for Black drum, Hardhead catfish, and
Red drum, respectively, when assigning fish to individual reefs
for the GLM analysis. In contrast, Southern stingray distribution
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Figure 4. Histograms of the mean (£ SE) proportion of fish positions for each species relative to their distance from the reef edge (i.e. Dark gray bar at
distance = 0) for (A) Black drum, (B) Hardhead catfish, (C) Red drum, (D) Southern stingray, and (E) random. Distance bins inside the reef edge are negative and
shaded medium gray on the left side of each panel. Distance bins outside the reef edge are positive and shaded light gray on the right side of each panel.

was similar to random on top of reefs. The mode for their posi-
tions was 8 m outside the reefs with most of their positions
occurring in the sand between reefs before dropping off 10—
15 m away from the edge (Fig. 4D). Since association with reefs
was similar to random and the majority of Southern stingray
positions occurred in the sand, they were excluded from the
analysis identifying reef preference.

The species-level models revealed differences among species
in their utilization of various reef substrates, depths, and rugos-
ity. For all species, the top two models were within a AAIC of
2 and had similar model weights, with the only difference being
the inclusion of the substrate area offset. Given its small influ-
ence, and to have the most parsimonious model, the offset term
was removed from all models.
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All explanatory variables were included in the best model for
Hardhead catfish. Number of Hardhead catfish positions per
hour was significantly different among all reef substrates
(p <0.01), with shell having the most (p < 0.001) (Fig. 5A).
Deeper reefs had significantly more fish positions than shallow
(p <0.001) or moderate (p < 0.001) reefs (Fig. 5B). High
rugosity reefs had significantly more fish positions than low
rugosity reefs (p < 0.001; Fig. 5C), although effect size was an
order of magnitude smaller than for depth or substrate type.

Similarly, the best model for Red drum consisted of all
explanatory variables. Limestone had significantly more Red
drum positions than all other material types (p < 0.001), fol-
lowed by shell (p = 0.001). Concrete poles and shell had the
third most positions but were not significantly different from
concrete rubble (p =1.000) or river rock (p = 0.531)

(Fig. 5D). Red drum had significantly more fish positions on
shallow reefs than moderate (p <0.001) or deep reefs
(p < 0.001; Fig. 5SE). Additionally, higher rugosity reefs had sig-
nificantly more fish positions than lower rugosity reefs
(p <0.001; Fig. 5F), although again the effect size was much
smaller than the other variables.

Lastly, the ideal model for Black drum only included reef
substrate and depth as explanatory variables but not rugosity.
All material types were significantly different (p < 0.001), but
Black drum had significantly more positions on concrete poles
and shell reefs compared to all other reef types (p < 0.001), fol-
lowed by shell, limestone, river rock, and then concrete rubble
(Fig. 5G). Deeper reefs had significantly more Black drum posi-
tions than shallow (p <0.001) or moderate depth reefs
(p < 0.001, Fig. 5H). Since all four concrete poles and shell
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Figure 5. Predicted number of fish positions per hour (£ 95% Cls) from the GLM for variables included in species-specific models. The ideal models for
Hardhead catfish (A—C) and Red drum (D-F) both included material, reef depth, and rugosity, whereas the ideal model for Black drum (G, H) only included
material and reef depth. Letters denote significant differences (p < 0.05) within subfigures. Best fitting data distribution types for these GLMs were Tweedie with
a log link function for Hardhead catfish, a generalized Poisson with a log link function for Black drum, and a negative binomial distribution with a log link

function for Red drum.
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reefs were in the deep category, and those two variable levels
were preferred by Black drum, we conducted two supplemental
analyses on two reef subsets to confirm that results based on
analysis of all the reefs together were robust. In one analysis,
concrete poles and shell reefs were excluded and the outcome
was the same as in the results presented in Figure SH where deep
reefs were the preferred depth stratum for Black drum. In
another analysis, only the eight reefs in the deep stratum were
analyzed and again, the outcome was consistent with
Figure 5G wherein Black drum preferred concrete poles and
shell and shell substrates. There were other statistically signifi-
cant differences among some factor levels for these species
(Fig. 5); however, the actual differences were small, unlikely
to be ecologically meaningful, and were therefore not
highlighted.

Discussion

Tracking fish locations among the restored Goose Island oyster
reefs provided an ideal opportunity to evaluate fish preferences
among multiple reef substrates, depths, and rugosities to inform
future oyster reef restoration. Overall, results suggest that either
oyster shell or limestone substrates that are deployed with high
rugosity are preferred substrates over concrete rubble, river
rock, and low rugosity reefs. Sportfish were also primarily asso-
ciated with reef edges suggesting that high perimeter to area
ratio (i.e. lots of edge per unit area) may further enhance reef
habitat. Restored reefs in all depth zones evaluated provided
habitat. Restoration practitioners can use these findings to
design reefs that enhance fish habitat for recreational fisheries.

Although results vary depending on locality, studies investigat-
ing multiple substrate types broadly find that oyster shell, con-
crete, and limestone are equivalent or superior to other
substrates in terms of oyster recruitment and as habitat for small
motile fauna (Brown et al. 2014; George et al. 2015; Graham
et al. 2017). Results here indicate that restoration substrates that
include shell or limestone as the top layer had four to eight times
higher prevalence of fishery species than other substrates and
should be given priority to maximize fishery benefits. There are,
of course, other location-specific considerations when selecting
substrates depending on factors such as the potential for future
oyster harvest, boring sponge prevalence, material availability,
and costs (Dunn et al. 2014; Graham et al. 2017). It is also impor-
tant to note that not only were some substrates clearly preferred,
but the influence of substrate on fish location was much stronger
than that of depth or rugosity. Understanding the relative influ-
ence among these three variables is an important aspect of deter-
mining the cost-benefit among restoration designs.

Although less influential than substrate type, each species
also had preferences for specific depths, with Red drum mostly
occupying shallower reefs (approximately 0.9 m deep) and
Black drum and Hardhead catfish on deeper reefs (approxi-
mately 1.15 m). Each species may best exploit preferred prey
at certain depths due to specialized foraging capabilities
(Grubich 2005; Brandl et al. 2020), higher abundance of pre-
ferred prey at a certain depth (Davenport et al. 2021), or perhaps
they partition depth zones to avoid interspecific competition for

similar prey (Pekcan-Hekim et al. 2016; Moulton et al. 2017).
Whatever the cause, results indicate that restoration can target
specific depth zones to preferentially benefit particular species
for fishery enhancement.

Although less influential than substrate or depth, high rugosity
reefs were preferred by Red drum and Hardhead catfish. High
rugosity provides more niche spaces for a variety of organisms.
This increases prey density and diversity for benthic feeding fish
including those studied here. Amount of relief also influences the
specific types of nekton prey that recruit to reefs (Davenport
etal. 2021), which may in turn affect reef choice by predators spe-
cializing on those prey. Although the effect size on our fish posi-
tions was small, high rugosity has added benefits for reasons
besides fish habitat. Taller, more rugose reefs not only have higher
oyster recruitment and growth due to higher flow and more turbu-
lence (Lenihan 1999; Whitman & Reidenbach 2012), but they are
often elevated above smothering height in regions where sedi-
mentation is of concern. It is important to note, however, that reef
height (i.e. maximum elevation above surrounding substrate) and
reef rugosity (i.e. surface roughness or variation in reef height) are
not interchangeable values. High rugosity promotes habitat varia-
tion in a way that differs from a tall but otherwise smooth sided
and low rugosity reef. Both properties are likely important in
enhancing different aspects of reef habitat. From a cost perspec-
tive, achieving higher rugosity by deploying variable thicknesses
of hard substrate has the tradeoff of restoring less two-
dimensional area (e.g. oyster cultch must be piled higher to meet
rugosity goals rather than spread thinly over a larger area). Results
here suggest that techniques that combine substrate types may
yield the least cost per unit area. Using cheaper, more readily
available substrates as a base layer to achieve the rugosity objec-
tive, such as deploying an irregular thickness of concrete rubble,
and then adding a surface layer of shell on top to achieve the pre-
ferred substrate goals, would be more cost effective. In addition,
unless the site is intended for future harvest, occasional use of
very large rocks or other three-dimensional structure such as the
concrete poles used at Goose Island, would provide the added
benefit of deterring commercial oyster dredges which can be dam-
aged if snagged on such obstructions.

Due to the high resolution of the position data, it was also
clear that reef edges were more heavily utilized by both drum
species and Hardhead catfish than either the surrounding sand
or even the center of oyster reefs (George 2007). Some fishes
focused their activity directly on the reef edge (i.e. Black drum),
whereas others utilized the inside edge on the top of the reef
(i.e. Hardhead catfish), or the edge just off the reef (i.e. Red
drum). As with partitioning habitats based on depth, each spe-
cies may use slightly different edge space to avoid competition
(Moulton et al. 2017), to specialize on micro-habitat that opti-
mizes foraging (Brandl et al. 2020; Hogan et al. 2022), or to con-
serve energy in preferred resting locations in the flow eddies
along reefs (Smith et al. 2014; Pekcan-Hekim et al. 2016).
Regardless of the reason, reef edges are clearly preferred, and
restoration designs could maximize fish habitat by including
high perimeter to area ratio. These results also indicate that res-
toration practitioners could justifiably consider including a
buffer around restored reef patches in their calculations of area
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of restored fish habitat with buffer width depending on the spe-
cies. The sand areas around reefs are functioning as fish habitat
in a way that is clearly different from open sandy areas else-
where, potentially similar to the halo effect seen in soft bottom
habitat surrounding other structure types (Kendall et al. 2003;
Lytle 2020).

Even species such as Southern stingrays may preferentially
select sand areas near oyster reefs rather than using the reefs
themselves or sand areas indiscriminately. Durophagous rays
are suspected pests of shellfish enhancement activities
(i.e. aquaculture and restoration; Merriner & Smith 1979). For
example, some rays exhibit extended occupancy of clam aqua-
culture sites (Cahill et al. 2023). Given the generalist diet of
Southern stingrays (O’Shea et al. 2020) and their propensity
for the sandy areas near reefs, it is possible that they are benefit-
ing from prey enrichment adjacent to oyster reefs (D’ Amours
et al. 2008; Hogan et al. 2022).

Although caught on or near the oyster reefs, Spotted seatrout
and Gafftopsail catfish quickly left the Goose Island reefs and
could not be linked with restoration variables. Potential reasons
why they departed the area include the disturbance of tagging,
large home range beyond the Goose Island reefs, or environmen-
tal cues. Little is known about Gafftopsail catfish movements, but
several studies offer insight into Spotted seatrout. For example,
summer emigration of Spotted seatrout from estuaries has been
observed elsewhere when water temperatures exceed 24°C (Cal-
lihan et al. 2013, Tinhan et al. 2018). Indeed, most Spotted seatr-
out left the Goose Island reefs soon after tagging in May, when
temperatures regularly exceeded that value. Two other tracking
studies elsewhere in Texas also noted that spotted seatrout gener-
ally had low residency, with many individuals leaving those study
areas within a few weeks of tagging (Moulton et al. 2017; Tinhan
et al. 2018). Those studies also demonstrate that Spotted seatrout
are primarily associated with deeper (1-2 m) seagrass habitat
rather than shallower oyster reefs.

Seasonal departure of other fish species from the Goose
Island reefs was also consistent with prior studies, although the
fine-scale positioning of our array enabled deeper insights. For
example, Hardhead catfish are thought to move into deeper
water to overwinter and return to estuaries in the spring
(Patillo et al. 1997), but it was not known that they return to
the same particular reef location until this study. Similarly,
Black drum used the same parts of a Texas estuary complex
for weeks or months before shifting to another location in winter
(Ajemian et al. 2018), coincident with lower temperatures and
seasonal spawning (Nieland & Wilson 1993). Some Black drum
then returned to the same estuary the following spring
(George 2007), with our results showing this can be the same
exact reefs. Larger Red drum than those in our study were
tracked leaving a nearby bay in October and November, some-
what associated with a temperature drop (Hall et al. 2019).
Although the temperature relationship was not observed at
Goose Island, a fall departure is consistent with the known
spawning migration season for that species (Patillo et al. 1997;
Reyier et al. 2011). All Red drum tracked at Goose Island, how-
ever, were likely subadults based on size (Murphy & Taylor
1990) and may have simply undertaken the periodic home range

relocations documented for this species elsewhere (Kendall
et al. 2024). None of the Red drum that left in September
returned to Goose Island in later seasons.

Among the species studied here, Red drum have received the
most attention using acoustic tracking to evaluate their movements.
Prior studies have focused on movements in relation to salinity
(Bacheler et al. 2009a; Kendall et al. 2024), tides (Dresser &
Kneib 2007), temperature (Hall et al. 2019), spawning (Reyier
et al. 2011), and other broad-scale activity. They have primarily
been conducted with widely spaced receivers similar to our outer
array, or are based on intermittent relocations, resulting in coarse
resolution poorly suited for identifying specific habitat associa-
tions. A couple exceptions that used fine-scale-positioning systems,
found Red drum commonly associated with habitat edges, sand,
and seagrass (Dance & Rooker 2015; Moulton et al. 2017). Inter-
estingly, they found mixed results for Red drum association with
oyster reefs. This disparity could be because one study had very lit-
tle oyster reef in their telemetry array or their particular reef was of
relatively low quality or in a poor landscape setting (Dance & Roo-
ker 2015; Fodrie et al. 2015).

With many oyster reefs at a fraction of their historical extent
(Beck et al. 2011; Zu Ermgassen et al. 2012) and growing inter-
est in restoring their ecosystem services (Coen et al. 1999; Stunz
et al. 2010; Texas Parks and Wildlife Department 2022), results
here and in other studies can be used to maximize the value of
restored reefs as habitat for some recreational fisheries. To
broaden the scope of these recommendations, it is important that
the results here be considered in other landscape settings, depth
zones, reef configurations, and seasons. Future restoration stud-
ies would also benefit from a full factorial design where all hab-
itat variables are present in every combination. Lastly, it is
important to note that although the positioning system used here
reveals where fish are, it does not reveal what they are doing.
Additional research is needed to inform whether fish are using
different parts of the reef for feeding, traveling, or resting. Dis-
criminating among those activities could further enable oyster
restoration practitioners to design reefs that promote specific
aspects of reefs as fish habitat.

Acknowledgments

J. Pollack and G. Stunz helped guide project conception. Coastal
Conservation Association CCA, J. Blaha, Flatsworthy, B. Trim-
ble, C. Naiser, and K. Simms donated fishing days. K. Capis-
trant-Fossa, B. Batterton, and P. Souza provided field
assistance. A. Winship, B. Williams, S. Lombardo, M. O’Brien,
and C. Goetsch provided analysis suggestions. A. Winship and
B. Williams reviewed a draft manuscript. TPWD Scientific
Research Permit SPR-0423-046. Animal care, receiver deploy-
ment, and other environmental impacts were approved under
the National Environmental Policy Act NEPA, NOAA Admin-
istrative Order (NAO) 216-6A. Labor was provided by CSS
Inc., under contract GS-00F-217CA/EA133C17BA0062. The
authors declare no conflicts of interest. The data that support
the findings of this study are available on request from the corre-
sponding author. The data are not publicly available due to pri-
vacy or ethical restrictions.

Restoration Ecology

110f13



Fish preferences among restored oyster reefs

LITERATURE CITED

Ajemian MJ, Mendenhall KS, Pollack JB, Wetz MS, Stunz GW (2018) Moving
forward in a reverse estuary: habitat use and movement patterns of black
drum (Pogonias cromis) under distinct hydrological regimes. Estuaries
and Coasts 41:1410-1421. https://doi.org/10.1007/s12237-017-0363-6

Bacheler NM, Paramore LM, Buckel JA, Hightower JE (2009b) Abiotic and
biotic factors influence the habitat use of an estuarine fish. Marine Ecology
Progress Series 377:263-277. https://doi.org/10.3354/meps07805

Bacheler NM, Paramore LM, Burdick SM, Buckel JA, Hightower JE (2009a) Vari-
ation in movement patterns of red drum (Sciaenops ocellatus) inferred from
conventional tagging and ultrasonic telemetry. Fisheries Bulletin 107:405-419

Bartori K (2025) MuMIn: multi-model inference. R package version 1.48.11.
https://CRAN.R-project.org/package=MuMIn. (accessed 1 Jun 2025)

Beck MW, Brumbaugh RD, Airoldi L, Carranza A, Coen LD, Crawford C, et al.
(2011) Oyster reefs at risk and recommendations for conservation, restora-
tion, and management. Bioscience 61:107-116. https://doi.org/10.1525/
bi0.2011.61.2.5

Beseres Pollack J, Cleveland A, Palmer TA, Reisinger AS, Montagna PA (2012)
A restoration suitability index model for the eastern oyster (Crassostrea
virginica) in the Mission-Aransas estuary, TX, U.S.A. PLoS One 7:
¢40839. https://doi.org/10.1371/journal.pone.0040839

Blomberg BN, Palmer T, Montagna PA, Beseres Pollack J (2018) Habitat assess-
ment of a restored oyster reef in South Texas. Ecological Engineering 122:
48-61. https://doi.org/10.1016/j.ecoleng.2018.07.012

Brandl SJ, Casey JM, Meyer CP (2020) Dietary and habitat niche partitioning in
congeneric cryptobenthic reef fish species. Coral Reefs 39:305-317.
https://doi.org/10.1007/s00338-020-01892-z

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A,
Skaug HJ, Maechler M, Bolker BM (2017) glmmTMB balances speed and
flexibility among packages for zero-inflated generalized linear mixed model-
ing. The R Journal 9:378-400. https://doi.org/10.32614/RJ-2017-066

Brown KM, George GJ, Peterson GW, Thompson BA, Cowan JH (2008) Oyster
predation by black drum varies spatially and seasonally. Estuaries and
Coasts 31:597-604. https://doi.org/10.1007/s12237-008-9045-8

Brown LA, Furlong JN, Brown KM, La Peyre MK (2014) Oyster reef restoration
in the northern Gulf of Mexico: effect of artificial substrate and age on nek-
ton and benthic macroinvertebrate assemblage use. Restoration Ecology
22:214-222. https://doi.org/10.1111/rec.12071

Cahill BV, DeGroot BC, Brewster LR, Lombardo SM, Bangley CW,
Ogburn MB, Ajemian MJ (2023) Visitation patterns of two ray mesopreda-
tors at shellfish aquaculture leases in the Indian River lagoon, Florida. PLoS
One 18:¢0285390. https://doi.org/10.1371/journal.pone.0285390

Callihan JL, Cowan JH, Harbison MD (2013) Sex differences in residency of
adult spotted seatrout in a louisiana estuary. Marine and Coastal Fisheries
5(1):79-92. https://doi.org/10.1080/19425120.2013.781559

Coen LD, Brumbaugh RD, Bushek D, Grizzle R, Luckenbach MW, Posey MH,
Powers SP, Tolley SG (2007) Ecosystem services related to oyster restora-
tion. Marine Ecology Progress Series 341:303-307. https://doi.org/10.
3354/meps341303

Coen LD, Luckenbach MW, Breitburg DL (1999) The role of oyster reefs as
essential fish habitat: a review of current knowledge and some new perspec-
tives. American Fisheries Society Symposium 22:438-454

D’Amours O, Archambault P, McKindsey CW, Johnson LE (2008) Local
enhancement of epibenthic macrofauna by aquaculture activities. Marine
Ecology Progress Series 371:73-84. https://doi.org/10.3354/meps07672

Dance MA, Rooker JR (2015) Habitat- and bay-scale connectivity of sympatric
fishes in an estuarine nursery. Estuarine, Coastal and Shelf Science 167:
447-457. https://doi.org/10.1016/j.ecss.2015.10.025

Davenport TM, Hughes AR, zu Ermgassen PSE, Grabowski JH (2021) Recruitment
enhancement varies by taxonomic group and oyster reef habitat characteristics.
Ecological Applications 31:¢02340. https://doi.org/10.1002/eap.2340

Dillon KS, Peterson MS, May CA (2015) Functional equivalence of constructed
and natural intertidal eastern oyster reef habitats in a northern Gulf of
Mexico estuary. Marine Ecology Progress Series 528:187-203. https:/
doi.org/10.3354/meps 11269

Dresser BK, Kneib RT (2007) Site fidelity and movement patterns of wild sub-
adult red drum, Sciaenops ocellatus (Linnaeus), within a salt marsh-
dominated estuarine landscape. Fisheries Management and Ecology 14:
183-190. https://doi.org/10.1111/j.1365-2400.2007.00526.x

Dunn RP, Eggleston DB, Lindquist N (2014) Effects of substrate type on demo-
graphic rates of eastern oyster (Crassostrea virginica). Journal of Shellfish
Research 33:177-185. https://doi.org/10.2983/035.033.0117

Fodrie FJ, Yeager LA, Grabowski JH, Layman CA, Sherwood GD,
Kenworthy MD (2015) Measuring individuality in habitat use across com-
plex landscapes: approaches, constraints, and implications for assessing
resource specialization. Oecologia 178:75-87. https://doi.org/10.1007/
s00442-014-3212-3

George GJ (2007) Acoustic tagging of black drum on Louisiana oyster reefs:
movements, site fidelity, and habitat use. Master’s thesis (2075). Louisiana
State University, Baton Rouge.

George LM, De Santiago K, Palmer TA, Pollack JB (2015) Oyster reef restora-
tion: effect of alternative substrates on oyster recruitment and nekton habi-
tat use. Journal of Coastal Conservation 19:13-22. https://doi.org/10.1007/
s11852-014-0351-y

Grabowski JH, Brumbaugh RD, Conrad RF, Keeler AG, Opaluch JJ,
Peterson CH, Piehler MF, Powers SP, Smyth AR (2012) Economic valua-
tion of ecosystem services provided by oyster reefs. Bioscience 62:900—
909. https://doi.org/10.1525/bi0.2012.62.10.10

Graham PM, Palmer TA, Pollack JB (2017) Oyster reef restoration: substrate suit-
ability may depend on specific restoration goals. Restoration Ecology 25:
459-470. https://doi.org/10.1111/rec.12449

Grubich JR (2005) Disparity between feeding performance and predicted muscle
strength in the pharyngeal musculature of black drum, Pogonias cromis
(Sciaenidae). Environmental Biology of Fishes 74:261-272. https://doi.
org/10.1007/s10641-005-3218-0

Hall QA, Curtis JM, Williams J, Stunz GW (2019) The importance of newly-
opened tidal inlets as spawning corridors for adult red drum (Sciaenops
ocellatus). Fisheries Research 212:48-55. https://doi.org/10.1016/j.
fishres.2018.12.002

Harding JM, Mann R (2001) Oyster reefs as fish habitat: opportunistic use of
restored reefs by transient fishes. Journal of Shellfish Research 20:951-959

Hartig F (2024) DHARMa: residual diagnostics for hierarchical (multi-level/-
mixed) regression models. R package version 0.4.7. https://github.com/
florianhartig/dharma. (accessed 1 Jun 2025)

Hogan S, Murphy EAK, Volaric MP, Castorani MCN, Berg P, Reidenbach MA
(2022) Influence of oyster reefs on infauna and sediment spatial distribu-
tions within intertidal mudflats. Marine Ecology Progress Series 686:91—
106. https://doi.org/10.3354/meps 13983

Humphries AT, La Peyre MK (2015) Oyster reef restoration supports increased
nekton biomass and potential commercial fishery value. Peer] 3:el111.
https://doi.org/10.7717/peerj. 1111

Humphries AT, La Peyre MK, Kimball ME, Rozas LP (2011) Testing the effect
of habitat structure and complexity on nekton assemblages using experi-
mental oyster reefs. Journal of Experimental Marine Biology and Ecology
409:172-179. https://doi.org/10.1016/j.jembe.2011.08.017

Jensen C (2020) Status of oyster reefs in Texas. Texas Saltwater Fishing Magazine
October  2020.  https://www.texassaltwaterfishingmagazine.com/fishing/
education/texas-parks-wildlife-field-notes/status-of-oyster-reefs-in-texas

Kendall MS, Christensen JD, Hillis-Starr Z (2003) Multi-scale data used to ana-
lyze the spatial distribution of French grunts, Haemulon flavolineatum, rel-
ative to hard and soft bottom in a benthic landscape. Environmental
Biology of Fishes 66:19-26. https://doi.org/10.1023/A:1023255022513

Kendall MS, Siceloff L, O’Donnell P, Jessen B, Williams BL, Winship AJ,
Ellis RD (2024) What controls home range relocations by estuarine fishes
downstream from watersheds with altered freshwater flow? Hydrobiologia
851:223-241. https://doi.org/10.1007/s10750-023-05330-3

La Peyre M, Furlong J, Brown LA, Piazza BP, Brown K (2014) Oyster reef res-
toration in the northern Gulf of Mexico: extent, methods and outcomes.
Ocean and Coastal Management 89:20-28. https://doi.org/10.1016/j.
ocecoaman.2013.12.002

120f13

Restoration Ecology


https://doi.org/10.1007/s12237-017-0363-6
https://doi.org/10.3354/meps07805
https://cran.r-project.org/package=MuMIn
https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1371/journal.pone.0040839
https://doi.org/10.1016/j.ecoleng.2018.07.012
https://doi.org/10.1007/s00338-020-01892-z
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1007/s12237-008-9045-8
https://doi.org/10.1111/rec.12071
https://doi.org/10.1371/journal.pone.0285390
https://doi.org/10.1080/19425120.2013.781559
https://doi.org/10.3354/meps341303
https://doi.org/10.3354/meps341303
https://doi.org/10.3354/meps07672
https://doi.org/10.1016/j.ecss.2015.10.025
https://doi.org/10.1002/eap.2340
https://doi.org/10.3354/meps11269
https://doi.org/10.3354/meps11269
https://doi.org/10.1111/j.1365-2400.2007.00526.x
https://doi.org/10.2983/035.033.0117
https://doi.org/10.1007/s00442-014-3212-3
https://doi.org/10.1007/s00442-014-3212-3
https://doi.org/10.1007/s11852-014-0351-y
https://doi.org/10.1007/s11852-014-0351-y
https://doi.org/10.1525/bio.2012.62.10.10
https://doi.org/10.1111/rec.12449
https://doi.org/10.1007/s10641-005-3218-0
https://doi.org/10.1007/s10641-005-3218-0
https://doi.org/10.1016/j.fishres.2018.12.002
https://doi.org/10.1016/j.fishres.2018.12.002
https://github.com/florianhartig/dharma
https://github.com/florianhartig/dharma
https://doi.org/10.3354/meps13983
https://doi.org/10.7717/peerj.1111
https://doi.org/10.1016/j.jembe.2011.08.017
https://www.texassaltwaterfishingmagazine.com/fishing/education/texas-parks-wildlife-field-notes/status-of-oyster-reefs-in-texas
https://www.texassaltwaterfishingmagazine.com/fishing/education/texas-parks-wildlife-field-notes/status-of-oyster-reefs-in-texas
https://doi.org/10.1023/A:1023255022513
https://doi.org/10.1007/s10750-023-05330-3
https://doi.org/10.1016/j.ocecoaman.2013.12.002
https://doi.org/10.1016/j.ocecoaman.2013.12.002

Fish preferences among restored oyster reefs

Lenihan HS (1999) Physical-biological coupling on oyster reefs: how habitat
structure influences individual performance. Ecological Monographs 69:
251-275

Lenihan HS, Peterson CH (1998) How habitat degradation through fishery distur-
bance enhances impacts of hypoxia on oyster reefs. Ecological Applica-
tions  8:128-140.  https://doi.org/10.1890/1051-0761(1998)008[0128:
HHDTFD]2.0.CO;2

Lenth R (2025) emmeans: estimated marginal means, aka least-squares means. R
package version 1.11.2. https://rvlenth.github.io/emmeans/. (accessed 1
Jun 2025)

Lytle MA (2020) Influence of oyster structures (oyster reefs and aquaculture
operations) on adjacent infaunal assemblages. MS thesis, University of
North Carolina, Wilmington.

Martinez-Andrade F (2018) Trends in relative abundance and size of selected finfishes
and shellfishes along the Texas Coast: November 1975-December 2016. Texas
Parks and Wildlife Department, Coastal Fisheries Division, Management Data
Series No. 293. https:/doi.org/10.13140/RG.2.2.14487.06565

Meckley TD, Holbrooke CM, Wagner CM, Binder TR (2014) An approach for
filtering hyperbolically positioned underwater acoustic telemetry data with
position precision estimates. Animal Biotelemetry 2:7. https://doi.org/10.
1186/2050-3385-2-7

Merriner JV, Smith JW (1979) A report to the oyster industry of Virginia on the
biology and management of the cownose ray (Rhinoptera bonasus, Mitc-
hill) in lower Chesapeake Bay. Special Reports in Applied Marine Science
and Ocean Engineering (SRAMSOE), Oysters, Virginia, Predation, Man-
agement. Virginia Institute of Marine Science, Gloucester Point. https:/
doi.org/10.21220/m2-s8k3-p957

Moulton DL, Dance MA, Williams JA, Sluis MZ, Stunz GW, Rooker JR (2017) Hab-
itat partitioning and seasonal movement of red drum and spotted seatrout. Estu-
aries and Coasts 40:905-916. https://doi.org/10.1007/s12237-016-0189-7

Murphy MD, Taylor RG (1990) Reproduction, growth, and mortality of red drum,
Sciaenops ocellatus, in Florida waters. Fisheries Bulletin 88:531-542

Nieland D, Wilson C (1993) Reproductive biology and annual variation of repro-
ductive variables of black drum in the northern Gulf of Mexico. Transac-
tions of the American Fisheries Society 122:318-327. https://doi.org/10.
1577/1548-8659(1993)122<0318:rbaavo>2.3.c0;2

O’Shea OR, Meadows MH, Wrigglesworth EE, Newton J, Hawkes LA (2020)
Novel insights into the diet of southern stingrays and Caribbean whiptail
rays. Marine Ecology Progress Series 655:157-170. https://doi.org/10.
3354/meps13529

Palmer TA, Breaux NJ, Pollack JB (2023) Monitoring oyster populations at
Goose Island Oyster Reef Restoration in Aransas Bay, Texas 2021 to
2023. Final report, Harte Research Institute for Gulf of Mexico studies,
Texas A&M University-Corpus Christi, Corpus Christi.

Patillo ME, Czapla TE, Nelson DM, Monaco ME (1997) Distribution and abun-
dance of fishes and invertebrates in Gulf of Mexico estuaries volume 2: spe-
cies life history summaries. ELMR report 11. NOAA/NOS/Strategic
Environmental Assessments Division, Silver Spring, Maryland

Pebesma E (2018) Simple features for R: standardized support for spatial vector
data. The R Journal 10:439—-446. https://doi.org/10.32614/1j-2018-009

Pekcan-Hekim Z, Hellén N, Hérkonen L, Nilsson PA, Nurminen L, Horppila J
(2016) Bridge under troubled water: turbulence and niche partitioning in
fish foraging. Ecology and Evolution 6:8919-8930. https://doi.org/10.
1002/ece3.2593

Peterson CH, Grabowski JH, Powers SP (2003) Estimated enhancement of fish
production resulting from restoring oyster reef habitat: quantitative valua-
tion. Marine Ecology Progress Series 264:249-264. https://doi.org/10.
3354/meps264249

Coordinating Editor: Philline zu Ermgassen

Pierson KIJ, Eggleston DB (2014) Response of estuarine fish to large-scale oyster
reef restoration. Transactions of the American Fisheries Society 143:273—
288. https://doi.org/10.1080/00028487.2013.847863

Plunket J, La Peyre MK (2005) Oyster beds as fish and macroinvertebrate habitat
in Barataria Bay, Louisiana. Bulletin of Marine Science 77:155-164

Reese Robillard MMR, Payne LM, Vega RR, Stunz GW (2015) Best practices for
surgically implanting acoustic transmitters in spotted seatrout. Transactions
of the American Fisheries Society 144:81-88. https://doi.org/10.1080/
00028487.2014.965343

Reyier EA, Lowers RH, Scheidt DM, Adams DH (2011) Movement patterns of
adult red drum, Sciaenops ocellatus, in shallow Florida lagoons as inferred
through autonomous acoustic telemetry. Environmental Biology of Fishes
90:343-360. https://doi.org/10.1007/s10641-010-9745-3

Rezek RJ, Lebreton B, Roark EB, Palmer TA, Pollack JB (2017) How does a
restored oyster reef develop? An assessment based on stable isotopes and
community metrics. Marine Biology 164:54. https://doi.org/10.1007/
$00227-017-3084-2

Ropicki A, Hanselka D, Dudensing R (2016) The economic impacts of recrea-
tional fishing in the Aransas Bay system. Texas A & M University, Sea
Grant College Program, College Station

Rutledge KM, Alphin T, Posey M (2018) Fish utilization of created vs. natural
oyster reefs (Crassostrea virginica). Estuaries and Coasts 41:2426-2432.
https://doi.org/10.1007/s12237-018-0433-4

Smith DL, Goodwin RA, Nestler JM (2014) Relating turbulence and fish habitat:
a new approach for management and research. Reviews in Fisheries Sci-
ence & Aquaculture 22:123-130. https://doi.org/10.1080/10641262.2013.
803516

Smith F (2013) Understanding HPE in the VEMCO Positioning System (VPS).
v1.0 VEMCO Document DOC-005457-01. (accessed 1 Jun 2025)

Stunz GW, Minello TJ, Rozas LP (2010) Relative value of oyster reef habitat for
estuarine nekton in Galveston Bay, Texas. Marine Ecology Progress Series
406:147-159. https://doi.org/10.3354/meps08556

Texas Parks and Wildlife Department (2022) Statewide oyster fishery proclama-
tion. Closure of oyster reef areas recommended adoption of proposed
changes, March 23-24, 2022. Commission meeting actions Item 4, Exhibit
A. https://tpwd.texas.gov/business/feedback/meetings/2022/0324/agenda/
index.phtml (accessed 21 Sep 2025)

Tinhan TC, Mohan JA, Dumesnil M, DeAngelis BM, Wells RJD (2018) Linking
habitat use and trophic ecology of spotted seatrout (Cynoscion nebulosus)
on a restored oyster reef in a subtropical estuary. Estuaries and Coasts 41:
1793-1805. https://doi.org/10.1007/s12237-018-0391-x

Whitman ER, Reidenbach MA (2012) Benthic flow environments affect recruit-
ment of Crassostrea virginica larvae to an intertidal oyster reef. Marine
Ecology Progress Series 463:177—-191. https://doi.org/10.3354/meps09882

Zu Ermgassen PSE, Spalding MD, Blake B, Coen LD, Dumbauld B, Geiger S,
et al. (2012) Historical ecology with real numbers: past and present extent
and biomass of an imperiled estuarine habitat. Proceedings of the Royal
Society of London Series B 279:3393-3400. https://doi.org/10.1098/rspb.
2012.0313

Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data exploration to avoid
common statistical problems. Methods in Ecology and Evolution 1:3-14.
https://doi.org/10.1111/j.2041-210X.2009.00001.x

Supporting Information
The following information may be found in the online version of this article:

Table S1. Data summaries for tracked fishes including total length (TL), detection
days (DD), tracking span in days, and Goose Island (GI) positions.

Received: 15 December, 2025; First decision: 7 March, 2026, Revised: 16 April,
2026, Accepted: 26 April, 2026

Restoration Ecology

130f13


https://doi.org/10.1890/1051-0761(1998)008%5B0128:HHDTFD%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1998)008%5B0128:HHDTFD%5D2.0.CO;2
https://rvlenth.github.io/emmeans/
https://doi.org/10.13140/RG.2.2.14487.06565
https://doi.org/10.1186/2050-3385-2-7
https://doi.org/10.1186/2050-3385-2-7
https://doi.org/10.21220/m2-s8k3-p957
https://doi.org/10.21220/m2-s8k3-p957
https://doi.org/10.1007/s12237-016-0189-7
https://doi.org/10.1577/1548-8659(1993)122%3C0318:rbaavo%3E2.3.co;2
https://doi.org/10.1577/1548-8659(1993)122%3C0318:rbaavo%3E2.3.co;2
https://doi.org/10.3354/meps13529
https://doi.org/10.3354/meps13529
https://doi.org/10.32614/rj-2018-009
https://doi.org/10.1002/ece3.2593
https://doi.org/10.1002/ece3.2593
https://doi.org/10.3354/meps264249
https://doi.org/10.3354/meps264249
https://doi.org/10.1080/00028487.2013.847863
https://doi.org/10.1080/00028487.2014.965343
https://doi.org/10.1080/00028487.2014.965343
https://doi.org/10.1007/s10641-010-9745-3
https://doi.org/10.1007/s00227-017-3084-2
https://doi.org/10.1007/s00227-017-3084-2
https://doi.org/10.1007/s12237-018-0433-4
https://doi.org/10.1080/10641262.2013.803516
https://doi.org/10.1080/10641262.2013.803516
https://doi.org/10.3354/meps08556
https://tpwd.texas.gov/business/feedback/meetings/2022/0324/agenda/index.phtml
https://tpwd.texas.gov/business/feedback/meetings/2022/0324/agenda/index.phtml
https://doi.org/10.1007/s12237-018-0391-x
https://doi.org/10.3354/meps09882
https://doi.org/10.1098/rspb.2012.0313
https://doi.org/10.1098/rspb.2012.0313
https://doi.org/10.1111/j.2041-210X.2009.00001.x

	Which attributes of restored oyster reefs provide the best habitat for sportfish?
	Abstract
	Implications for Practice
	Introduction
	Methods
	Study Location
	Fish Tracking
	Data Analysis
	Broad‐Scale
	Fine‐Scale


	Results
	Broad‐Scale Movements
	Fine‐Scale Locations

	Discussion
	Acknowledgments
	LITERATURE CITED
	SUPPORTING INFORMATION


