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Fish use of restored shellfish reefs extends
beyond the reef edge

Charlotte A. McAneney!>3 ©, Michael Sievers' @, Simon E. Reeves* ©, Jasmine A. Rasmussen',

Ainsley Leaning', Sebastian Lopez-Marcano' ©, Rod M. Connolly'

Global loss of shellfish reefs has necessitated widespread restoration efforts, with fish population enhancement a key moti-
vator. Restoring reefs often involves creating multiple individual reef patches to maximize services within a given budget.
How patch arrangement influences fish utilization is valuable information for optimizing restoration designs but remains
largely unknown. We used remote underwater video stations to monitor fish on reef patch edges (0 m) and at distances of
2,7,12, and 500 m away. For 2, 7, and 12 m, we surveyed an inner zone that penetrates within the reef complex and an
outer zone surrounding it. We detected 22 species across 66 camera deployments. Species richness was similar between
zones and highest at the reef edge. Species assemblages were also similar between zones, with three distinct communities
present: one at 0 m, a cluster including 2, 7, and 12 m, and another at 500 m. Most species, including bluespotted goatfish
(Upeneichthys vlamingii), leatherjackets (Monocanthidae spp.) and southern squid (Sepioteuthis australis) were more
abundant on and alongside reefs than 500 m away. Habitat use, measured as the frequency of occurrence in footage, mir-
rored abundance patterns, suggesting more abundant species show stronger site fidelity. Individuals at the restored reefs
utilize an area of at least 12 m around patches, providing some support to the status quo of creating multiple reef patches
to form a network of restored habitat and the possible inclusion of unstructured areas around patches in assessments of

restoration benefits for enhancing fish habitat.
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Implications for Practice

e Practitioners should investigate the extent of reef influ-
ence on fish to maximize the use of unstructured areas
between reef patches.

e Monitoring should include a zone of potential influence,
beyond the boundaries of restored reefs, to ensure accu-
rate quantification of ecosystem services of shellfish reef
restoration.

o Shellfish reef restoration projects may increase fish abun-
dance, relative to effort, by restoring in a clustered design.

Introduction

Once prevalent, shellfish reefs are now one of the most endan-
gered marine ecosystems, with an estimated 85% of natural
reefs lost globally (Gillies et al. 2018). These reefs (consist-
ing of oysters and mussels) protect coastlines and provide food
and habitat for diverse ecological communities, including
commercially and recreationally important fisheries species
(Coen et al. 2007; Humphries & La Peyre 2015; zu Ermgassen
et al. 2016). Shellfish reefs are estimated to provide USD
4,123 yr " ha! based on commercial fish value alone, and
recent estimates show some reefs can produce substantial fish-
eries biomass of up to 12,738 kgha ' yr' (Grabowski
et al. 2012; Connolly et al. 2024). As a result, global restora-
tion efforts are increasing, aiming to counteract the functional
extinction of reefs and reinstate various ecosystem services

(Duarte et al. 2020; McAfee et al. 2021). With the average cost
of restoring 1 ha of reef over USD 180,000 (Bayraktarov
et al. 2016), we need robust restoration methodologies and
monitoring designs that accurately evaluate restoration out-
comes and inform best practices.

Since one of the most common objectives of restoring
shellfish reefs is to create fish habitat and enhance fish popu-
lations (Baggett et al. 2015; Gilby et al. 2018b; Hemraj
et al. 2022), decisions need to be made about how to config-
ure restored reefs. The application of spatial ecology to
coastal restoration is in its infancy (Pittman et al. 2021). For
instance, Gilby et al. (2018a) found that most restoration
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Fish abundance on restored shellfish reefs

projects overlook spatial ecology, with only 13% incorporat-
ing seascape context into the design phase and just 6% con-
sidering how the position of a restored site relates to patches
of the same habitat. A greater understanding of the spatial
ecology in the design of shellfish reefs could be beneficial
as we know relatively little about how the spatial arrangement
of restored reef patches influences fish use.

Restored shellfish reefs can be established as one continu-
ous reef or as multiple smaller patches restored as a complex
(McAfee et al. 2022). Restoration practitioners with limited
resources face a dilemma: restore a Single Large patch or
Several Smaller patches (known as SLOSS; McNeill &
Fairweather 1993). In the latter case, practitioners must deter-
mine the optimal spatial arrangement of patches. While
research suggests clustered reefs can provide similar
enhancement of fish abundances as single large reefs
(Harwell et al. 2011; Gilby et al. 2018b), the benefits of mul-
tiple smaller reefs likely vary depending on the spatial
arrangement of reef patches. Caretti et al. (2024) recommends
creating larger reefs with low perimeter-to-area ratios, based
on the fact larger reefs dealt with edge sedimentation better
than more fragmented reefs, which increased oyster recruit-
ment and survival. However, the use of multiple smaller reefs
(i.e. reef fragmentation) by mobile animals was not studied
(Caretti et al. 2024). Beseres Pollack et al. (2024) found reef
design influenced habitat provision on restored oyster reefs in
the Gulf of Mexico, comparing discrete high-relief reefs
(“reef mounds”) with continuous low-relief reefs (“reef
flats”). Despite restoring five times greater area with the con-
tinuous reef flats, reef mounds supported higher on-reef epi-
faunal and oyster densities. However, continuous reef flats
reefs maximized the density of oysters, a better outcome for
enhancing harvests. Restoring shellfish reefs with single or
multiple reef patches may provide different advantages,
dependent on the goal of restoration.

The evaluation of restoration benefits and reef design for
fish is often conducted by comparing species abundance and
community composition across varying spatial scales. Large
spatial scales are common for estimating net gains in fish
abundance by comparing restored reefs and unstructured hab-
itats hundreds of meters away (Pierson & Eggleston 2014;
Pfirrmann & Seitz 2019; Connolly et al. 2024). Smaller spa-
tial scales are used to compare abundance differences
between restored reef interiors and edges (i.e. across tens of
meters; Davenport et al. 2023). Fish abundances may cascade
beyond the immediate reef structure at these smaller scales,
but little has been done to quantify over what distance any
cascade effects operate. In one example, Hanke et al. (2017)
compared faunal utilization of natural and created oyster
reefs, sampling at different distances from the reef edge in
both directions (towards reef interior and off-reef, on open
seafloor). Greater species richness was found along created
reef edges and the reef/open bottom interface; however,
sampling was only conducted up to 1 m beyond the edge
(off-reef). Gregalis et al. (2011) collected five times more fish
at a control site following the restoration of a reef 100 m away
than at the same site prior to restoration in an earlier study.

Edge effect studies in other habitats have assessed fish popu-
lations within areas adjacent to habitat boundaries (e.g. up to
15 m from seagrass edge; Summerson & Peterson 1984;
Ferrell & Bell 1991; Smith et al. 2008); something not yet
studied on shellfish reefs.

Here, we monitored fish at 2, 7, and 12 months from both
the inward and outward-facing edges of subtidal restored
shellfish reef patches. Inward-facing edges faced the complex
of the restored reefs (“inner zone”), and outward-facing edges
faced away from the reef complex (“outer zone”). We also
surveyed directly on the reef edges (“0O m”) and at unstruc-
tured/unrestored bare sand sites 500 m away from the reef
complex. We evaluated fish habitat usage using measures of
species richness, assemblage composition, species abun-
dance, and the frequency with which individuals of a species
occurred within a camera deployment. We hypothesize that
fish communities will be richer, more diverse, and popula-
tions more abundant closer to reefs, and that these metrics
would be similar in inner and outer zones. This information
helps determine how the spatial configuration of restored
shellfish reef patches influences fish and thus potentially
informs restoration decisions regarding reef patch placement
and the proportion of edge to interior habitat.

Methods

Study Site

We surveyed fish in August 2022 at a subtidal restored shellfish
reef near Dromana in Port Phillip Bay (38°19'38"S;
144°57'03"E), a large, semi-enclosed bay in Victoria, Australia.
The reef complex was established in 2020/2021, covering a total
area of 1.6 ha and consisting of 12 individual reef patches (formed
from limestone rocks and recycled shells; total hard reef area
0.27 ha), each approximately 10 x 30 m (all reefs were con-
structed similarly and all are approximately 50 cm high) and sepa-
rated by 30-100 m (Fig. 1). Although complex reef structures
likely show some inter-unit variability with respect to patch edge
complexity and perimeter-to-area ratio (Caretti et al. 2024), we
did not quantify these nor compare individual reef units, instead
aiming to evaluate generalized responses by fishes based on dis-
tance from reefs. The control unstructured habitat was a soft-
sediment seabed, located approximately 500 m from the restored
reef complex. Water depths were similar at both reef and unstruc-
tured habitats (7-8 m).

Fish Surveys

We used remote underwater video stations (RUVS) to survey
fish. Each RUV used a GoPro Hero 9 Black attached to a steel
frame, recording a linear field-of-view at 60 frames per sec-
ond at 1080-pixel resolution. For each reef patch sampled,
we set up two 12 m transects perpendicular to the reef patch,
one inward towards other patches (e.g. into the reef complex,
referred to as inner zone; Fig. 1, dashed arrows), and one
away from the reef complex (referred to as outer zone;
Fig. 1, solid arrows). Along these transects, we deployed
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Figure 1. Map of sampled restored oyster reef patches, with dashed arrows indicating inner transects and solid arrows indicating outer transects. Circled reefs
were excluded due to no inner or outer zones available. Red arrows sampled on day 1; Black arrows sampled on day 2. Arrow placement and direction indicate
approximate direction of transect sampling. Insets indicate site location within Australia and Port Phillip Bay and the distance between reefs and unstructured

sampling sites. Red pin symbols indicate each unstructured deployment.

one RUV at each distance (2, 7 and 12 m) from the reef edge
(i.e. six RUVS per reef patch), with all cameras facing the
same direction, parallel to the reef edge. Cameras on their
steel frames were 50 cm above the substrate. These distances
were chosen to avoid overlap in fields of view while capturing
fine-scale differences in spatial habitat use. All six cameras at
a single reef patch filmed simultaneously for 60 minutes. For
these transects, seven reef patches were sampled over two
consecutive days, with two patches sampled twice over the con-
secutive days, but along spatially distinct transects (total of N = 18
transects; 9 inner and 9 outer transects; Fig. 1). Over the same
period, we also deployed RUVS to survey the edge of the patches
(i.e. 0 m) with a single camera per patch (N = 7 deployments;
deployed nearby but not perfectly aligned with the transects), and
in unstructured habitat 500 m from the reef (N = 5 deployments;
500 m deemed sufficient to ensure independence). We selected reef
patches based on their spatial configuration and excluded those that
were far from the complex, which lacked inner zones and those

surrounded by reef patches that lacked outer zones (Fig. 1, black
circle).

Video Analyses

We collected 66 hours of video footage and extracted species-
specific MaxN counts from each deployment. MaxN is the max-
imum number of individuals of a given species observed in a
single frame within a video segment (Priede et al. 1994; Denney
etal. 2017). We also recorded species presence/absence for each
minute of video to calculate the frequency of occurrence (i.e. the
percentage of minutes in which a species was present; frequency
of occurrence [FOJ; adapted from Musrri et al. 2019; Osgood
et al. 2019). We used both metrics to quantify the abundance
and behavioral patterns of the recorded species. We also calcu-
lated species richness for each deployment. Water clarity was
not measured and can vary day to day; however, our method
of monitoring all distances from a reef simultaneously reduces
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Fish abundance on restored shellfish reefs

any potential bias of differential visibility between days. Fur-
ther, we avoided surveying on days with bad weather or poor
visibility (<2 m) to ensure the ability to detect and identify fish
was comparable across transects and days.

Data Analysis

Species Richness and Assemblage Analysis

To examine how distance and zone-shaped both the overall
community composition and species diversity patterns, we first
used analysis of variance to analyze species richness for
each distance (2, 7, and 12 m) and zone combination (inner
zone = interior transects, outer zone = exterior transects), and
subsequently pooled the zone data for further analysis with the
inclusion of 0 and 500 m data. We then conducted distance-
based redundancy analyses using the Bray—Curtis dissimilarity
metric on the full species community (22 species). We also per-
formed a permutation test using 999 permutations with the
anova.cca function within the vegan package (Fig. 2).

Abundance and Frequency of Occurrence Analysis

For the four most common species, we analyzed the species-
specific spatial influence of the reefs on MaxN and FO using
generalized linear mixed effect models with distance and zone
as fixed effects, and reef patch as a random effect. We limited
these analyses to species that occurred in >20 videos (blue-
spotted goatfish [Upeneichthys vlamingii], porcupine fish [Dio-
don nicthemerus], smooth toadfish [Tetractenos glaber] and
southern squid [Sepioteuthis australis]) as data from rarer species
violated statistical assumptions (see Fig. S1 for raw values of
MaxN for next most common species). We confirmed normality
and homogeneity of variance using Q—Q plots and residual plots,
respectively, and where square-root or log transformations
improved these plots based on visual assessment, data were trans-
formed. The presence of the next most common species, leather-
jackets (Monocanthidae spp.; 17 videos) was analyzed using chi-
squared tests on presence—absence data. Since we found no effect
of habitat zone (inner/outer) on abundance or frequency of
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occurrence, we pooled zones for each distance and included the
0 and 500 m data as additional distances, alongside the 2, 7, and
12 m data. We repeated the analysis using generalized linear
mixed-effects models, with only distance as the fixed effect
(no zone) and reef patch as a random effect. Chi-squared tests
were performed again on pooled presence-absence data.

Results

Species Richness and Assemblage

A total of 22 species was recorded across all deployments
(Table 1). Species richness did not differ between zones
(Fig. 3a; p = 0.54). As a result, data were pooled from the two
zones for an analysis including edge (0 m) and unstructured
(500 m) data. Species richness on the reef edge (“0 m”) was sig-
nificantly higher than all other distances (Fig. 3b; F4 35 = 16.6,
p < 0.001). Distance-based redundancy analysis showed no dif-
ference in species assemblage between inner and outer zones
(Fig. 2a; F535 = 0.8, p = 0.82). Consequently, data were also
pooled across zones for further analysis. We found a significant
influence of distance on species assemblage (F4.4 = 2.2,
p = 0.004) and revealed three distinct, yet partially overlapping,
communities: one at 0 m, a cluster including 2, 7, and 12 m, and
one at 500 m (Fig. 2b).

Abundance and Frequency of Occurrence of the Five Most
Common Species

We found no significant interaction between zone and distance
for any common species, nor any difference in abundance
(or frequency of occurrence) between the two zones
(Table S1). Abundance for all species was lower in sites
500 m from the restored shellfish reefs than at distances closer
to the reef (Fig. 4). Abundance on the reef edge itself (“0 m”
in figures) was similar to those at 2, 7, and 12 m from the edge
for these species except leatherjacket (Fig. 4). The presence of
leatherjackets was influenced by distance to reef (y* = 16.49,
p = 0.0024), with greater likelihood of being present at the edge
(Fig. 4, leatherjacket spp.).
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Figure 2. Distance-based redundancy analyses plot of (a) species assemblage at each distance and within each zone, for all 22 species, and (b) of species
assemblage at each distance for all 22 species, with the treatment data collapsed/pooled due to lack of significant difference found in the inner and outer treatment.
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Fish abundance on restored shellfish reefs

Table 1. Species observed from camera deployments at and around restored oyster patches, and in unstructured habitat 500 m away.

MaxN =+ SE (maximum MaxN averaged across deployments)

Percent videos present Om 2m 7m 12m 500 m
Smooth toadfish (Tetractenos glaber) 90.9 1.8+£05 20+£04 1.4 +£0.2 13402 06+02
Porcupine fish (Diodon nicthemerus) 83.3 20+£04 1.7+£0.2 1.4+0.2 1.3+£03 06+02
Bluespotted goatfish (Upeneichthys vliamingii) 53.0 40+1.1 3.6+1.1 6.1+34 344+14 02+£02
Southern squid (Sepioteuthis australis) 34.8 43+£28 71+34 16£07 04+£02 00+00
Leatherjacket species (Monacanthidae spp.) 25.8 73£21 074+04 07£04 03+£02 00£00
Little weed whiting (Neoodax balteatus) 242 38+05 09+04 01+01 01£01 00=£0.0
Silverbelly (Parequula melbournensis) 22.7 135+£75 7171 1464+87 156+£81 02402
Southern fiddler ray (Trygonorrhina dumerilii) 21.2 03+03 03+£02 034+02 03+02 08+£02
Common stingaree (Trygonoptera testacea) 18.2 00+00 03+02 03+02 03+02 02=£02
Unidentified fish species 10.6 00+00 06+x04 01£01 06+04 00£00
Australasian snapper (Chrysophrys auratus) 7.6 08+05 00+£00 0.1=£0.1 0.0+0.0 0.0=£0.0
Bluethroat wrasse (Notolabrus tetricus) 7.6 1.3£05 00£+£00 00+00 00=£00 0.0=£0.0
Bait fish (Unidentified species) 6.1 00£00 00£00 57+38 86+55 00+00
Bottlenose dolphin (Tursiops truncatus) 4.5 00£+£00 044+£04 04+£04 044+04 00400
Australian salmon (Arripis trutta) 4.5 113+£78 04+£04 00£00 00+00 0.0+0.0
Flathead species (Platycephalus spp.) 3.0 00£00 00400 00£00 00+£00 04=£02
Bluefin gurnard (Chelidonichthys kumu) 3.0 00£00 014+01 00£00 01£01 0.0=£00
Unidentified octopus 3.0 00+00 01+£01 00£00 01£01 00£0.0
Australian barracuda (Sphyraena novaehollandiae) 1.5 00£00 0000 04£04 00£00 00=£00
Barber perch (Caesioperca rasor) 1.5 00£00 014+01 00£00 00£00 0.0=£00
Unidentified crab (Brachyura) 1.5 00+00 00+£00 00£00 01££01 00+00
Southern cardinalfish (Vincentia conspersa) 1.5 03+£03 0000 00+£00 00+00 0.0%0.0

The FO for all species was <40% at all distances, suggesting
that these species were somewhat transitory within our sampling
field-of-view (Table 2). FO was similarly unaffected by zone
(or the interaction of distance and zone), and further analysis
was performed on pooled data (Table S1). We saw similar pat-
terns to abundance, where FO was highest on the reef edge itself
(“0 m” in Fig. 5) for all species, except squid. Bluespotted goat-
fish, porcupine fish, smooth toadfish, and squid showed a
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consistent decline in FO, with significantly higher occurrences
at distances closer to the reef than at 500 m, with 24.5, 32.9,
11.9, and 20.1% FO at 0 m, respectively (Table 2). At 2 m from
the reef edge, FO dropped below 10% for all four species and
continued to decline to between 0 and 2.4% FO for all species
at 500 m. There were no significant differences in FO between
the reef edge (0 m) and any of the closer distances (2, 7, and
12 m). High site fidelity can be seen in the raw data of

e >
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Figure 3. (a) Species richness (& SE) at three distances from the reef edge, and for two habitat zones, and (b) Species richness (£ SE) using data pooled from both
inner and outer zone and incorporating species on the reef edge (“0 m”) and in unstructured habitat (“500 m”). Richness is the average across the deployments
(one species richness per deployment). Letters indicate significant differences based on TukeyHSD tests.
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Figure 4. Model estimates of abundance as MaxN (mean =+ SE) of the most common species found at the restored oyster reefs. Given the data structure for
leatherjackets, we present unmodelled data for this species. MaxN is the average across the deployments (one MaxN per deployment). * indicates log-transformed

data and letters indicate significant differences based on TukeyHSD tests.

leatherjacket spp., with a frequency of almost 30% at the reef
edge, versus frequencies of <1% at any distance beyond.

Discussion

Species richness declined with increasing distance from the
restored oyster reefs, as hypothesized, with the reef edge hosting
significantly more species than all other distances. Habitat edges
are known for harboring high fish diversity across marine habi-
tats (e.g. coral reefs: Dorenbosch et al. 2005; Sambrook
et al. 2016; seagrass meadows: Smith et al. 2008; Macreadie
et al. 2009), while the structure created by oyster reefs often
leads to high fish use. For instance, Gilby et al. (2019) found
1.4 times higher species richness at restored oyster reefs than
at unvegetated control sites, and Martinez-Baena et al. (2022)
found remnant oyster reefs in summer supported more fish

species compared to unstructured bare sediment. We also found
three distinct, yet partially overlapping, communities using
restored reefs and surrounding habitats. Differences in the com-
munities were partly driven by the presence of more reef-
associated and cryptic species at the reef edge, such as the little
weed whiting (Neoodax balteatus) and leatherjackets (Mono-
canthidae spp.), which often shelter in the complex habitat
(Martinez-Baena et al. 2022). In contrast, species like the south-
ern fiddler ray (Trygonorrhina dumerilii) and common stingaree
(Trygonoptera testacea), which are frequently found over sand
flats foraging for prey buried in the sediment, may be less reliant
on the structural complexity of the reef (Grew et al. 2025).

The abundance of most of the more common fish species
observed, including several recreationally and commercially
fished species (e.g. leatherjacket spp., bluespotted goatfish,
and squid), was significantly higher on and near reef patches

Table 2. Raw values for frequency of occurrence (FO) as a % for key species. Raw values are averaged across the number of deployments for each distance.

Bluespotted goatfish Leatherjacket spp. Porcupine fish Squid Smooth toadfish
0Om 24.5 28.3 329 20.1 119
2m 3.8 1.6 13.9 3.1 8.6
7 m 53 0.2 6.0 0.9 6.1
12m 53 0.2 6.2 0.3 6.1
500 m 0.5 0.0 24 0.0 1.7
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Figure 5. Model estimates for frequency of occurrence (FO; mean £ SE) of the most common species found at restored oyster reefs. Given the data structure for
leatherjackets, we present unmodelled data for this species. FO is the average across the deployments (one FO per deployment). * indicates log-transformed data.
** indicates square-root transformed data, and letters indicate significant differences based on TukeyHSD tests.

relative to distant unstructured habitat. De Santiago et al. (2019)
similarly found only minor differences in density and diversity
of fauna in sites adjacent (13 m) to a restored oyster reef versus
further away (150 m). This is also supported by several studies
in the United States and Australia that show greater abundance
of most species at oyster reefs compared to unstructured habitats
(zu Ermgassen et al. 2016, 2021; Connolly et al. 2024), as well
as a recent global synthesis on the biodiversity outcomes of
coastal restoration (Sievers et al. 2024).

Leatherjackets are known to recruit preferentially into the
canopy and fronds of Ecklonia radiata (Russell 1971), and
appear to selectively feed on benthic reef biota, including
sponges, ascidians, and bryozoans (Ayling 1981). This behavior
may support why the MaxN and FO of this species was highest
on the reef edge, where complex structures of shellfish and algae
were located, compared to any distance beyond the reef edge.
Ross et al. (2007) found that bluespotted goatfish (Upeneichthys
lineatus) were most abundant over sand flats adjacent to rocky
reef habitats, with the greatest density found at the reef-sand
interface; similar to the “reef edge” and ‘2 m” data. The utiliza-
tion of this space may suggest a trade-off between food avail-
ability (often found in soft sediment and turfing algae
habitats), and the shelter provided by complex reef structures.
Southern squid typically frequent inshore shallow habitats when
spawning but are most often studied over seagrass or sand

(Pecl & Moltschaniwskyj 2006). The high abundance and fre-
quency with which they occurred on and within 2 m of the
restored reefs may be a result of foraging behaviors, with more
prey (e.g. fish and crustaceans) also available there. These
species-specific ecologies may drive the abundance and fre-
quency of occurrence patterns found at each distance from the
reef. Many less common species with too few observations to
analyze statistically were only found within the 12 m radius
around patches One species (flathead, genus Platycephalus)
was found only in the unstructured bare sand sites 500 m away,
highlighting the importance of considering species-specific hab-
itat associations when restoring reefs, with most species ana-
lyzed here considered to associate with structure. Our results
indicate a clear distinction between reef-resident species, such
as leatherjackets, which rely on structural complexity for recruit-
ment, feeding, and shelter, and more transient species, such as
bluespotted goatfish and squid, which utilize the reef edge or
adjacent habitats for foraging or other ecological functions. Res-
toration practitioners are encouraged to consider the functional
groupings of the species they are working with, as these
groups—such as reef residents or transient foragers—can
inform restoration strategies and habitat design.

Incorporating spatial ecology principles into restoration prac-
tices is widely advocated for, but there remains a lack of consid-
eration of landscape context (Gilby et al. 2018a). We found that
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fish abundance and frequency of occurrence varied little
between the inner and outer zones of the reef complex, or within
the surrounding 12 m radius of the reef patches. Other research
on the spatial influence of restored oyster reefs on fish use has
focused on the immediate boundaries of reefs, with minimal
work extending beyond the reef edges. For example, on the east
coast of the United States, Hanke et al. (2017) compared the
abundance of fish and crustaceans on natural and restored reefs,
sampling at the reef interior and 1 m from the reef edge (both off
the reef and onto the reef). They found that transient fish, includ-
ing an economically important species (Lagodon rhomboides;
family Sparidae), were more abundant at the reef edge interface
(1 m on the reef and 1 m off the reef) compared to the reef inte-
rior. This study used Breder traps, limiting the ability to sample
larger individuals/species that are included in surveys using
RUVS. By investigating fish use up to 12 m from the reef edge
and comparing with unstructured sites 500 m away, we can infer
that restored reefs influence certain species over an area greater
than the individual reef patch, creating a larger area of influence
for arestored reef complex. This may be similar to the cascading
effect of spillover in marine protected areas (MPA), where
populations are enhanced by the protected environment and
emigrate or spill over the boundaries of the designated MPA
(Gell & Roberts 2003; Russ & Alcala 2011). Ultimately, greater
inclusion of spatial ecology principles in restoration efforts
could allow for better long-term success of projects and their
goals for fish enhancement, particularly when focusing on resto-
ration methods that maximize species-specific behaviors and
habitat requirements.

Given the larger total area that is used by fish, and that relative
abundances were similar across habitat zones and across fine-
scale distances from the reef for all our common species here,
our results lend some support for cluster-based restoration with
multiple small reef patches. However, comparing to a single
large reef is necessary for conclusive results. As fish may benefit
from additional resources in a greater area, restoration projects
with fixed resources may be able to maximize fish abundance
at a site by restoring in a clustered approach of multiple small
reefs, whereby a total restored area, where this considers both
reef patches and an inner matrix, is greater than if only a single,
large reef was constructed. We were unable to compare to a sin-
gle large reef (due to a lack of available sites) and hence cannot
conclusively state that clustered reefs are the optimal method.
Beseres Pollack et al. (2024) determined that restoration designs
for oyster reefs are dependent on project goals, comparing dis-
crete reef mounds (i.e. several small reefs) with continuous reef
flats (i.e. one large) in the Gulf of Mexico. Restoring discrete
high-relief reefs was more costly but resulted in higher densities
of on-reef epifauna. Continuous low-relief reefs yielded greater
oyster densities, using a similar volume of cultch over the same
area. Further research is needed to compare restoration tech-
niques in Australia and determine whether a single large or sev-
eral smaller (i.e. clustered) restored patches optimize outcomes
for shellfish reef restoration goals.

The higher abundances recorded in and around the restored
reef complex might not indicate a production effect (i.e. an over-
all increase in fish production), but instead reflect a

redistribution of existing populations toward structured habitat.
A continuing debate when creating artificial reefs (Brickhill
et al. 2005), “production versus attraction,” is relevant for resto-
ration (Gilby et al. 2021). We cannot conclude whether the
increased abundances found in this study support the reefs pro-
ducing more fish, but we can draw on recent work at the same
restored reefs. This work used size-based sampling to specifi-
cally compare juvenile fish abundances on restored reefs and
distant, unstructured habitat (Connolly et al. 2024). They found
that 13 of the 14 juvenile fish species were more abundant on
restored reefs compared to unstructured habitat, and modeled
biomass enhancement as per Zu Ermgassen et al. (2016) to
quantify increased production (not simply attraction). An alter-
native approach to establishing production versus attraction
involves monitoring temporal changes in fish populations over
a large spatial area. A lack of a decrease in fish abundance sur-
rounding restored reefs, with a concomitant increase at reefs,
suggests production has occurred, as was the case in Pumices-
tone Passage, Queensland (Gilby et al. 2021). However, tempo-
ral changes could not be established here due to limited temporal
scale.

Marine habitat restoration is still in its infancy compared to
land-based restoration efforts, with poor long-term success
(across decades), small-scale projects (<3 ha), and limited fund-
ing for continued monitoring efforts (Bayraktarov et al. 2016).
Effective shellfish reef restoration necessitates an understanding
of how fish use restored reefs and how the spatial configuration
and placement of reef patches influence this use (Gillies
et al. 2015). Our study found limited spatial variability in fish
use of restored reef patches, including the inner unstructured
areas between reef patches and up to 12 m beyond the reef
perimeter. This area of influence contained a greater abundance
of most species than unstructured areas elsewhere. Restoration
practitioners should consider this area of influence when restor-
ing shellfish reefs in the future and optimize the distance
between reef patches with relation to the restoration goals of fish
enhancement. Species are evidently present at different dis-
tances from the reef edge (e.g. bluespotted goatfish
vs. leatherjacket spp.). Restoration efforts need to consider
species-specific ecology and behavior if restoring to enhance
certain fish species, particularly those of commercial or recrea-
tional interest. Further examining the ecology of fish species
with additional distance-based surveys will allow for a greater
understanding of how best to configure restored reef patches.
To further expand our understanding of how the spatial arrange-
ment of oyster reef patches influences fish and the scales at
which monitoring should occur, we suggest additional studies
test for the effects of seasonality and temporal trends at other
subtidal reefs and through repeated monitoring. With restoration
accelerating globally, quantifying the impact of restoration on
fish communities is critical (Connolly et al. 2024). By establish-
ing the distances from reefs at which key species are present and
at what distance their abundances decrease, restoration practi-
tioners could ensure that clustered reefs are built to maximize
the use of unstructured areas between reef patches. Ultimately,
this extended area of influence, once confirmed for other loca-
tions and having demonstrated production not attraction, could
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be applied to biomass enhancement estimates and incorporated
into environmental accounts when valuing restoration benefits.
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Supporting Information
The following information may be found in the online version of this article:

Figure S1. Measures of abundance (MaxN + SE), of the next four common species
found at the restored oyster reefs; southern fiddler ray (Trygonorrhina dumerilii), com-
mon stingaree (Trygonoptera testacea), silverbelly (Parequula melbournensis), and lit-
tle weed whiting (Neoodax balteatus).

Table S1. Type III analysis of variance (ANOVA; a = 0.05) outputs for four species
and both metrics; MaxN and frequency of occurrence (FO).
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