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Introduction

Abstract

Artificial reefs have been extensively used to enhance fisheries and restore
aquatic habitats. Yet their ecological effectiveness remains highly variable and
appears strongly dependent on design and/or configuration. To evaluate the
influence of reef architecture on fish assemblages on the Great Barrier Reef,
this study examined four artificial reef types: Reef Ball, Broken Concrete,
Layer Cake, and SynCoral, in contrast to sand control sites. The study
employed underwater visual census to characterise fish communities, followed
by an analysis of community metrics, such as abundance and biomass, in
relation to structural parameters, including surface area, rugosity, enclosed
volume, and refuge characteristics. Results indicated that fish communities
differed significantly among reef types, with artificial reefs consistently
supporting greater fish abundance and biomass than the control sites. Simple
measures of gross volume were poor predictors of ecological performance.
Instead, habitat complexity variables, particularly site surface area, rugosity,
and refuge volume, were most strongly associated with fish abundance and
estimated biomass, with non-linear relationships explaining a substantial
proportion of variance in biological responses. Reef configurations with higher
structural heterogeneity (e.g., SynCoral and Layer Cake) generally supported
greater fish abundance than simpler designs. Size-class analyses suggested that
both recruitment and redistribution processes contributed to observed
assemblages. However, a clear separation between production and attraction
mechanisms could not be established over the study period. While artificial
reefs increased local fish abundance and biomass relative to simpler sand
habitats, evidence for a net increase in system-wide carrying capacity remained
inconclusive. Overall, the findings demonstrate that artificial reef performance
is primarily driven by structural complexity rather than total volume,
highlighting the importance of refuge diversity and habitat heterogeneity in reef
design. These results support a shift toward complexity-based design principles
in artificial reef construction to enhance ecological outcomes.

their worldwide value estimated at more than

Human societies derive significant ecological and USD 400 billion, or around USD 6,000 per hectare

economic benefits from coral reefs through the annually (Edwards & Gomez, 2007). Although
ecosystem goods and services they provide, with
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such estimates vary depending on the scope of
services included, it is widely accepted that the
degradation of reef ecosystems imposes
substantial socioeconomic costs, especially in
developing nations reliant on reef resources.

Long-term monitoring has revealed widespread
reductions in live coral cover throughout the
Caribbean and Indo-Pacific regions since the
1980s (Gardner et al., 2003; Bruno & Selig, 2007;
Edmunds & Elahi, 2007). On the Great Barrier
Reef, comparable analyses indicate that the coral
loss has persisted for roughly 35 years (De'ath et
al., 2012; Goeden & Ismail, 2022). As coral cover
decreases, associated fish assemblages are
expected to undergo cascading changes, including
alterations in both population abundance and
species composition. In parallel, processes such as
bio-erosion and calcium carbonate dissolution
have contributed to a substantial decline in the
structural complexity of reef habitats (Green et al.,
2008). Alvarez-Filip et al. (2009) reported that the
progressive simplification of reef architecture has
been described as “flattening,” reflecting the
transition from structurally complex habitats to
low-relief systems.

Extensive research has demonstrated strong
associations between complexity and fish
assemblage  structure  and  composition

(McCormick, 1994; Gratwicke & Speight, 2005;
Kuffner et al., 2007; Komyakova et al., 2013).
Samoilys et al. (2018) noted that variation in
benthic condition on unfished reefs has also been
linked to differences in fish communities,
suggesting bottom-up regulation driven by shifts
in coral cover and structural complexity. Rugosity
was also used to indicate disturbance intensity in
reef ecosystems (Aronson and Precht, 1995).

MacNeil et al. (2015) evaluated fish biomass
across 832 coral reefs worldwide and found that
about 83% had biomass levels below those needed
to sustain ecological integrity and resilience. The
study also identified a feedback loop in which
declines in reef structural complexity and fish
biomass reinforce each other once critical
thresholds are exceeded. Their study estimated
recovery times of around 35 years for moderately
fished reefs under protection, compared with up to
59 years for severely degraded reefs. Beyond
marine protected areas, declines in reef resources
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have had pronounced consequences for fisheries.
For example, along the west coast of Peninsular
Malaysia, average catch rates decreased sharply
from 131.1 kg/hr in 1970 to 18.7 kg/hr in 1987
(Latun & Abdullah, 1991). In response,
management approaches have often emphasized
coral restoration initiatives (Rinkevich, 2005) and
artificial reef deployment (Latun and Abdullah,
1991). However, these measures primarily
address the symptoms of degradation rather than
its root causes.

Across Southeast Asian countries, notably in the
Philippines, Indonesia, Malaysia, and Thailand,
and in the Caribbean, artificial reef structures have
been deployed at large spatial scales. Materials
used range from decommissioned vehicle tires and
locally fabricated structures to engineered
concrete units such as Reef Balls. Introduced in
1993, Reef Balls have become among the most
widely deployed artificial reef modules globally
(Lima et al., 2019), with more than 500,000 units
deployed worldwide (Reef Ball Foundation,
2016). These structures are promoted for their
potential benefits to fisheries, coral recruitment,
and coastal protection.

Several studies have focused on fish communities
linked to Reef Balls (Sherman et al., 2002; Brotto
etal., 2006; Santos et al., 2010; Folpp et al., 2013).
However, relatively few studies have critically
evaluated their overall ecological effectiveness in
relation to the substantial investment involved.
More recently, modified designs such as Layer
Cakes have been developed using Reef Ball
molds;  however, empirical  information
comparing associated fish assemblages remains
limited, except for Hylkema et al. (2020).

In tropical reef systems, fish community structure
and productivity are strongly associated with coral
assemblage development and habitat complexity
(MacNeil et al., 2015; Samoilys et al., 2018;
Goeden & Ismail, 2022). Despite widespread
deployment, many artificial reef designs have not
demonstrated large-scale success in promoting
coral community development through either
natural recruitment or transplantation (Rinkevich,
2005). Comparative studies have reported
variable outcomes. For instance, Burt et al. (2009)
documented that long-established artificial reefs
in Dubai sustained diverse coral and fish
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assemblages, with higher coral cover (50%) than
adjacent natural reefs (31%), while in Malaysia,
Ramli et al. (2016) reported limited colonisation
of corals and reef-associated fishes on structures
deployed near natural reefs.

This study commenced in December 2003 on the
Great Barrier Reef, Australia, with small-scale
artificial reef modules constructed and deployed
at two Hook Reef sites. The primary objective was
to evaluate how variations in shelter size and
habitat rugosity shape the effectiveness of
artificial reefs as functional analogues of natural
reef environments. It was anticipated that
temporal variation in fish assemblage structure,
encompassing seasonal and successional patterns
(Higgins et al., 2019), could be assessed, thereby
contributing to ongoing discussions surrounding
the “attraction versus production” hypothesis
(e.g., Perkol-Finkel & Benayahu, 2005) and
evaluations of artificial reef design efficiency.
Renewed interest in this dataset was prompted by
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the publication of a comparable Caribbean study
(Hylkema et al., 2020), offering an opportunity to
present and contextualize these shorter-term
findings.

Materials and Methods
Study Area

Conducted in the north and south of Hook Reef
lagoon (Great Barrier Reef, Australia; Figure 1),
the study involved deploying artificial reef
structures between early December 2003 and mid-
January 2004 at depths of approximately 10-12 m.

Field surveys were carried out from June 2004 to
June 2005 at quarterly intervals, using
“Underwater Visual Census” (UVC), with
sampling undertaken during the first week of each
designated month. UVC is widely recognised as a
standard and robust method for assessing reef fish
assemblages (Goeden, 1982; Samoilys and

Carlos, 2000; Labrosse et al., 2002; llias et al.,
2023).
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Figure 1. North and south study sites on Hook Reef, marked by red triangles. The inset shows the general position of Hook Reef

within the Great Barrier Reef system.
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Artificial Reef Design
Four artificial reef module designs, namely Reef

Balls, Broken Concrete, Layer Cakes, and
prototype SynCoral modules, were used to
investigate  patterns in  associated  fish

assemblages. In contrast to Hylkema et al. (2020),
who utilised natural boulder substrates, the
present study employed large, fragmented
concrete “rocks” as well as newly designed
SynCoral modules.

All reef modules were fabricated on land from
Ordinary Portland Cement (OPC) concrete
incorporated with recycled concrete waste. The
SynCoral design incorporated finely crushed
concrete (1-5 cm) to increase surface roughness
and microhabitat complexity, whereas the molded
Reef Balls had comparatively smooth surfaces. To
minimise structural variability and facilitate
comparative analysis, all modules were designed
following a semi-ellipsoidal form based on the
conventional Reef Ball configuration. External
dimensions and overall morphology were kept

Table 1. Structural dimensions of artificial reef modules.

broadly consistent across treatments to ensure
standardisation of habitat size and shape (Table 1).

Broken concrete waste was contained within a
steel reinforcement mesh with 0.2 x 0.2 m
openings and a top aperture for loading. This
containment was necessary because
unconsolidated construction debris or oyster shell
piles are structurally unstable over time, limiting
their suitability for large-scale applications
(Ogden and Ebersole, 1981). In the absence of
containment, loose material subsides into
surrounding sediments or disperses laterally. It
was assumed that the mesh aperture size did not
significantly restrict access by larger fish species
utilising the structure. The surface area of the
Broken Concrete substrate was estimated by
approximating individual fragments as spherical
units with an assumed radius of 0.15 m. Internal
voids deep within the matrix were excluded from
surface area calculations, as fish use of these
inaccessible spaces could not be reliably assessed.

Structure | Diameter | Height | Gross | Volume of | Surface area Surface Mean hole Number of
name at base at module enclosed per module area/ size (m®) holes
(m) center | volume space* (m?) enclosed
m?® m? volume
m | ™ (m?)
Sand 1.83 n.a. n.a. n.a. 2.63 Nominally 0 0
Control ‘footprint’ ‘1.0°
Reef Ball 1.83 1.22 2.14 1.93 4.14 2.15 1.93 1
Broken 1.83 1.22 2.14 0.55** 17 30.9 0.009 61
Concrete
Layer 1.83 1.22 2.14 1.73 16.16 9.34 0.35 5
Cake
SynCoral 1.83 1.22 2.14 0.37 19.78 53.46 0.04 10
Prototype

Notes: *Values account for the estimated average thickness of the concrete material.
**Estimated by subtracting the estimated rock volume based on rock mass measurements.

In terms of linear dimensions, the reef modules
deployed in this study were approximately twice
the size of those examined by Hylkema et al.
(2020), which measured 0.90 m in basal diameter
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and 0.60 m in height. A schematic representation
of the module design is provided in Figure 2. The
enclosed volume was estimated from average
dimensional measurements.



Goeden et al 2026

Sustainable Aquatic Research (2026) 5(2):165-184

Figure 2. Conceptual illustration of the artificial reef types at approximate scale.

Control areas consisted of predominantly open,
hard-sand habitat with scattered coral rubble
fragments. Four circular areas with a diameter of
1.83 m, corresponding to the footprints of the
artificial reef modules and with the same spacing,
were delineated using rebar markers. To account
for potential spatial effects, rebar pins connected
by wire were installed 6.0 m from both artificial
reef and control footprints, defining an operational
“radius of influence” around each site. This
distance was selected based on expected frequent
short-range foraging and swimming excursions of
mid-sized reef fishes (up to approximately 25 cm
total length), and is consistent with observations
by Madin et al. (2011). Although some small coral
rubble and isolated coral colonies (up to 15 cm in
diameter) were present within all sampling areas,
these did not constitute a continuous living reef
habitat.

Artificial reef modules were deployed in two
spatially separated clusters (North and South),
each consisting of four units of each structure
type, arranged in a square configuration. Inter-
module  spacing  within  clusters  was
approximately eight metres (centre-to-centre),
corresponding to about six metres edge-to-edge.
This configuration defined each cluster as the
module footprint plus a six-metre functional
radius of influence, resulting in an effective
sampling area of approximately 480 m?.

Friedlander and Parrish (1998) emphasized the
role of total refuge (hole) volume in shaping reef
fish assemblages in Hawaiian reefs. Although
refuge dimensions were not measured during
fabrication, post hoc estimates of opening number,
size, and total refuge volume were made. Reef
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Balls were treated as a single refuge space due to
their internal cavity and multiple openings. In
contrast, refuge volume in  broken-rock
assemblages could not be quantified due to their
complex, interlocking structure.

Hylkema et al. (2020) noted that their natural rock
substrates differed chemically from manufactured
artificial reef units; however, this was considered
an inherent component of design variation in their
study. In this study, reef modules made of either
aged or newly cast concrete were submerged for
approximately six months before data collection
to allow equilibration and initial biofilm
development. It was assumed that fish
colonisation commenced immediately following
deployment, and that assemblages stabilised
within approximately 150 days, consistent with
observations by Yeager et al. (2011). Similarly,
species richness on restored reef flats was shown
by Clark and Edwards (1994) to approach
asymptotic levels within about 50 days.
Accordingly, the first sampling period in this
study was interpreted as representing an early but
established successional stage of fish community
development.

Fish Surveys

Monthly surveys were conducted over two days
using surface-supplied air (HOOKAH). Within
each location group, artificial reef modules were
surveyed sequentially and then re-surveyed in the
same order, resulting in two replicate counts per
reef type for each quarterly sampling event.
Where the two spatially separated groups were
statistically comparable, data were combined,
yielding a total of four replicate observations per
reef type per sampling period.
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Fish counts were obtained through semi-
stationary observations of the external surfaces of
the modules and within the surrounding “radius of
influence,” extending to approximately two
metres above the seabed. Following the external
visual census, a small underwater camera was
introduced into Reef Ball openings to record and
enumerate the fish occupying internal spaces. This
approach is consistent with established visual
census protocols adopted in comparable research
(Harvey et al., 2002; Hylkema et al., 2020; Lowry
et al., 2012). Species-level identification was
conducted in situ whenever possible, while
uncertain identifications were resolved through
photographic documentation and subsequent
verification. Individuals that could not be reliably
assigned to species were grouped into a single
category labelled “Other Uncommon Species”
and treated as one taxonomic unit.

All fish were assigned to size classes based on
visual estimates of total length (TL), using the
following categories: 0-10, 10-20, 20-30, 30-40,
40-50, and >50 cm, following established
methods described by Goeden (1982), Rogers et
al. (2018a), and Hylkema et al. (2020).

Fish abundance assessments corresponded to a
sampled water volume of approximately 1,000 m?.
Each reef cluster was positioned at least 50 m
from other experimental clusters and no closer
than 150 m from natural coral patch reef outcrops.
Our clusters are broadly comparable to the “reef
plots” described by Hylkema et al. (2020),
although with greater inter-unit spacing.

Quantifying Habitat Complexity

Some coral reef studies quantify habitat
complexity by comparing the straight-line length
of a transect with the corresponding distance
measured over the reef's undulating surface.
Known as rugosity, this metric is extensively used
as an indicator of habitat complexity in studies
investigating fish abundance (McCormick, 1994;
Friedlander & Parrish, 1998; Gratwicke &
Speight, 2005; Kuffner et al., 2007; Wilson et al.,
2007; Walker et al., 2009).

To quantify habitat complexity, rugosity was
estimated as 1 minus the ratio of the horizontal site
area (480 m?) to the total substrate surface area,
including reef modules. The resulting index
ranges from 0O for a flat surface (control sites) to
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values approaching 1, representing increasingly
complex and structurally intricate habitats.

Statistical Analysis

Normal Q-Q plots were used to assess
homogeneity of variance. As the data violated the
assumption of normality and differed significantly
among reef types (p < 0.001), fish assemblages
were analysed using Kruskal-Wallis tests and
two-way ANOVA to evaluate treatment effects.
Duplicate datasets were evaluated using paired t-
tests; because some comparisons indicated
significant differences (associated with outlying
values), duplicates were ultimately retained and
treated as independent replicate samples for
subsequent analyses. Quarterly sampling events
were therefore considered as replicates for
analysis of artificial reef types. Analyses of
family- and species-level abundance were
conducted across artificial reef types and
compared with sand control sites to evaluate
differences in assemblage structure.

Fish biomass was estimated using W =a-TL?, with
a and b parameters from Kulbicki et al. (2005)
applied to mean size-class lengths. Biomass for
the >50 size class was calculated for a mean length
of 60 cm. Family-level biomass estimates were
subsequently aggregated to obtain total biomass
per reef type. Normality of biomass data was
evaluated using the Shapiro-Wilk test, which
indicated a significant deviation from normality (p
< 0.05). Accordingly, Kruskal-Wallis tests were
applied instead of parametric ANOVA to compare
biomass among reef types.

Substrate-related parameters, including module
surface area, enclosed volume, total site surface
area, site rugosity, average refuge (hole) volume,
and average refuge number, were analysed in
relation to fish community metrics (fish
abundance per m? and biomass) using multivariate
linear models evaluated via F-statistics.

Results and Discussion
Fish Abundance

A total of 24,976 fish, representing 44 species,
were recorded either on artificial reef modules or
within their defined “radius of influence” (i.e.,
immediate surrounding area) and in the control
sampling areas. Mean fish abundance varied
among reef types and locations. All artificial reef
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treatments substantially exceeded the control sites
in fish abundance (Figure 3). The Kruskal-Wallis
test indicated a significant difference in mean fish
abundance across the different reef types (p <
0.001).

A two-way analysis of variance (ANOVA) was
subsequently applied to examine the influence of

600
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200

Mean fish abundance

100
26 21
0 [
Sand Reef Ball

260 28]
223 g
T I

Rock

reef type and location (North vs South) on total
fish abundance. The analysis revealed significant
main effects for both reef type and location (p <
0.001 for each factor). Although the interaction
between reef type and location approached
significance (p = 0.052), it indicated only a limited
location-specific influence on the relationship
between reef type and fish abundance.

523
484

Layer SynCoral

Reef Type mNorth = South

Figure 3. Mean fish abundance by reef type and location compared with sand controls.

Length Distribution

When observations from all artificial reef types
and control sand sites were combined, the 10-20
cm size class accounted for the highest number of
individuals, followed by the 0-10 cm class (Figure
4). Individuals in the larger size categories (40-50
cm and >50 cm) were comparatively rare
throughout the present study. This pattern reflects
the conspicuous dominance of small to mid-sized
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individuals across the sampled assemblages
throughout the  sampling period. The
predominance of smaller-bodied fishes observed
in this study is consistent with findings from
smaller artificial reef structures in the Caribbean
reported by Hylkema et al. (2020). Conversely,
larger, more open concrete reef structures in
Malaysia were reported to support relatively fewer
small reef-associated fishes (Ramli et al., 2016).
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Figure 4. Abundance of all size classes across artificial reef types during the survey period.
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Size-class composition varied considerably across
sampling periods, resulting in high sample-to-
sample variation. As a result, no significant
differences in size-class distribution were
observed across the different artificial reef types
(Figure 5).

Fish size-class distributions across sampling dates
were analysed to evaluate ontogenetic changes

and repeated juvenile recruitment after spawning
events. Detectable progression is expected to be
more apparent in the smallest size classes due to
their higher abundance. In contrast, changing
patterns in larger size classes may be obscured by
slower growth and the presence of transient
individuals.

—
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Figure 5. Size-class distribution of fish abundance, pooled by reef type and control sites.

Figure 6 indicates two notable patterns. First, the
proportions of the two smallest size classes (0-10
cm and 10-20 cm) appear to exhibit an inverse
proportional relationship over time. Second, the
three larger size classes (30-40 cm, 40-50 cm, and
>50 cm) show an increase in abundance relative
to the intermediate 20-30 cm class. For illustrative
purposes, polynomial trend lines were fitted to the
data, and coefficients of determination (R?) are

presented in Figure 6. A linear regression of the
proportion of the 0-10 cm class against the 10-20
cm class indicates a weak inverse relationship (y
—0.529x + 55.89), with the smallest size class
explaining approximately 40% of the variation in
the 10-20 c¢m class (R? = 0.4053).
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Figure 6. Fish size-class proportions over sampling periods, pooled across reef types.
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These temporal changes in proportional size-class
structure may be interpreted through recruitment,
growth, and turnover processes within the
assemblage. The 0-10 cm size class is likely
dominated by young-of-the-year recruits resulting
from spawning events occurring between
November and January. At the first sampling
period (June, 2004), these individuals would have
been approximately six months old, with an
estimated mean size of 5 cm. The subsequent
decline in this size class over the following
months is consistent with a combination of natural
mortality and growth into a larger size category,
followed by a renewed increase after the next
recruitment pulse, producing a peak in abundance
approximately 15 months after the artificial reef
deployment (March 2005 sampling period).

The 10-20 cm size class is interpreted as
comprising primarily  sub-adult individuals
derived from the previous year’s recruitment
cohort. Fluctuations in this group appeared out of
phase with the 0-10 cm size class. Variability in
abundance likely reflects both recruitment-driven
growth from the smaller size class and ongoing
mortality within the cohort. It is also possible that
individuals within this size class utilised nearby
coral rubble before moving into the artificial reef
structures.

The 20-30 cm size class is considered to consist
mostly of larger juveniles and early adults, some
of which may represent immigrants from
surrounding habitats. Initial increases in this size
class are consistent with colonisation of artificial
reef structures from other areas, potentially
involving movements over  considerable
distances. The subsequent gradual decline may
reflect progression into larger size classes or
increased competition among larger individuals.
The 30-40 cm, 40-50 cm, and >50 cm size classes
comprise larger, more mobile fishes with home
ranges greater than those of the study sites. The
observed increase in abundance of these groups
suggests that their distribution is influenced more
by habitat availability and spatial competition than
by recruitment variability.

Fish Biomass

Following the conversion of size-class data to
biomass estimates, differences among treatments
were examined. Non-parametric comparisons of
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pooled North and South data detected no
significant difference in total biomass, largely
because of the substantial variability within
groups. However, separate comparisons showed
that each artificial reef type supported
significantly higher biomass than the sand control
sites (p < 0.001). The mean biomass recorded for
each artificial reef type at the North and South
locations is presented in Figure 7. Pairwise
comparisons using Tukey’s honestly significant
difference (HSD) test revealed significant
differences among most reef types (p < 0.05). The
only exception was the comparison between the
Rock and Layer Cake reef types, which did not
differ significantly (p = 0.194). Overall, reef type
was therefore a strong predictor of fish biomass,
with consistent differences observed among
structural designs.

Biomass showed little fluctuation over the course
of the sampling period, with only minor temporal
changes in the ranking of the different reef types.
Biomass data were initially examined using linear
regression against time since deployment.
Overall, low R? values indicate that biomass is
poorly explained by a simple linear relationship
with time since installation.

To better describe temporal patterns, quadratic
polynomial regression models were applied,
which provided improved fits to the data. R?
values for these models ranged from 0.0428
(Broken Rock, North) to 0.8995 (Reef Ball,
North). In general, these models suggested a
curvilinear response in biomass, with peak values
occurring approximately 12-15 months after
deployment.  For  comparative  purposes,
regression models were anchored at a common y-
intercept equivalent to the mean biomass observed
at sand control sites (Figure 7), representing
baseline conditions at the time of reef deployment.

Figure 8 illustrates temporal biomass trajectories
for each reef type. North Layer Cake was the only
reef type with higher biomass at 6 months than at
18 months, while all others showed increases over
time. Biomass at sand control sites remained
relatively stable, with minimal temporal variation.
It is further inferred that before deployment,
biomass at all experimental sites would have been
broadly comparable to that observed at control
locations.
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Figure 8. Fish biomass across reef types and control sites over time since deployment, with polynomial regression fits. North R?

values to the left and South R? values to the right.

As illustrated in Figures 5 and 6, the 0—10 cm and
10-20 cm size classes consistently dominated the
fish assemblages across the different artificial reef
types and over the duration of the study,
respectively. This pattern is particularly evident
for the SynCoral reef type, where temporal
fluctuations in abundance contributed to
corresponding variability in biomass estimates.
These dynamics are reflected in the pronounced
oscillations observed in the SynCoral time-series
data at both locations (the two uppermost
regressions, Figure 8). The R? value observed for
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the North SynCoral regression indicates that
“months after deployment” alone was not an
adequate predictor of biomass variation. In
contrast, a third-order polynomial model provided
a better fit (R*? = 0.4934), suggesting a more
complex, non-linear temporal response.

Artificial Reef Design and the Fish Community

Overall, none of the fitted linear models showed
statistically significant joint relationships between
design characteristics and fish community
indicators (p-values from 0.4766 to 0.1886). This
suggests that, when considered collectively, the
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structural variables measured in this study did not
account for a significant proportion of the
variation observed in the biological response
variables (Table 2). However, comparison of
adjusted R? values among models indicated that
site surface area (0.9321) and site rugosity
(0.9390) were the strongest explanatory variables,
accounting for a greater proportion of variation in
fish community metrics than other structural
descriptors. These variables also exhibited the

suggesting comparatively stronger (though not
statistically ~ significant)  associations  with
biological responses. In addition, individual t-tests
for predictors in the linear models were not
significant (p > 0.05), consistent with the F-tests
and indicating that no single structural parameter
independently explained variation in fish
community metrics (Table 2). The lack of
significant correlations may reflect the small
sample size (n = 10; ideal > 30) and possible non-

lowest

overall

p-values

among predictors,

linear relationships in the data.

Table 2. Summary of regression analyses for North (N) and South (S) sites (best-fit models; F and R? values).

SUBSTRATE COMBINED ANALYSIS INDIVIDUAL ANALYSIS
Metrics F- statistic; Radj? Abundance (R?) Biomass (R?)
p-value
Surface area of 11.8209; 0.2214 0.9058 Polynomial, Polynomial;
module N=0.8741 S=0.8751 | N=0.9690 S=0.9698
Enclosed volume of | 2.2459; 0.4766 0.5255 ns ns
the module
Site surface area 16.4315; 0.9321 Polynomial; Linear;
0.1886 N=0.7317 S=0.7074 | N=0.7484 S=0.8269
Site rugosity 18.3172; 0.1789 0.9390 ns ns
Average hole volume | 3.7785; 0.3792 0.7118 ns ns
Average number of 3.6181; 0.3867 0.6994 ns ns

holes

Notes: *Results do not include sand control sites. ns = not significant.

To further explore relationships, fish community
indicators were regressed individually against
substrate parameters for each site. Table 2
summarises significant regression results. It
should be noted that the interpretation of these
regressions was based primarily on coefficients of
determination (R?), which in this context were
used as measures of model fit rather than
predictive accuracy. Among response variables,
fish biomass was best described by linear models,
whereas fish abundance was better represented by
polynomial relationships (Table 2).

Surface Area and Rugosity

Module surface area explained a substantial
proportion of the variation in fish abundance and
biomass (Table 2), with mean R? values of 0.8746
and 0.9694, respectively. In this study, module
surface area was directly linked to total site
surface area by design; as a result, total site
surface area similarly explained a large proportion
of the variation in fish community indicators.
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Calculated rugosity values were highest for
SynCoral and lowest for Reef Ball. Although
neither fish abundance nor fish biomass showed
statistically significant relationships with rugosity
when compared directly using ANOVA with
Tukey post hoc comparisons, polynomial
regressions indicated that rugosity still accounted
for a substantial proportion of variation in these
metrics, with mean R? values of 0.7420 for
abundance and 0.8243 for biomass. Habitat
complexity, particularly reef rugosity, is widely
recognised as an important driver of fish
abundance, richness, and diversity in coral reef
systems (Gratwicke and Speight, 2005; Kuffner et
al., 2007; Komyakova et al., 2013; Rogers et al.,
2018a; Goeden and Ismail, 2022).

To further examine the relationship between site
rugosity and fish abundance, artificial reef data
were compared with observations from a natural
coral reef system. In line with Madin et al. (2011),
who observed that grazing effects around patch
reefs at Heron Island were negligible beyond
approximately 6-9 m, a 6 m “radius of influence”
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was adopted in this study. Fish abundance was
assumed to be approximately normally distributed
around reef structures, and about 68% (%1
standard deviation) of individuals were
considered ‘“module-associated” fish, thereby
reducing the influence of surrounding sandy
habitat on abundance estimates. Module-
associated fish abundance per 50 m? was
calculated alongside site rugosity and compared
with transect-based rugosity estimates from
Wistari Reef (Goeden and Ismail, 2022). Rugosity
on Wistari Reef was derived using a linear chain
method (1 — horizontal distance/surface contour
distance), whereas artificial reef rugosity was
calculated as 1 — (site surface area without
modules / total site surface area with modules).
Although these methods differ in scale and
approach, results showed indicative agreement
between natural and artificial systems.

Across both natural and artificial reef datasets,
increasing rugosity was associated with higher
fish abundance, with comparable explanatory
power (R*=0.6568 and 0.6821, respectively). At
equivalent rugosity values, fish abundance on our
artificial reefs was approximately 60% of that
observed on natural reefs. This result is notable
given the absence of live coral cover and the
predominance of surrounding sandy habitat in the
artificial reef environment. For reference, natural

reef habitats with similar mean rugosity values
reported by Goeden and Ismail (2022) included
“Sand and Rubble” (0.049), “Compact Reef Flats”
(0.144), and “Low Stag Thickets” (0.168). The
relationship between rugosity and fish abundance
for both the natural and artificial reef systems is
presented in Figure 9.

Previous studies of degraded Caribbean coral reef
systems have documented declines in fish
abundance (Paddack et al., 2009), biomass
(Rogers et al., 2014), and fisheries productivity
(Rogers et al., 2014, 2018a). Those studies
primarily addressed natural reef habitats, where
structural complexity is typically associated not
only with shelter but also with increased resource
availability, including food and foraging
opportunities. This outcome suggests that greater
habitat complexity created by artificial reef
structures is associated with changes in the spatial
distribution and aggregation of fish assemblages,
despite no apparent increase in resource
availability. This pattern should be interpreted
cautiously, as rugosity does not necessarily imply
increased ecological carrying capacity. Instead, it
may reflect a greater concentration of individuals
within  structurally complex microhabitats,
potentially influencing observed abundance and
biomass.
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Figure 9. Relationship between rugosity and fish abundance per unit area on natural and artificial reefs in the Great Barrier

Reef.

These findings suggest that structural complexity
alone, including artificial concrete substrates, may
be a key limiting factor in patch reef fish
communities. Three-dimensional structure and
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refuge space appear to be critical resources,
potentially outweighing other ecological drivers
in shaping assemblages.
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Enclosed Volume

Artificial reef enclosed volume has previously
been reported as positively associated with fish
abundance (Tupper and Hunte, 1998; Gratwicke
and Speight, 2005), while shelter size has also
been linked to the presence of larger-bodied fish
(Hixon and Beets, 1989; Beets and Hixon, 1994).
When gross occupied volume was standardised
across designs (Table 1), Reef Ball modules
exhibited the highest enclosed internal space but
the lowest surface area, resulting in the lowest
surface area-to-volume ratio among the artificial
reef types examined.

Table 3 lists the artificial reef type total enclosed
volume (for 4 modules) within the sampled sites
and average fish abundance taken over the
average samples. Reef configurations with the
greatest enclosed volume tended, on average, to
support lower fish abundance and lower fish
abundance per unit of internal volume. This
suggests that internal volumetric capacity, when
considered in isolation, is not a reliable predictor
of fish utilisation in these artificial reef systems.
Reef Ball structures with the greatest enclosed
volume performed the least well in terms of fish
abundance and biomass. Importantly, internal
volume alone did not translate into enhanced
ecological performance in the present study.

Table 3. Fish abundance and enclosed volume of reef sites.

Structure name Overall enclosed Average fish abundance Fish per m® enclosed
volume per site (all samples) volume

(m3) North South North South
Control Area n.a.* 28 23 n.a.>* n.a.*
Reef Ball 7.72 177 195 22.9 25.3
Broken Concrete 2.20 222 258 100.9 117.3
Layer Cake 6.92 281 312 40.6 45.1
SynCoral Prototype 1.48 476 524 321.6 354.1

n.a.*= not applicable because control sites had no enclosed volume.

Hole Volume and Abundance

No statistically significant relationships were
detected using ANOVA between average hole
volume and either fish biomass or fish abundance.
However, when the Reef Ball design
(characterised by a single large internal cavity)
was excluded from the analysis, strongly
curvilinear relationships were observed. In these
cases, quadratic polynomial regression models
provided a substantially improved fit to the data,
explaining a high proportion of variance in both
fish biomass (R? = 0.9524) and fish abundance (R?
= 0.9481). These findings indicate that the
relationship between refuge volume and fish
assemblage metrics may be non-linear and
influenced by extreme structural configurations
with multiple cavities.

These findings align with Friedlander and Parrish
(1998), who reported that fish abundance was
primarily associated with refuge volume, with
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mean hole volume explaining over 73% of the
variation in fish biomass. In this study, the results
suggest that peak fish densities may occur at
intermediate mean hole volumes, estimated at
approximately 0.15-0.20 m?. No significant
ANOVA relationships were detected for hole
number, although exploratory analyses suggested
a weaker, non-linear trend consistent with
Friedlander and Parrish (1998).

Artificial Reef Complexity

The absence of standardised prescriptions in
artificial reef legislation has led to substantial
variation in reef design and intended ecological
objectives (Baine, 2001; Becker et al., 2018; Lima
et al, 2019). Consequently, comparative
evaluations among different artificial reef
configurations remain relatively limited (Sherman
et al., 2002; Brotto et al., 2006; Hackradt et al.,
2011). Nevertheless, previous experimental
studies have shown that greater structural
complexity and shelter availability are associated
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with increased fish abundance and species
richness (Hixon and Beets, 1989; Gratwicke and
Speight, 2005; Lingo and Szedimayer, 2006).

Overall, increases in key fish community
indicators were associated with increases in
structural complexity metrics, particularly surface
area, rugosity, and refuge volume. Importantly,
these variables exhibited non-linear interactions
rather than acting independently, influencing
variation in community responses; for example,
the surface area-to-enclosed volume ratio was
associated with fish abundance. These findings
indicate that artificial reef performance cannot be
attributed to a single structural attribute, but
instead reflects a “multi-dimensional habitat

Although only a limited set of structural
parameters was measured, the findings suggest
that this framework captures key mechanisms
contributing to differences in the ecological
performance of artificial reef types with respect to
fish assemblages. Reef types can therefore be
interpreted as distinct structural configurations
defined by combinations of these parameters,
enabling comparative ranking of performance
(Table 4). While differences between North and
South locations were generally minor, significant
differences were observed among reef types,
supporting the wuse of ranked values for
comparative assessment of fish community
indicators.

framework™ comprising interacting physical
components.
Table 4. Ranking of artificial reef types and sand controls based on abundance and biomass performance metrics (1 = highest
performance).
Fish site Fish site Arbitrary Averaged
REEF TYPE abundance biomass (abundance X 9
) 5 - Rank
(per m?) (kg per m?) biomass)
Prototype SynCoral 0'215 O'f 0 0'12 ! 1
0.554 0.16 0.09
Layer Cake 5 ) 5 2
Broken Concrete 0.449 0.14 0.06 3
3 3 3
0.431 0.07 0.03
Reef Ball 4 4 4 4
0.053 0.01 near 0.0
Sand Control 5 5 5 5

The present findings on fish abundance and
biomass across Reef Ball, Broken Concrete (rock
pile), and Layer Cake structures are consistent
with those reported by Hylkema et al. (2020). In
contrast, the more complex SynCoral consistently
demonstrated superior performance across all fish
community indicators, including abundance and
biomass.

Previous modifications to Reef Ball designs have
shown that increasing internal refuge space
enhances fish assemblage metrics. For example,
the addition of concrete blocks within central void
spaces (Sherman et al., 2002) or the incorporation
of additional openings (Brotto et al., 2006) has
been associated with greater fish abundance and
species richness. Taken together, these findings
highlight the role of structural complexity and
refuge heterogeneity in enhancing the ecological
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performance of the Layer Cake and SynCoral
configurations.

MacNeil et al. (2015) suggested that reef systems
supporting approximately 500 kg of fish biomass
per hectare, equivalent to around 50% of their
estimated carrying capacity, are capable of
maintaining ecological function while supporting
fisheries. This equals roughly 0.05 kg/m? for a 480
m? site, while 0.10 kg/m? represents a protected
(MPA) benchmark. As shown in Table 4, Reef
Ball sites met the “sustainable biomass threshold”
described by MacNeil et al. (2015) after
approximately 18 months. In contrast, all other
artificial reef types exceeded the biomass
benchmark associated with protected reefs. Hook
Reef is subject to recreational fishing activity, and
only limited numbers of fish observed during
surveys were of sizes or species typically targeted
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by fishers. While Reef Ball structures might have
provided comparatively attractive shelter for
larger individuals, this interpretation is not
directly supported by the present data or the
findings of Hylkema et al. (2020). Instead,
observational evidence suggests that the superior
performance of the Broken Concrete and
SynCoral systems was associated with the
availability of a wider range of refuge sizes and
increased microhabitat heterogeneity.

As noted by Baine (2001), comparisons across
artificial reef studies from different regions should
be made cautiously. However, the key structural
parameters identified here are widely used
descriptors in artificial reef research. This is
supported by differing ecological outcomes
among reef types with similar overall volume and
layout.

A common assumption is that greater internal
volume improves ecological performance by
supporting larger fish assemblages. This is
reflected in Reef Ball and similar modular
systems, where larger, more expensive structures
are often promoted. However, the present results
do not support a direct relationship between total
enclosed volume and either species abundance or
biomass. Indeed, no consistent relationship was

observed between enclosed volume alone and fish
community indicators, suggesting that enclosed
volumetric capacity is not a sufficient predictor of
ecological function.

Cost Benefits

Cost comparisons reported by Hylkema et al.
(2020) indicated substantial variation among reef
designs, with Reef Ball and Layer Cake structures
costing 264% and 516%, respectively, relative to
rock pile deployments. While cost was not
critically analysed in the present study due to
spatial and logistical variability, material usage
was quantified (Table 5). In this project, recycled
concrete cost about 5% of new OPC concrete,
reinforcing steel was sourced as scrap at no cost,
and Reef Ball moulds were already available. The
“current cost” of delivered premix is about
AUD400/m?, and Table 5 is scaled to this price.
With these assumptions, Broken Concrete
represented the least costly option, followed by
Reef Ball, Layer Cake, and SynCoral. Notably,
SynCoral achieved substantially higher ecological
performance than Layer Cake, with increases of
approximately 70.7% in abundance and 83.6% in
biomass, despite only a modest increase in
material cost (approximately 17%).

Table 5. Approximate material quantities used for each artificial reef type.

Reef Type Waste Concrete Purchased OPC Total Est. Cost AUD/kg

Rock (m?3) Concrete (m?®) Material (AUD per 4 biomass in

(m®) modules) the sample
Reef Ball 0 0.21 0.21 336.00 10.40
Broken 1.59 0 1.59 127.20 1.94
Concrete
Layer Cake 0 0.41 0.41 656.00 8.35
SynCoral 1.36 0.41 1.77 764.80 5.30
The short study duration limited assessment of the Layer Cake and SynCoral, where greater

production-versus-attraction debate. No direct
evidence of larval recruitment to artificial reef
modules was observed; however, the use of
internal refuge spaces inaccessible to observers
and larger predators cannot be ruled out.

Some support for the production hypothesis is
suggested by the recurring presence of Age-0
individuals in an apparent 12-month cycle,
particularly on high-complexity modules such as
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abundances of young-of-the-year were recorded.
However, the rapid appearance of intermediate-
sized fishes (20-30 cm and 30-40 cm) following
deployment suggests possible immigration from
surrounding habitats, although the origin of these
individuals could not be determined through
observation. In the absence of direct recruitment
observations, it is plausible that (i) juvenile and
sub-adult fish from low-refuge habitats could
experience  reduced  mortality  following
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colonisation of artificial structures, contributing to
apparent production, and (ii) larger individuals
arrived shortly after deployment and subsequently
stabilised, consistent with attraction from more
distant reef systems. The consistently lower
abundance of small size classes in sand control
areas, relative to artificial reefs, further supports
the role of habitat provisioning in structuring these
assemblages (Figure 4).

In both cases, increasing local carrying capacity
(K) by providing more shelter would be expected
to raise standing biomass. However, as
demonstrated by Roa-Ureta et al. (2019),
disentangling true production effects from
redistribution-driven attraction remains
methodologically  challenging, and an
unequivocal increase in K attributable to artificial
reef deployment could not be demonstrated in this
study.

Despite widespread deployment of artificial reef
structures, comparatively few studies have
rigorously evaluated design performance. The
present findings suggest that key structural
attributes, particularly site rugosity, surface area,
and refuge (hole) volume, are important predictors
of fish community responses (Table 2), in
descending order of explanatory power. These
results indicate that, under appropriate fisheries
management, targeted enhancement of habitat
complexity may increase local abundance and
biomass in structurally degraded environments.

However, such outcomes should be interpreted
with caution. As highlighted by Rogers et al.
(2018b), increased structural complexity and
refuge availability may also elevate the
vulnerability of reef-associated species to
exploitation, thereby introducing potential trade-
offs between ecological enhancement and
fisheries sustainability. More broadly, the extent
to which artificial reef communities resemble
natural reef communities over time is likely
governed primarily by the degree of convergence
in their underlying structural characteristics
(Perkol-Finkel et al., 2006). Overall, while
artificial reefs may effectively modify local
habitat complexity and associated fish
assemblages, the extent to which they generate net
ecological production, rather than redistribution
of existing populations, remains unresolved.
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Conclusions

This study assessed how artificial reef design
influences reef fish assemblages using multiple
structural configurations on the Great Barrier
Reef. Results, encompassing both diurnally and
nocturnally active species, indicate that most
artificial reef types supported biomass levels
comparable to those reported for unfished reef
systems.

Across all analyses, habitat complexity variables,
particularly site surface area, rugosity, and refuge
(hole) volume, were the strongest predictors of
fish community structure, outperforming gross
volume alone. In contrast, simple increases in
enclosed volume did not translate into higher fish
abundance or biomass, indicating that volumetric
capacity is a poor standalone predictor of
ecological performance in artificial reef systems.

The results further demonstrate that fish
community responses are governed by non-linear
and interacting effects of habitat structure rather
than single linear relationships. Designs
incorporating greater heterogeneity in surface
complexity and refuge sizes, such as SynCoral and
Layer Cake, generally supported higher fish
abundance and biomass compared with simpler
configurations. These findings suggest that fine-
scale structural complexity may be more
important than overall reef size or volume in
determining artificial reef performance.

Evidence for clear separation  between
“production” and “attraction” mechanisms
remained inconclusive over the short duration of
the study, even though patterns in size-class
distributions and rapid colonisation by
intermediate-sized fishes suggest that both
processes likely operated concurrently. However,
a definitive increase in system-wide carrying
capacity attributable to reef deployment could not
be demonstrated.

Importantly, these findings suggest that artificial
reef effectiveness depends more on habitat quality
and structural configuration than on the quantity
of material deployed. These results support a shift
in artificial reef design philosophy toward
optimising habitat complexity and refuge
diversity, rather than maximising structural
volume, while also recognising potential trade-
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offs between enhanced fish aggregation and
increased vulnerability to exploitation.
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