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SynCoral as a proxy for natural coral 
reef substrates 

Dr. Gerald Goeden & Anne-Mette Jørgensen 
Abstract 
In the face of declining fish populations, artificial reefs are seen as a possible way to 
increase stocks and food security. SynCoral is being developed as an environmentally 
friendlier alternative to concrete, which is commonly used in the construction of 
artificial reefs. In this research, we compare three different, commonly deployed 
artificial reef designs with Prototype SynCoral structures on Hook Reef, Great Barrier 
Reef. We also compare these artificial reefs with 100 Natural reef sites on Wistari Reef, 
Great Barrier Reef. 
We found that SynCoral artificial reefs supported significantly greater fish abundance 
than the other tested artificial reefs when overall reef size was kept the same. 
SynCoral also supported larger numbers of juvenile fish, suggesting that increased 
levels of production are possible. We compared Natural Reef habitats with SynCoral 
using Hedges’ g and found that where the mean fish biomass/50m2 for SynCoral was 
15.04 kg/50m2, the most similar natural habitat types on Wistari Reef were 
Sand/Rubble with 19.73 kg/50m2 (g: 0.586950) and Compact Flat with 18.64 kg/50m2 
(g: 0.597085). We were able to show that abundance and biomass were correlated 
with rugosity and suggest that designing SynCoral artificial reefs can play a significant 
role in building new or replacing lost coral reef fish communities. 
 
Introduction  
Coastal reefs have faced anthropogenic threats for many decades. These include 
habitat destruction, pollution, climate change, and overharvesting (Millennium 
Ecosystem Assessment, 2005; Lotze et al., 2006). Perhaps the most effected reef 
formations are coral reefs. They provide a variety of necessary economic goods and 
services to humanity valued at nearly US$400 billion or about US$6,000 per hectare 
per annum (Edwards and Gomez, 2007). It now seems likely that coral reef loss is so 
rapid and widespread as to globally threaten the existence of the habitat and its 
various populations (Burke et al., 2011; McClenachan et al., 2017). The consequent, 
dramatic loss of ecosystem services has prompted nature conservers to attempt to 
offset the problem by enhancing or expanding existing reefs. In most cases, the 
enhancement of reef habitats has been attempted through the addition of artificial 
structures, i.e. artificial reefs (Seaman, 2007; Becker et al., 2018).  
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An artificial reef is formally defined as a “submerged structure deliberately 
constructed or placed on the seabed to emulate some functions of a natural reef, such 
as protecting, regenerating, concentrating, and/or enhancing populations of living 
marine resources” (United Nations Environment Programme, 2009). Over the years, a 
wide variety of materials have been used in constructing artificial reefs, including 
concrete blocks, formed concrete modules, polyvinyl chloride (PVC) pipe, used tires, 
and other materials of opportunity (e.g. derelict ships, car bodies, and building rubble) 
(Paxton et al., 2020). In some cases, existing structures such as decommissioned oil 
and gas jackets are toppled or relocated to create fish shelters (Macreadie et al., 
2011). Attempts to construct artificial reefs using electrochemical accretion (biorock) 
have met with limited success. Results for electrochemically accreted “reefs” at 
Tioman Island, Malaysia were summarized by Affendi (2014). Most recently, artificial 
reefs have been 3D-printed, using mixtures of cement and other materials (Albalawi 
et al., 2021).  
The earliest recorded artificial reef was in Japan in the 1600s (Stone et al., 1991) but 
the greatest increase in the use of artificial reefs began in the 1950s when fishermen 
deployed disposable material to increase opportunity and catch. In many countries 
today, artificial reef construction is organized through government-directed artificial 
reef programs (McGurrin et al., 1989; National Oceanic Atmospheric Administration, 
2007). The rapid growth in artificial reef deployment in the face of dwindling fisheries 
and coral communities is now globally widespread across temperate and tropical 
systems and no longer limited to the more developed countries (Seaman, 2002; Ilieva 
et al., 2019). Common goals revolve around fisheries management and yield, 
mitigation of habitat loss, and restoration of structural and substrate loss (Becker et 
al., 2018). 
Although artificial reefs have been the subject of extensive research over the last 50 
years, there is ongoing debate as to whether artificial reefs are comparable in 
ecological function to natural reefs (Carr and Hixon, 1997; Simon et al., 2013; 
Granneman and Steele, 2015), increase abundance (Paxton et al., 2019), provide 
nursery areas (Mercader et al., 2017), or act as producers or attractors of fish 
(Bohnsack et al., 1997). Some artificial reefs have been shown to support equivalent 
amounts and functional groups of fish as their natural counterparts (Stone et al., 1979; 
Lemoine et al., 2019). But this is not always the case and artificial reefs have been 
documented with both more (Bohnsack et al., 1994; Arena et al., 2007; Paxton et al., 
2017) and less (Carr and Hixon, 1997; Froehlich and Kline, 2015) individuals and fish 
species. Evidence for whether artificial reefs support similar fish communities to 
natural reefs remains mixed (Paxton et al., 2020). 
SynCoral is a man-made material suitable for artificial reef construction. Our prototype 
material was concrete based, had a low carbon footprint and incorporated inexpensive 
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recycled or waste materials. These Prototype SynCoral modules were designed so 
that they could be assembled underwater by two divers. But, SynCoral can be cast in 
a variety of shapes and sizes and features like rugosity can be “designed in”. 
The purpose of this document is to compare Prototype SynCoral artificial reef 
modules with other artificial reef modules and with 10 different Habitat Types at 10 
different locations on a natural reef. Data from all the artificial reef modules are used 
to create regressions and compare artificial and natural structures. 
 
Methods 
In the first part of this study, we sampled fish assemblages on four types of artificial 
reef “modules” from 06/2004 through 06/2005 at quarterly intervals at Hook Reef, 
Great Barrier Reef (Goeden G.B. and Ismail M.S., in press A). We deployed Reef Balls, 
Building Rubble, Layer Cakes and a Prototype SynCoral© (see figure 1).  

 
Figure 1. Structural concepts of the types of artificial reefs used in the study.  
 
All artificial reef modules were manufactured onshore using Ordinary Portland 
Cement (OPC) concrete and concrete waste for their structure. To achieve some 
degree of standardization, all modules were patterned after the common Reef Ball as 
semi-ellipsoids and had very similar external dimensions and shape. To maintain 
form, Broken Concrete waste was retained in a shaped steel reinforcing mesh 
(0.2mx0.2m mesh openings) with a near circular opening at the top for hand loading 
the rock. The Control areas were “mostly open”, hard-sand bottom with numerous, 
scattered small coral rubble. We used a number of steel pins connected by a wire 
placed at a distance of 6.0m from the artificial reef modules and in the Control areas 
to mark a further “radius of influence” for each site. The “radius of influence” figure is 
supported by Madin, et al. (2011) who looked at grazing around patch reefs on Heron 
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Island, Great Barrier Reef. They found that the impact of reef grazers was minimal at 
distances greater than 6-9m. 
Artificial reef modules were deployed in two separate groups containing sets of four 
(laid out in separate clusters) for each structure type. Each type formed a square with 
module separation of about 8m (center to center) or 6m (edge to edge) so that each 
set of four occupied an area equal to its own footprint plus a functional “radius of 
influence” of another 6.0m, or about 480m2 in total. See Figure 2. We counted fish 
within about 2m of the bottom resulting in a sampled volume of about 1,000m3. Each 
set of four was located at least 50m from other sets and at least 150m from live coral 
patch reef outcrops. Numbers of each species were counted, but are pooled here into 
“functional groups” paralleling the functional groups of Williams and Polunin (2001) 
and allowing comparison with the Wistari Reef data (discussed below). 

 
Figure 2. Schematic plan view of a single artificial reef module test site.   
 
For the second part of the study, we sampled the fish populations of natural reefs at 
Wistari Reef, Great Barrier Reef in January, 2006. We used data from 10 cells (belt 
transects) within each of 10 habitat types (100 cell total) from around the perimeter 
of the reef. Each rectangular cell counted measured 5m x 10m with the long axis 
parallel to the reef crest. Note that our comparisons here are between “functional 
groups” of several taxa rather than single species. Bradbury and Goeden (1974) 
counted an estimated 205 species in the same cells and then compressed these to 
genera and families for analysis (1) to overcome possible identification problems 
especially in “mixed schools” and (2) to determine the partitioning of the reef at a more 
functional level; i.e., collections of taxa deemed to be functionally similar and 
paralleling the groups of Williams and Polunin (2001).  
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We compared artificial and natural reef samples using Hedges’ g. This is a measure 
of effect size (Hedges, 1981). Effect size describes how much one group differs from 
another—in this case we treat increasing effect size as a measure of difference among 
SynCoral modules and natural reefs. We adopted Cohen’s (1977) criteria for “g 
values”: small difference = 0.2, medium difference = 0.5, and large difference = 0.8 
where one unit of “g” can be thought of as one standard deviation, σ. 
Many coral reef surveys have shown that the linear length of a transect compared to 
the length of the undulating path over the same substrate is a measure of reef 
rugosity and that this measure of habitat complexity closely relates to fish abundance 
(Goeden, 1971; Risk, 1972; Luckhurst & Luckhurst, 1978; Carpenter et al., 1981; 
Turnigan, 1991; McCormick, 1994; Friedlander, A.M. & Parrish, J.D. (1998); Gratwicke 
& Speight, 2005; Kuffner et al., 2007; Shumway et al., 2007; Wilson et al., 2007; Purkis 
et al., 2008; Walker et al., 2009).  
For the artificial reefs, we used total surface area of a collection of artificial reef 
modules added to the surrounding substrate on a 480m2 site compared to the 
horizontal bottom area that the site occupied to describe our site “rugosity”. Our 
novel measure of “three dimensional rugosity” has a range from 0 (very flat) to almost 
1 (very convoluted). For comparison with Wistari data, we used 1 – (square root 
substrate area/square root site area) to calculate a “linear” rugosity. 
Fish biomass was calculated from fish counts using the length-weight (cm:g) 
equation W = a * TLb. The coefficients ‘a’ and ‘b’ were taken from a table by Kulbicki 
et al. (2005) and based on the median size of each size class. For each taxon, the 
number of fish belonging to each size class was summed and then converted to 
weight in kg and then summed by functional group. Finally, all taxa weights were 
summed for total biomass in kg per Reef Type.  
 
Results 
The abundance of individual fishes is perhaps the most common means of assessing 
production on reefs, both artificial and natural. Similarly, it’s a common way to 
compare artificial reef efficacy. Comparing the abundance of fish on the artificial 
reefs, we found SynCoral supported significantly larger numbers of individuals, 
p<.001, throughout the study (Fig. 3). 
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Figure 3. A comparison of fish abundance on different artificial reefs. 
 
We compared the fish abundance on the 10 different habitat types on Wistari Reef 
with SynCoral using Hedges’ g and found that two natural reef habitats were 
moderately similar. All of the other artificial reef types had significantly different g 
values. Moderately similar areas were the deeper sand/rubble (g: 0.598672) at the 
bottom of the reef slope and the shallower compact flat (g: 0.544975) (see Figures 
4). These areas bore a remarkably similar textural appearance to samples of 
SynCoral. 

 
Figure 4. Sand and Rubble Habitat (left) and Compact Flat (right). 
 
Comparing SynCoral fish density with Wistari natural habitat types, we find that the 
primary difference was in the variance (Figure 5). The mean fish density/50m2 for 
SynCoral was 52.22 compared to 68.1 for sand/rubble and 61.9 for compact flat. The 
next association was for low stag with a density of 65.0 fish/50m2 (g: 0.843429). The 
higher “g” for low stag is attributable to a greater standard deviation due to an outlier, 
therefore, this habitat type was treated as a “large difference”. Other natural habitat 
types had significantly different fish density distributions from SynCoral.  
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Figure 5. Range of fish density on Wistari Reef compared to SynCoral. 
 
In Figure 6, all the samples are plotted as bars with North and South Hook Reef 
samples grouped together. Variance among the 20 natural habitat cells (10 
sand/rubble and 10 compact flat) is quite high and probably the result of their 
different locations and depths around the reef. The SynCoral data is from only two 
sites (North and South Hook Reef) at five different sampling dates and is far less 
variable among samples. Variance aside, the average performance of SynCoral and 
these two natural reef habitats is clearly similar. 

 
Figure 6. A comparison of the variability of fish density on different Sand/Rubble and 
Compact Flat habitats compared to SynCoral. 
 
Rugosity has become an important measure of reef complexity (Luckhurst and 
Luckhurst, 1978; Carpenter et al.,1981; Turnigan, 1991; McCormick, 1994; Friedlander 
and Parrish, 1998); Gratwicke and Speight, 2005; Kuffner, et al., 2007; Shumway et al., 
2007; Wilson et al., 2007; Purkis et al., 2008; Walker et al., 2009) and has been shown 
to be closely linked to fish abundance at both Wistari Reef and Hook Reef (Goeden 
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G.B. and Ismail M.S., in press A). Although these research areas are on different reefs 
and geographically separated, we have used linear rugosity, Ru lin, as a means of 
general comparison. 
Figure 7 shows pooled fish density data for the two Wistari habitat types plotted 
against cell rugosity. Pooling results in much greater variance and R2 is consequently 
lower. We also plotted averaged artificial reef fish densities against their respective 
site rugosities. Note that the artificial reef sites contained a large expanse of sand 
with very low fish density while Wistari cells were “uniformly covered” through their 
full length with a well-established coral community. Based on the four artificial reef 
types, an Rulin >0.125 would tend to match or exceed the regression-derived natural 
reef fish density of Sand/Rubble and Compact Flat. 

 
Figure 7. Fish density vs. rugosity of natural habitats and artificial reefs. 
 
We repeated the comparisons using calculated biomass for SynCoral samples with 
those from Wistari natural habitat types. The mean fish biomass/50m2 for SynCoral 
was 15.04 kg/50m2. The most similar natural habitat types on Wistari Reef were 
Sand/Rubble with 19.73 kg/50m2 (g: 0.586950) and Compact Flat with 18.64 
kg/50m2 (g: 0.597085). The next association was for Low Stag with a biomass of 
18.99 kg/50m2 (g: 0.840718). Although not significantly different, the higher “g” for 
Low Stag is caused by an outlier producing a “large difference” with SynCoral. Other 
natural habitat types had significantly different biomass from SynCoral. 
Regressing the biomass for the two pooled similar habitat types on Wistari Reef and 
the artificial reef sites against their respective rugosities produced very similar 
results to the fish density regressions in figure 7. This is not surprising and suggests 
that the fish lengths and weights for each species did not vary between habitats. The 
biomass of the artificial reefs was significantly correlated with rugosity (R2=0.7964) 
resulting in the lowest value for Reef Ball and the highest value for SynCoral. 
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Comparisons between the pooled data for North and South artificial reef locations 
showed no significant difference in biomass due to high variance. When separated, 
all artificial Reef Types differed significantly (p<.001) from the Sand Control. All 
pairwise comparisons of artificial reef samples were significantly different (Table 1) 
with the exception of Broken Rock and Layer Cake, p>.05. Therefore, fish biomass 
was, for the most part, significantly different (p <.05) with respect to different artificial 
Reef Types, i.e. Reef Type was an important predictor of fish biomass.  
 

Artificial Reef Type Mean Biomass 
kg/50m2 

Sand Control 0.283 
Reef Ball 3.366 

Broken Rock 6.838 
Layer Cake 8.186 
SynCoral 15.036 

Table 1. Comparison of biomass in different artificial reef sites. 
 
Although all artificial reef types showed significantly increased biomass compared 
to the Sand Control at Hook Reef, we found that simple piles of Broken Rock 
outperformed Reef Balls by about 100%. SynCoral produced the greatest increase in 
biomass with about 53 times more than the simple Sand Control and significantly 
more than all other artificial reef types.  
 

Discussion 
In all cases, we found that fish abundance was positively correlated with habitat 
complexity as has been established by numerous other studies (Luckhurst & 
Luckhurst, 1978; Carpenter et al., 1981; Turnigan, 1991; McCormick, 1994; Friedlander, 
A.M. & Parrish, J.D. (1998); Gratwicke & Speight, 2005; Kuffner et al., 2007; Shumway 
et al., 2007; Wilson et al., 2007; Purkis et al., 2008; Walker et al., 2009). The nature of 
this relationship will vary with a range of environmental factors, geography, species 
mix, etc. Our results will apply most closely to the central and southern Great Barrier 
Reef. Goeden & Ismail (in press B) found that the correlation for the linear regression 
of fish abundance on coral cover for their combined data was weak (R2=0.2533), but 
their linear regression of fish abundance within each cell with the rugosity in that cell 
was more highly correlated (R2=0.6636). These two relationships suggest that 
changes in rugosity are better predictors of fish abundance than changes in coral 
cover. These results contrast with Komyakova et al. (2013) who found “critical” 
relationships between coral richness and cover and fish populations.  
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If we use Rulin as a guide, then building artificial reefs with a value of Ru~0.125 in this 
geographic region will result in a fish density and biomass comparable to the two and 
similar to a third relatively low rugosity habitat types on Wistari Reef. Importantly, the 
rugosity of these natural habitats was generated by a coral framework while the 
rugosity of the artificial reef modules was generated with OPC concrete. These 
materials are chemically very different (OPC contains large amounts of SiO2 and Al2O3 
and coral skeletons are principally CaCO3). While these differences effect the 
settlement success of many sedentary animals, it appears to be the rugosity of the 
substrate that has the greatest impact on fish abundance. This implies that SynCoral 
artificial reefs can serve as reasonably effective proxies for damaged Natural Reefs 
and their fish populations where we design them to match the pre-existing rugosity. 

MacNeil, et al. (2015) stated that, “Coral reefs that maintained 500 kilograms of fish 
biomass per hectare [about 50 percent of an average reef's carrying capacity or about 
2.5kg/50m2] were found to maintain ecological functions while sustaining local 
fisheries, providing fishers and marine managers with a critical target.” Table 1 above 
shows that Reef Ball did reach the MacNeil, et al. (2015) “sustainable biomass” level 
and maintained it over 18-month’s monitoring while all other Reef Types greatly 
exceeded that level. The rapid colonization of our artificial reefs by larger fishes points 
to greater attraction than production although SynCoral in particular recruited large 
numbers of very small fish. Observation suggested that it was the availability of small 
shelter spaces and shelters of different sizes that led to the higher performance of 
broken concrete and SynCoral. The attraction/production debate is often 
misunderstood. Attraction in itself, operates relative to the surroundings and the 
availability of alternative shelter. Where there is little shelter in the surroundings (e.g. 
our sandy Control areas), predation would be higher and survival and biomass would 
be greatly reduced; little production would take place. The converse of this is also true. 
Where there is greater production in the surroundings (e.g. a rocky substrate) and fish 
are attracted to added artificial reefs, fishermen may target the artificially high 
populations, overfishing can occur, and overall production may be reduced. It is this 
last possibility that leads to the assumption that “attraction is undesirable”. There are 
difficulties in separating attraction and production since Natural and artificial reefs 
can never be completely isolated if artificial reefs are to be colonized. Further research 
might explore the relationship between the size and timing of early colonizers and the 
distance from Natural Reef fish populations as well as the distances that larger reef 
fish travel over “open substrates” in search of food and shelter. 

Building large scale artificial reef projects with even greater rugosity is likely to 
approximate the fish community density and biomass over a range of more heavily 
populated coral reef environments. Paxton et. al., (2020) through meta-analysis found 
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that species richness was similar between natural and artificial reefs based on global 
results. It is our view that, with further design development, SynCoral artificial reef 
systems have the potential to maintain both fish biomass and species richness 
approaching that of heavily populated coral reef environments. This may be the best 
option in the face of growing coral reef loss due to global warming, eutrophication, 
and ocean acidification. We believe that artificial reefs can be designed to provide 
enough primary production to support a variety of trophic groups in the face of rapid 
environmental change. If this is correct, then the construction of well designed, very 
large scale artificial reef systems using SynCoral may help to offset the current loss 
of biomass and instead, maintain fisheries production and food security by increasing 
the functional size of coral reef habitats. 
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