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Approaches toward habitat conservation and restoration often include supplementing or
enhancing existing, degraded, or lost natural habitats. In aquatic environments, a popular
approach toward habitat enhancement is the introduction of underwater human-made
structures or artificial reefs. Despite the nearly global prevalence of artificial reefs deployed
to enhance habitat, it remains debated whether these structures function similarly to
comparable natural reefs. To help resolve this question, we conducted a literature review
and accompanying meta-analysis of fish community metrics on artificial reefs within the
coastal ocean and made comparisons with naturally-occurring reference reefs (rocky
reefs and coral reefs). Our findings from a synthesis of 39 relevant studies revealed that,
across reef ecosystems, artificial reefs support comparable levels of fish density, biomass,
species richness, and diversity to natural reefs. Additional analyses demonstrated that
nuances in these patterns were associated with the geographic setting (ocean basin,
latitude zone) and artificial reef material. These findings suggest that, while artificial reefs
can mimic natural reefs in terms of the fish assemblages they support, artificial reefs
are not one-size-fits-all tools for habitat enhancement. Instead, artificial reefs should be
considered strategically based on location-specific scientific assessments and resource
needs to maximize benefits of habitat enhancement.

Keywords: artificial reef, habitat enhancement, habitat creation, marine restoration, habitat supplementation, reef
fish, fish community, meta-analysis

INTRODUCTION

Coastal reef habitats face diverse and varied threats, including overharvesting, habitat destruction,
pollution, and climate change (Millennium Ecosystem Assessment, 2005; Lotze et al., 2006). For
example, extensive habitat degradation and loss has been documented on coral reefs (Burke
et al,, 2011; McClenachan et al., 2017). Foundation species (e.g., kelp) associated with rocky reefs
have also declined (Filbee-Dexter and Wernberg, 2018). Even when reefs are not actively facing
degradation, the value of ecosystem services that reefs provide (Hughes et al., 2017; Townsend and
Lohrer, 2019) often prompt managers to enhance the existing reefs (Seaman, 2007; Becker et al,,
2018). A popular approach toward reef habitat enhancement is the introduction of underwater
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human-made, artificial structures (Seaman, 2007). Human-made
artificial structures, such as metal vessels and concrete modules,
are frequently deployed as artificial reefs on the seafloor to
create reef habitats (Becker et al., 2018), and decommissioned
energy platforms are dismantled and converted to artificial reefs
(Macreadie et al., 2011).

Artificial reefs are defined as “submerged structure[s]
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).
Artificial reefs have a long history, with the first recorded
use in Japan during the 1600s when rock and rubble from
former buildings were deployed to aggregate fish and grow
kelp (Stone et al, 1991). In the United States, the first
documented use of artificial reefs occurred in the 1830s when
small wooden structures (log huts) were deployed off South
Carolina to facilitate fishing (McGurrin et al, 1989). More
widespread reef construction in the open ocean began in the
United States in 1935 but then lulled during World War II
(McGurrin et al., 1989). During the 1950s artificial reefs surged
in popularity, as fishermen deployed disposable objects, such
as tires and concrete, to enhance their fishing opportunities,
eventually leading to commonplace government-led artificial reef
programs (McGurrin et al, 1989). In the modern era since
the environmental movement in the 1960s and 1970s, artificial
reefs have garnered increasing attention as a tool for habitat
restoration and enhancement of fisheries resources.

Artificial reefs are widespread globally across temperate and
tropical systems (Seaman, 2002; Ilieva et al., 2019). In the
United States, for example, artificial reefs are established and
maintained by state-run artificial reef programs with national
guidance (National Oceanic Atmospheric Administration, 2007).
Artificial reefs are also prevalent in Europe (Jensen, 2002; Fabi
et al., 2011), Africa (Lechanteur and Griffiths, 2001; Seaman,
2002), South America (Honério et al.,, 2010; Hackradt et al.,
2011), Asia (Nakamura, 1985; Chou, 1997), and Australia
(Branden et al., 1994; Mills et al., 2017). The goals of artificial
reef programs vary geographically, yet common goals across
regions are to support fisheries management, increase fishing
yield, provide fishing and diving opportunities, mitigate habitat
loss, and to restore habitats, such as kelp forests and coral reefs,
by providing substrate (Becker et al., 2018).

Despite the popularity of deploying artificial reefs to enhance
habitat, it remains debated whether these reefs function similarly
to comparable natural reefs (Carr and Hixon, 1997; Simon et al.,
2013; Granneman and Steele, 2015). Artificial reefs are known to
facilitate abundance of tropical fish at their range edges (Paxton
et al., 2019), enhance nursery grounds (Mercader et al., 2017),
and host elevated predator densities (Paxton et al., in revision),
but also facilitate invasive species (Airoldi et al., 2015) and
increase biotic homogenization (Dafforn et al., 2015). Evidence
for whether artificial reefs support similar fish communities to
natural reefs is mixed. In some systems, artificial reefs have been
demonstrated to support equivalent amounts and types of fish as
natural reefs (Stone et al., 1979; Lemoine et al., 2019). However,
in other instances, artificial reefs have been documented to hold

greater (Bohnsack et al., 1994; Arena et al., 2007; Paxton et al,,
2017) or fewer (Carr and Hixon, 1997; Froehlich and Kline, 2015)
fish and fish species. Given the differing evidence, knowledge
gaps remain in whether fish community metrics are similar on
artificial reefs relative to natural reference habitats. Resolving
this question requires a global synthesis of artificial reefs, natural
reefs, and their associated fish communities.

Here, we conducted a literature search and meta-analysis
to test whether artificial reefs host similar fish community
metrics to comparable natural reefs. We focused our synthesis
on four fish community metrics—density, biomass, species
richness, diversity—reported on marine artificial reefs and
naturally-occurring habitats (rocky reefs and coral reefs) at
depths shallower than 150 m. Specifically, we asked: (1) Do fish
community metrics differ between artificial reefs and natural
reefs and (2) What potential mechanisms (e.g., geographic setting
and artificial reef material) explain differences in fish community
metrics on artificial vs. natural reefs?

METHODS

Literature Screening

We conducted a literature search of fish communities associated
with artificial reefs vs. natural reefs in the coastal ocean using
Web of Science and Google Scholar. In addition to artificial
reefs, other structures, such as shipwrecks (Hoyt et al., 2014)
and oil and gas infrastructure (Macreadie et al., 2011), also
reside on the seafloor. In this study, we collectively refer to these
structures (artificial reefs, shipwrecks, energy infrastructure) as
artificial reefs. We conducted the Web of Science search on 5
November 2019 using the advanced search function with Boolean
logic with the search query: TS = (artificial reef* OR artificial
habitat* OR man-made reef® OR shipwreck™ OR oil rig" OR oil
platform*) AND TS = (fish*) AND TS=(rocky reef* OR coral
reef* OR hardbottom™ OR hard-bottom™ OR hard bottom™ OR
livebottom OR live-bottom™ OR live bottom™ OR natural reef*)
AND TS = (abundance™ OR biomass™ OR densit* OR richness*
OR diversity*) (note that the * acts as a wildcard, so a string
such as densit* would represent density or densities). This search
for the dates 1900 to present yielded 524 potentially relevant
articles. We imported the title and abstract of each article into
Colandr (Cheng et al., 2018) and screened each article according
to specified inclusion criteria (Table 1). Briefly, we included field-
based studies that reported fish community metrics on artificial
habitats and comparable reference reef habitats in the coastal
ocean through direct observations, such as diver surveys, video
surveys, and net tows at depths shallower than 150 m. This initial
screening revealed that 103 of the 524 articles were candidates for
inclusion; we then conducted a full-text screening of these 103
articles based on the inclusion criteria. Of these studies, 32 met
our criteria and were retained for data extraction.

To ensure that additional relevant papers were not overlooked,
we completed a complementary search with a more basic search
query (fish assemblage OR fish community AND artificial reef
AND natural reef) from 1900 to present in Google Scholar
on 6 November 2019. Since this was a complementary and
intentionally broader search, it returned 23,600 articles sorted by
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TABLE 1 | Study inclusion components and criteria for literature review.

Inclusion Inclusion criteria

component

Subject(s)
Comparator

Reef-associated fish

Artificial habitats vs. natural reference habitats in coastal marine
systems globally. Artificial habitats can include artificial reefs, oil
platforms, wind turbine bases, and shipwrecks. Shoreline habitats
(e.g., jetties and breakwaters), aquaculture enclosures, pipelines,
and estuarine artificial habitats were excluded. Artificial habitats
were excluded if they were deployed on healthy or degraded
natural habitat. Natural habitats include rocky reefs and coral
reefs. Depth <150m

Response(s)  Density (or abundance), biomass, species richness, or diversity of
fishes on artificial habitats vs. natural reference habitats. Studies
that reported on metrics for only a subset of fishes, such as
planktivorous fishes, demersal fishes, resident fishes, or fish

families, were excluded

Study type Primary research studies reporting field observations of fish
assemblages or communities on artificial habitats and natural reefs
from visual surveys (e.g., diver surveys, video surveys, and

net tows)

relevance. We screened the titles and abstracts of the first 200
articles sorted in order of relevance in Google Scholar, conducted
a full text-screen on 24 potentially relevant articles, and found
7 that met our inclusion criteria. Thus, 39 papers (32 Web
of Science, 7 Google Scholar) in total were targeted for data
extraction. Both the Web of Science and Google Scholar searches
were for peer-reviewed literature (Table S1).

Data Extraction

We built a relational database in Microsoft Access to facilitate
data extraction. During data extraction, we recorded identifying
information for each study: author, title, publication date, and
journal information. We then extracted metadata related to
geographic location [continent, country, state (if applicable),
ocean basin, local water body, latitude, and longitude], survey
approach (method, year), natural reef descriptions (natural
reef type, depth, complexity, and description), artificial reef
descriptions (artificial reef type, depth, complexity, description,
material, date of deployment, and substrate deployed on), and
any additional notes that might be important for understanding
conditions of the study. If a range of depths were provided, we
used the mean of the upper and lower range values as the depth.
We categorized complexity as low (<2 m vertical relief), medium
(2-4 m vertical relief), or high (>4 m vertical relief). If multiple
sites were surveyed with differing complexities, we categorized
complexity according to the highest relief reef. If complexity
values were not provided, we used typical values (e.g., patch reef
= low relief, concrete modules = low relief, shipwreck = high
relief). We converted latitude to a factor called “latitude zone,
where 0-23.5° N/S is tropical, 23.5-35° N/S subtropical, 35-50°
N/S temperate, and 50-70° N/S subarctic. There were no studies
with latitudes >70° N/S. We coded artificial reefs composed of
more than one material (e.g., concrete, metal, boulders, and tires)
as “mixed.”

Next, we extracted data for each fish community metric
(i.e., density, biomass, richness, and diversity) reported in a
given study. For each fish community metric, we recorded the
units, and if units were not explicitly provided, we determined
them based on methodological information, such as the transect
dimensions for diver surveys. We then recorded the mean
value of the metric reported on artificial reefs and natural
reefs, as well as the accompanying precision and noted the
type of precision (none, standard error, standard deviation, 95%
confidence intervals). We extracted the sample size per reef type
and the location within the paper where data were extracted (e.g.,
table number, figure number, or paragraph location). For several
papers, data on fish metrics were only available from figures, so
we used the “digitize” package (Poisot, 2011) in R (R Core Team,
2019) to extract the relevant values.

While data extraction was straightforward for most
publications, others required us to make decisions about
which data were most relevant. In such cases, we made these
decisions on the basis of comparability. As an example, in several
studies, mean values were reported for one artificial reef and
for multiple natural reefs but without information necessary
to calculate a pooled group mean for natural reefs. In these
cases, we extracted the metric value from a single natural reef
that most closely matched the single artificial reef in location
(e.g., geography, depth). If studies reported metrics for multiple
artificial reef materials separately (e.g., metal vessel and concrete
pipes), then these values were recorded as different entries (rows)
in the database and associated with the same natural reef data.
If a study included only a segment of the fish community (e.g.,
only resident species or excluded certain fish families), then it
was omitted according to our inclusion criteria (Table 1) since it
did not report on the entire community.

Effect Size Calculations

To calculate effect sizes (e.g., outcome representing relationship
between fish community metrics for artificial vs. natural reefs),
we required standard deviation (SD), sample sizes (1), and mean
values (X) for each community metric and each study on both
artificial and natural reefs. Computations or conversions were
necessary to obtain the required values for some studies. When
standard error (SE) was presented but not SD, we calculated
SD as:

SD = SE\/n (1)

(Higgins et al., 2019). Similarly, when 95% confidence intervals
(CI) were provided, we calculated the SD as:

ﬁ (CIupper - Cllower)
3.92

SD = (2)

where Cljpyer and Clypper represent the lower and upper bounds
of the 95% confidence interval (Higgins et al, 2019). When
multiple groups were presented for a reef type (e.g., three artificial
reefs of the same material with metrics reported separately), we
pooled the means and weighted by the sample size following:

g
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where X; is the value of the ith group, n; is the sample size of the
ith group, and X is the weighted mean (Borenstein et al., 2009;
Higgins et al., 2019). We calculated pooled SD as:

IS, (0 — 1) SD?
SD = =" 4
pooled Zi n— N (4)

where N is the number of groups and SD; is the SD of the ith
group (Borenstein et al., 2009).

We calculated effect size as a standardized mean difference.
Specifically, we used Hedges’ g because it contains a correction
factor that reduces bias. Using the sample means, standard
deviation, and sample size for artificial (AR) and natural reef (NR)
groups, we then calculated the Hedges’ g effect size as:

(Xar — Xnr) *J
N

g= ART INUE (5)

(Borenstein et al., 2009), where J is a bias correction factor
calculated as:

3

4 (nag —nnp) — 9

J=1 (6)

(Koricheva et al., 2013), and where s is the standard deviation
pooled across reef type as:

(7)

s — (nAR — 1)SD124AR + (nNR - 1)SD12\]R
NAR + NNR — 2

(Borenstein et al., 2009). We calculated the variance of Hedges’
gas:
2
NAR + NNR g

Vg = + (8)

MARMNR 2 (nAR + NNR)

(Borenstein et al., 2009). For one study, fish community metric
means on artificial and natural reefs were unavailable, but
ANOVA results examining the effect of artificial vs. natural reefs
on metrics were available. We used the reported F value to
calculate Hedges’ g as:

F (ngr + nnr)
= a0 9
<l V' narnar ©)

and ensured that g was positive if the metric was higher
on artificial than natural reefs and negative if the opposite
(Koricheva et al., 2013). Similarly, for another study we used the
reported ¢-value to calculate Hedges’ g as:

_ ; [MAR T NR (10)
g NARNNR

(Koricheva et al., 2013).

Imputation of Missing SD

For studies that did not report measures of precision (n = 10
density, n = 4 biomass, n = 17 richness, n = 5 diversity), we
imputed SD by fitting a linear model between the known mean
and SD, both log transformed, from the other studies (Marinho
et al., 2003; Higgins et al., 2019). It is generally preferable to
impute missing values than to exclude those studies with missing
values from the meta-analysis (Batson and Burton, 2016; Weir
et al, 2018). We then used the fitted model to impute the
unknown SD values for the studies that reported means but
not SD. For the one study that provided a t-value and the
one study that provided an F-value that permitted calculation
of Hedges' g but not the variance in Hedges g, we used the
mean variance in Hedges” g from the other studies for the same
community metric and applied it (Batson and Burton, 2016). We
later verified that our model outcomes were robust to imputation,
as described below.

Meta-Analysis

We used the extracted data to explicitly test whether fish
community metrics differ between artificial reefs and natural
reefs using random effects models. We fit these meta-analytic
models with the “metaphor” package (Viechtbauer, 2010),
providing the Hedges g effect size and variance in Hedges' g
for each study. We used random effects meta-analysis models
because of their assumption that there may be different effect
sizes underlying different studies (Borenstein et al., 2009). For
each fish community metric, we first fit a base model without
moderators (i.e., independent predicator variables). We then fit
a series of mixed models using categorical moderators: ocean
basin (Atlantic, Pacific, Mediterranean), latitude zone (tropical,
subtropical, temperate, subarctic), and artificial reef material
(metal, concrete, boulders, mixed, tires). We chose not to include
depth as a moderator since our inclusion criteria specified that
all studies were shallower than 150 m. We also did not include
reef complexity as a moderator because reef complexity closely
relates to reef material. For example, metal ships are usually
high complexity, whereas concrete structures are usually low
complexity. We fit models for each combination of one, two, or
three moderators (ocean basin, latitude zone, artificial material),
resulting in eight total models per fish community metric.

We selected the final model from each of the eight candidate
models per fish community metric using Akaike Information
Criteria (Burnham and Anderson, 2004), with the lowest AIC
value indicating the best performing model. We also examined
the heterogeneity metrics associated with each model to verify
our model selection (Borenstein et al., 2009). These included
several metrics: T2 (tau?), the estimated total amount of
heterogeneity (or residual heterogeneity if moderator included in
model); I, the percent of total variability due to heterogeneity;
H?, the total variability divided by the within-study variance, and
R?, the proportion of true variance explained by the moderators
relative to the base model without moderators. Model selection
aimed to pick low T2, I?, H?, values and high R? values
(Borenstein et al., 2009). We additionally examined effect sizes
for the models. When models contained moderators, we obtained
the effect sizes of each moderator level by subtracting the model
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intercept. To then test for effects of moderators, we conducted
omnibus tests of moderator significance (yielding QMp values,
which provide a p-value for the moderator associated with
the residual heterogeneity test). We also conducted likelihood
ratio tests (LRTs) between the full and reduced versions of the
model to examine the effect of each moderator. We visualized
model results by plotting mean effect sizes and associated 95%
confidence intervals, as well as by creating forest plots to visualize
the effect sizes and confidence intervals of individual studies.

To verify that our final model results for each of the four fish
community metrics were not dependent upon the imputation
of the missing SD values, we bootstrapped the imputation
procedure 1,000 times. In each bootstrap iteration, we generated
a new log-log linear model, with model coeflicients drawn from
a 95% truncated multivariate normal distribution using the
“tmvtnorm” package (Wilhelm and Manjunath, 2015). We tested
how many times the significance of the moderators in each of
the final models changed relative to the original fits. We also
tested how many times the Hedges' g value was positive vs.
negative for the base models without predictors to provide a
supplementary test of the robustness of our overall results. To
examine potential effects of publication bias in the final models,
we created funnel plots, which help visually diagnose publication
bias, and quantitatively tested for funnel plot asymmetry using
regression tests (Viechtbauer, 2010). Specifically, we tested
whether the observed outcomes for models without moderators
or the residuals for models with moderators were related to their
standard error values.

RESULTS

Our meta-analysis of 39 studies (Figure 1; Table S1) revealed
that metrics describing fish communities are equivalent on
artificial and natural reefs (Figure 2). The studies included in
the meta-analysis span all continents except Antarctica and
include artificial reefs in three ocean basins (Atlantic, Pacific,
and Mediterranean). The artificial reefs were composed of metal,
concrete, boulders, mixed materials (>1 material), and tires.
Across the studies, density metrics were reported on 30 occasions,
biomass 15, richness 34, and diversity 10. This general pattern
of similar communities on artificial and natural reefs was robust
to imputation for all community metrics, as the effect size and
associated confidence intervals always overlapped zero during the
bootstrap procedure.

Below, we detail our findings and detected nuances for each
of the fish community metrics. When reporting the Hedges’ g
effect size, positive values indicate that a fish community metric is
higher on artificial reefs than natural reefs. In contrast, a negative
Hedges’ g effect size represents a community metric that is higher
on natural than artificial reefs. If 95% confidence intervals overlap
with zero, then the difference between artificial and natural reefs
is considered to not be statistically significant.

Density

Artificial reefs hosted similar fish densities to natural reefs
(Figure 2). When we examined how fish density by reef type
differed as a function of moderator variables, we discovered

90

60 .

®
®
30 o e, o \

Latitude (dd)
o

-90
-180 -120 -60 0 60 120 180
Longitude (dd)

FIGURE 1 | Locations of 39 studies included in global synthesis of fish
community metrics on artificial reefs relative to nearby natural reefs. Locations,
in decimal degrees (dd), have been offset to avoid visual overlap of points.

207 Artificial reef
151
1.0
05

Y SO S S S

-0.51

Hedges' g

-1.04

151 Natural reef

-2.01 N =30 N =15 N =34 N =10

Biomass  Richness Divérsity

Fish metric

Deﬁsity

FIGURE 2 | Fish community metrics on artificial vs. natural reefs. Shown are
mean Hedges’ g effect size estimated with random-effects models without
moderators for fish density, biomass, species richness, and diversity. Positive
g indicates the fish community metric is higher on artificial than natural reefs,
and a negative g means the opposite. Error bars represent 95% confidence
intervals. If error bars overlap with zero, then the fish community metric is not
significantly different on artificial vs. natural reefs. N represents the number
of studies.

nuances to this pattern (Figures 3, 4). Although ocean basin
was not significantly related to fish density, artificial reefs in the
Atlantic Ocean but not the Pacific Ocean or the Mediterranean
Sea tended to host higher density than natural reefs (Figure 3A;
LRT x2 = 4.13, p = 0.13). Fish density on artificial and natural
reefs was associated with the latitude zone that the reefs were
located in Figure 3B (LRT x2 = 10.76, p = 0.01). Artificial reefs
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FIGURE 3 | Effects of (A) ocean basin, (B) latitude zone, and (C) artificial material on fish density associated with artificial and natural reefs. Shown are mean Hedges’
g effect size estimated with mixed-effects models including either (A) ocean basin, (B) latitude zone, or (C) artificial material as a moderator. Positive g indicates
density is higher on artificial than natural reefs, and a negative g means the opposite. Error bars represent 95% confidence intervals. If error bars overlap with zero,
then density is not significantly different on artificial vs. natural reefs. N represents the number of studies.

in subarctic (50-70° N/S) zones supported higher fish density
than natural reefs, whereas artificial reefs in tropical regions
tended to support lower density, although this latter pattern was
not statistically significant (Figures 3B, 4). Additionally, reefs
composed of concrete tended to have higher density than natural
reefs (Figure 3C), but material was not significant overall (LRT
x% = 6.34, p = 0.18). These patterns were represented in the
final model selection that included latitude zone as a moderator
(QMp < 0.001), which explained 45.97% more variance than the
base model without the moderator (Table S2). These results were
not influenced by the imputation of standard deviation, as all
1,000 bootstraps of the final model imputation yielded p-values
for the moderator that remained significant. Additionally, the
regression test for publication bias indicated no asymmetry in the
funnel plot, suggesting there was not significant publication bias
(Figure S4A; p =0.79).

Biomass

Fish biomass did not differ on artificial and natural reefs
(Figure 2, Figure S1). Biomass remained similar on artificial and
natural reefs regardless of the ocean basin (Figure 5A; LRT x? =
0.33, p = 0.85) and latitude zone (Figure 5B; LRT x? = 2.36, p
= 0.31). However, biomass was higher on artificial materials of
mixed composition relative to natural reefs (Figure 5C, Table S3;
LRT x2 = 15.30, p = 0.004). The final model including artificial
reef material as the moderator (QMp < 0.0001) explained 100%
more variance than the base model without the moderator
(Table S3). The funnel plot (Figure S4B) and bootstrapping
procedure both verified that these results were robust to
imputation, and the regression test suggested no asymmetry
(publication bias) in the funnel plot (Figure S4B; p = 0.91).

Richness

Species richness was similar on artificial vs. natural reefs
(Figure 2, Figure S2). Neither ocean basin (Figure 6A; LRT x>
= 2.86, p = 0.24), latitude zone (Figure 6B; LRT x2 = 4.53,p =

0.10), artificial material (Figure 6C; LRT x2 = 0.41, p = 0.98),
nor imputation affected this outcome. Although not statistically
significant, artificial reefs located in the Mediterranean tended
to have lower species richness than natural reefs (Figure 6A),
and artificial reefs located in subtropical latitudes tended to
have higher species richness than natural reefs (Figure 6B). The
final model, therefore, did not include moderators (Table S4).
The regression test indicated asymmetry in the funnel plot
(Figure $4C; p < 0.01), suggesting the possibility that studies
with small or non-significant findings were not published and
thus not included in this analysis. If so, such a publication bias
could influence our results.

Diversity

Artificial and natural reefs exhibited similar fish diversity
(Figure 2, Figure S3). Nuances emerged with both ocean basin
(Figure 7A; LRT x> = 6.61, p = 0.04) and latitude zone
(Figure 7B; LRT x2 = 12.46, p = 0.006) influencing diversity
(QMp < 0.0001). In general, artificial reefs in the Mediterranean
or in tropical or temperate locations seemed to have higher
diversity than natural reefs, although the difference was not
statistically significant. Artificial material did not influence the
similarity in diversity on artificial and natural reefs (Figure 7C;
LRT x2 = 0.08, p = 0.78). The final model with both ocean and
latitude included as moderators explained 78.25% more variance
than the base model without these moderators (Table S5). The
imputation procedures did not affect the model outcome, and
funnel plot asymmetry was not significant, per the regression test
(Figure S4D; p = 0.72).

DISCUSSION

Our findings from synthesis of 39 relevant global studies
demonstrate that artificial reefs exhibit similar fish density,
biomass, richness, and diversity to natural reefs. Further analyses
revealed nuances in these patterns with geography and artificial
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Author(s) and year Latitude Relative effect [95% CI]
Hunter & Sayer 2009 Subarctic : — 3.25[2.07, 4.42]
Koeck et al. 2014 Temperate : —=— 2.08[1.33, 2.83]
Hackradt et al. 2011 Subtropical —=— 1.34[0.59, 2.10]
Lemoine et al. 2019 Subtropical D 1.16[0.41, 1.92]
D'Anna et al. 1994 Temperate HEH 0.72[0.32, 1.13]
Andersson et al. 2009 Subarctic ——— 0.44 [-0.71, 1.58]
Recasens et al. 2006 Temperate H—c 0.43 [-0.18, 1.04]
Lechanteur & Griffiths 2001 Subtropical - 0.27 [-0.20, 0.73]
Lemoine et al. 2019 Subtropical < 0.24 [-0.38, 0.85]
Kilfoyle et al. 2013 Subtropical l—-l—l 0.15[-0.40, 0.71]
Arena et al. 2007 Subtropical HH 0.13 [-0.16, 0.41]
Bohnsack et al. 1994 Subtropical |l| 0.08 [-0.17, 0.33]
Ambrose & Swarbrick 1989 Subtropical —— 0.06 [-0.57, 0.68]
Santos et al. 2013 Tropical !—p—l 0.04 [-0.84, 0.91]
Paxton et al. 2017 Subtropical = 0.03 [-0.50, 0.56]
Carr & Hixon 1997 Subtropical —— 0.03 [-0.95, 1.01]
Tupper & Hunte 1994 Tropical l-l-l 0.01[-0.43, 0.45]
Stone et al. 1979 Subtropical i 0.01 [-0.52, 0.54]
Morley et al. 2008 Subtropical i—-——l 0.01 [-0.87, 0.88]
Granneman & Steele 2015 Subtropical HilH 0.00 [-0.40, 0.40]
Bryan et al. 2013 Subtropical I—l—i -0.01 [-0.56, 0.54]
Paxton et al. 2017 Subtropical HH -0.01 [-0.41, 0.38]
Wang et al. 2015 Subtropical —a— -0.03 [-0.78, 0.72]
Fujita et al. 1996 Temperate |—-—| -0.03 [-0.68, 0.62]
Coelho et al. 2012 Temperate — -0.06 [-1.37, 1.25]
Andersson et al. 2009 Subarctic I—4—| -0.08 [-1.21, 1.05]
DeMartini et al. 1989 Subtropical p— -0.13 [-1.30, 1.05]
Froehlich & Kline 2015 Subtropical |—-—| -0.16 [-1.12, 0.80]
Wilhelmsson et al. 1998 Subtropical ! -0.98 [-1.64, -0.32]
Sreekanth et al. 2018 Tropical Ha- -1.28 [-1.76, -0.80]
i T | 1
-2 0 2 4 6
Observed Outcome
FIGURE 4 | Forest plot of observed outcome (Hedges’ g effect size) for the final fish density model with latitude included as a moderator. For each study, the effect
size and its 95% confidence intervals are provided, along with the latitude zone. Gray diamonds represent the mean effect size of latitude zones; the width of the
diamonds corresponds to the confidence interval limits for the fitted value. Positive effect sizes (Hedges’ g) indicate that fish density is higher on artificial than natural
reefs, and a negative value means the opposite. If the 95% confidence intervals overlap with zero, then density is not significantly different on artificial vs. natural reefs.

material. For example, artificial reefs located in the Atlantic
Ocean or composed of concrete hosted higher fish densities
than natural reefs. These findings suggest that artificial reefs
are effective tools for fish habitat enhancement because they
can support fish communities similar to those found on natural
reefs. Yet differences in fish communities with geography
and reef material indicate artificial reefs are not one-size-fits-
all tools for habitat enhancement, and deployment strategies
should be location-specific to address specific objectives, such as
those related to fisheries management or habitat enhancement.
We explore the implications of our findings with regards to
deployment of artificial reefs to enhance or restore habitats.

The evidence that artificial and natural reefs can host
similar fish community metrics stems from our synthesis of

peer-reviewed publications from North America, South America,
Europe, Asia, Africa, and Australia in coastal oceans up to
150 m deep. Our meta-analysis models revealed that, even with
variation in studies, artificial and natural reefs tend to host similar
density and biomass of fish, as well as species richness and
diversity, to neighboring rocky or coral reefs. This is reassuring
since many artificial reef deployments aim to enhance or restore
natural reef habitats (Becker et al., 2018). Our meta-analysis adds
a quantitative synthesis to the body of literature on the efficacy
of artificial reefs for fish habitat enhancement and in some cases,
restoration of degraded habitats (Pickering et al., 1999; Seaman,
2007; Dupont, 2008).

Despite the overall evidence garnered in our synthesis that
artificial and natural reefs perform similarly as fish habitat,
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FIGURE 5 | Effects of (A) ocean basin, (B) latitude zone, and (C) artificial material on fish biomass associated with artificial and natural reefs. Shown are mean
Hedges’ g effect size estimated with mixed-effects models including either (A) ocean basin, (B) latitude zone, or (C) artificial material as a moderator. Positive g
indicates biomass is higher on artificial than natural reefs, and a negative g means the opposite. Error bars represent 95% confidence intervals. If error bars overlap
with zero, then biomass is not significantly different on artificial vs. natural reefs. N represents the number of studies.
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FIGURE 6 | Effects of (A) ocean basin, (B) latitude zone, and (C) artificial material on fish species richness associated with artificial and natural reefs. Shown are mean
Hedges’ g effect size estimated with mixed-effects models including either (A) ocean basin, (B) latitude zone, or (C) artificial material as a moderator. Positive g
indicates species richness community metric is higher on artificial than natural reefs, and a negative g means the opposite. Error bars represent 95% confidence
intervals. If error bars overlap with zero, then species richness is not significantly different on artificial vs. natural reefs. N represents the number of studies.

artificial reefs in certain locations may perform better than
others relative to natural reefs. We discovered these distinctions
may be attributed to the ocean basin—Atlantic, Pacific, or
Mediterranean, as well as the latitudinal zone—tropical,
subtropical, temperate, or subarctic. These findings are logical
since previous studies have found that deployment location
of an artificial reef can affect the reef’s performance (Baine,
2001). For example, local factors linked to reef function include
the surrounding habitat characteristics, current, waves, water
temperature, turbidity, and depth (Baine, 2001). Spacing of
artificial reef structures relative to one another can also influence
fish communities (Strelcheck et al., 2005). In particular, the
pattern of lower fish density in tropical latitudes, where natural
reefs are largely coral reefs, suggests that it may be hard for corals
to recruit to and propagate on artificial reefs at rates similar

to natural reefs. In contrast, subarctic latitude reefs, which are
mainly rocky and often lack slow-growing, hard corals, hosted
higher fish density, perhaps because artificial reefs at these higher
latitudes may mimic natural reefs more quickly. Interestingly,
artificial reefs in the Mediterranean exhibited lower species
richness yet higher species diversity than natural reefs, which
may reflect upon evenness of the fish communities. Our findings
of broad-scale patterns in artificial reef function coupled with
previous knowledge that fine-scale patterns affect reef function
support the notion that artificial reefs should be evaluated on
case-by-case bases according to location-specific parameters and
needs (Dupont, 2008).

Fish community metrics on artificial vs. natural reefs are
also associated with artificial reef material. In our synthesis,
we found higher fish density on artificial reefs composed of
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FIGURE 7 | Effects of (A) ocean basin, (B) latitude zone, and (C) artificial material on fish diversity associated with artificial and natural reefs. Shown are mean
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indicates diversity is higher on artificial than natural reefs, and a negative g means the opposite. Error bars represent 95% confidence intervals. If error bars overlap
with zero, then diversity is not significantly different on artificial vs. natural reefs. N represents the number of studies.

concrete than natural reefs but that reefs of other materials hosted
similar amounts of fish to natural reefs. Interestingly, when we
examined fish biomass, we found higher biomass on mixed-
material artificial than on natural reefs. We know that material
can affect fish community metrics from prior studies examining
the performance of different types of artificial materials relative
to one another. For example, in the Atlantic Ocean, two studies
have documented higher densities and biomasses of fish on
large, high-relief metal structures as opposed to on smaller, low-
relief concrete structures (Paxton et al., 2017; Lemoine et al,,
2019). This directly contrasts with the meta-analysis findings
that concrete hosts higher fish densities than metal, which we
interpret as another indication of the necessity of location-
specific decisions on artificial reef deployments.

Given the association of geographic setting and artificial
material with changes in fish community metrics on artificial
vs. natural reefs, we consider location-specific siting of artificial
reefs to be both wise and necessary. For example, if an
artificial reef mimics a natural reef in the Pacific Ocean, we
cannot assume that it will in the Atlantic Ocean. Therefore,
while our global meta-analysis indicates that artificial reefs
can be effective at supplementing natural reefs, artificial reef
deployment strategies should be guided on local contexts,
rather than global or regional generalities. Additionally, even
though artificial reefs tended to host similar fish communities
as natural reefs, the amount of heterogeneity detected among
studies and the strong influence (weight) of select studies
further stress the importance of place-based artificial reef
deployment strategies.

We caution that while artificial reefs exhibit similar fish
community metrics to natural reefs in the 39 studies included
in our synthesis, our conclusions are limited to four specific
metrics—density, biomass, species richness, and diversity. Other
metrics, such as fish community composition or metrics specific
to functional groups, may behave differently. For example,
studies report that the trophic structure differs between artificial
and natural reefs for fishes (Simon et al., 2013), as well
as for invertebrates (Page et al, 2007). Additionally, we do

not know whether the food support that fish receive differs
between artificial and natural reefs, nor whether there are
species-specific patterns or differences related to reef size.
The age of artificial reefs may also have an influence on
community metrics, especially as water-column associated fish
seem to occupy artificial reefs soon after deployment, followed
by demersal species (Paxton et al., 2018). It is also plausible
that the survey gear and design (scuba survey type, net type,
etc.) may relate to fish detectability and thus influence patterns
by reef type. Disentangling such questions may contribute
to our understanding of how artificial reefs perform relative
to natural reefs, which could provide insight into traits of
artificial reefs that can best maximize fish habitat enhancement.
Lastly, we acknowledge the debate on whether artificial reefs
aggregate fish from nearby natural reefs or produce fish
(Bohnsack, 1989; Layman et al., 2016; Smith et al., 2016).
Whether aggregation or production occurs is likely system-
or species-specific, and we do not attempt to address this
debate with our meta-analysis. Instead, we simply document
and synthesize snapshots of fish community metrics reported in
global studies.

In conclusion, our synthesis revealed that artificial reefs,
when evaluated on the bases of fish community density,
biomass, richness, and diversity, perform similarly to natural
reefs. This suggests that artificial reefs can be effective habitat
enhancement tools for reef-associated fish communities. We
caution that, given patterns in fish community metrics on
artificial vs. natural reefs that emerged with geography and
artificial material, location-specific siting, and evaluations of
artificial reefs will be critical for maximizing the likelihood of
reef success.
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