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Ocean sprawl is replacing natural substrates with artiﬁcial alternatives. We hypothesized that, after submersion,
high occupancy, high mobility species colonize artiﬁcial substrates faster than low occupancy, low mobility
species, a biodiversity divergence that will slowly fade out with time. Using quantitative visual census of species
in 10 artiﬁcial and their adjacent natural substrates, we tested for the existence and temporal evolution of this
divergence. Assigning species to one of three occupancy and one of three mobility categories, we found that
artiﬁcial substrates increased the performance of high mobility, high occupancy species while decreased the
performance of low occupancy species with medium and low mobility. This biodiversity divergence remained
unchanged over the 50-year underwater timespan of the artiﬁcial substrates investigated. Our results suggest
that proliferation of artiﬁcial substrates is building up a biodiversity loss driven by the least conspicuous and
uncommon benthic and sessile species that is undermining coastal marine biodiversity.

1. Introduction
Coastal environments are critical components of the Earth support
system. They provide us with goods and services that surpass those
provided by any terrestrial ecosystem (Costanza et al., 1997). The relevance of coastal systems stems from their speciﬁc biological and environmental traits. Coastal waters up to 200 m deep are about 5–10% of
the world surface, yet they account for 25% of the primary production
of the oceans, 79% of marine ﬁsh species, and 90% of marine exploitation (Barnabé and Barnabé-Quet, 2000; Ray and McCormick-Ray,
2009). In short, coastal waters hold the greatest variety and abundance
of marine species (Gray, 1997) but they also are among the most
threatened by anthropogenic stressors (Halpern et al., 2007).
Demographic pressures on coastal ecosystems are steadily increasing as coastal zones are home to a large and growing proportion of
the world's population, which could rise by more than 50% between
2000 and 2030 (Neumann et al., 2015). Human-induced changes of the
coastal environment occur through a variety of activities such as
overﬁshing, pollution, or habitat destruction. Habitat degradation,
fragmentation, and loss are major threats to biodiversity (Sih et al.,
2000). These are widespread phenomena in coastal areas with over
50% of the world and 86% of Europe's coasts at moderate or high risk of
∗

degradation (Bryant et al., 1995). Given the high value of the coastal
services to humans, coastal degradation may cause a great environmental burden with important implications to our society (Costanza
et al., 2014). A better understanding of the eﬀect of human alterations
on the marine coastal diversity will certainly help minimize the negative consequences of coastal development and promote more eﬃcient
biodiversity conservation and management.
Ocean sprawl, the proliferation of artiﬁcial structures in the sea, is
an important component of coastal degradation in marine environments (Duarte et al., 2012; Firth et al., 2016). Breakwaters, dykes,
coastal defense structures, and other human-made constructions are
increasingly present in coastal areas to meet the growing demand for
commercial, touristic, and residential activities of the last decades
(Bulleri and Chapman, 2010; Firth et al., 2016). Artiﬁcial structures are
becoming a signiﬁcant habitat for marine organisms in detriment of
their natural counterparts (Airoldi and Beck, 2007; Dugan et al., 2011;
Duarte et al., 2012; Bishop et al., 2017). Beyond some striking examples
of ocean sprawl scattered over the world (e.g., Dubai or Qatar in the
Persian Gulf, Penang Is or Singapore in the Malay Peninsula, Firth et al.,
2016; Chee et al., 2017), the phenomenon is truly widespread and a
cause of environmental concern. The Mediterranean coasts of France,
Italy, and Spain have over 1500 km of artiﬁcial structures (Airoldi and
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Councils) the year of construction of each artiﬁcial structure to calculate the number of years they have been underwater until we surveyed
them. At each site, we ran three visual censuses that quantiﬁed ﬁsh,
invertebrate, and sessile species using the Reef Life Survey methodology
(Edgar and Stuart-Smith, 2014) during summer 2012 (June–September). Brieﬂy, the ﬁrst visual census quantiﬁed number and
abundance of demersal ﬁsh species in an area of 50 × 10 m. The second
visual census quantiﬁed macro invertebrate and cryptic ﬁsh species in a
50 × 2 m. Finally, to quantify sessile species, we took 25 × 25 cm
photoquadrat (PQ) every 2.5 m along the 50 m long transect, for a total
of 20 PQs. Then, for each PQ, we generated 20 random points with the
software CPCe V. 4.1 (Kohler and Gill, 2006) to quantify the percent
cover of sessile species. These three methods also represent degree of
mobility, as the ﬁrst method targets the highly mobile, swimming,
demersal ﬁsh community (high mobility), the second method targets
the benthic invertebrate and cryptic ﬁsh community (medium mobility), and the third method targets the ﬁxed-to-the-substrate invertebrate and algal sessile community with highly restricted or no
mobility as adults (low mobility).
Because we quantiﬁed species abundances in artiﬁcial substrates
and adjacent natural reefs, we “paired” for every species in our study
the abundance data in each artiﬁcial substrate to its natural counterpart
using the following abundance based index:

Beck, 2007), which represents about 15% of their coastline. Ocean
sprawl causes loss of coastal habitats (e.g., Airoldi and Beck, 2007) and
shifts in species abundance and distribution (Clynick et al., 2008;
Airoldi and Bulleri, 2011; Burt et al., 2011; Heery et al., 2017). Yet, we
are far to understand the ecological importance of artiﬁcial habitats and
whether, given enough time, artiﬁcial substrates will have the capacity
to hold communities equivalent to those on natural substrates.
Artiﬁcial habitats may add new variables and habitat types (e.g.,
material, rugosity, or dark sciaphilic habitats in shallow communities)
with important implications in community organization and functioning (Chapman, 2003; Bulleri and Chapman, 2010; Ponti et al.,
2015). High mobility species such as ﬁsh may colonize new habitats
sooner than species with more limited mobility such as mobile invertebrates or sessile organisms, which may rely more strongly on reproductive traits (Kinlan and Gaines, 2003; Perkol-Finkel and
Benayahu, 2007; Lin et al., 2008; Miller et al., 2009; Gothland et al.,
2014). Species abundance and size of the organisms may also determine
their capacity to colonize new habitats, with common (i.e., abundant)
species having numerical advantage over uncommon species in terms of
space occupation (MacKenzie et al., 2003; Strain et al., 2017). Similarly, widely distributed species that inhabit numerous locations (frequent, high occupancy species) are more likely to colonize artiﬁcial
habitats because surrounding natural reefs may act as a “pool source”
(Svane and Petersen, 2001). On the other hand, irregularly distributed
species inhabiting few locations (infrequent, low occupancy species)
may need longer time periods to colonize artiﬁcial habitats, underpinning a secondary successional diversity (Tilman, 1988). Colonization of artiﬁcial habitats by common and high occupancy species may
create a false state of similarity with natural substrates because the less
conspicuous species (uncommon and low occupancy species) are easier
to overlook. Yet, the less conspicuous species are bond to represent a
signiﬁcant percentage of the overall biodiversity (Whittaker, 1965) and
play critical roles in ecosystem functioning (Grime, 1998), so their
absence in artiﬁcial habitats would tone down biodiversity severely.
It is unclear whether artiﬁcial habitats deviate signiﬁcantly from
natural substrates or they can function as their natural counterparts
given enough time (Carr and Hixon, 1997; Glasby and Connell, 2001;
Perkol-Finkel et al., 2006). We herein hypothesized that species composition and abundance in artiﬁcial habitats deviate from natural reefs.
Artiﬁcial substrates will favor some species and disfavor others, resulting in signiﬁcant community diﬀerences between natural and artiﬁcial habitats. These diﬀerences, however, may decrease over the long
term making artiﬁcial substrates suitable environments to maintain
current levels of marine biodiversity. In our study, we selected 10 artiﬁcial substrates that have been underwater from 0 to 54 years and
tested whether the number and abundance of species diﬀered with their
associated natural reefs.

NAR =

Natural − Artificial
max(Natural, Artificial)

where Natural is the number of specimens of a single species present in
the natural substrate, Artiﬁcial is the number of specimens of the same
species present in the artiﬁcial substrate, and max (Natural, Artiﬁcial) is
the largest of these abundances. NAR computation for sessile species,
quantiﬁed through the use of PQs, was identical except for the use of
percent cover instead of abundance.
For every species, NAR (Natural-Artiﬁcial Ratio) is the proportion of
change in the number of specimens (or percent cover) found in artiﬁcial
as compared to natural substrates. NAR values range between 1 and -1,
with positive values when the species is more abundant in the natural
substrate and negative values when the species is more abundant in the
artiﬁcial substrate. Therefore, a NAR value of 0.75 represents a situation where the abundance of one species in the artiﬁcial substrate is
75% less than that in the natural reef, while the opposite is true for a
NAR value of −0.75 (i.e., abundance in the natural substrate is 75%
less than that in the artiﬁcial substrate). For any given species, NAR
equals 0 when the number of specimens in both substrates is identical.
Finally, we also categorized species as low, medium, or high occupancy species based on the number of locations (including both substrate types) where every species was found. Out of the 10 locations we
sampled, we deﬁned low occupancy species as those that occurred in 3
or less locations, high occupancy species as those that occurred in 8 or
more locations, and medium occupancy species as those that occurred
in 4–7 locations. It is important to note that these three categories
classiﬁed species independently of the actual number of specimens
quantiﬁed for each species. For example, a high occupancy species may
have a very small number of specimens, being considered “rare” under
an abundance criterion. Similar, a low occupancy species could be
present in very large numbers and be considered common or frequent.
For this reason, and to avoid misinterpretation, in this study we avoid
the terms “frequent, common, and rare” and refer to high, medium, and
low occupancy species to unambiguously state that these categories do
not refer to abundance but to the small-scale geographic distribution in
our study.
We used ﬁve analytical approaches to test for a number of hypotheses. First, we ran paired t-tests to test for diﬀerences in richness
(number of species), diversity (Shannon Diversity Index), abundance
(number of specimens), and number of exclusive species between artiﬁcial and natural substrates. We deﬁned exclusive species as those
that, for every location, were present in either the natural or the

2. Material and methods
We quantiﬁed species composition and abundance in 10 locations in
Tenerife, Canary Islands (Fig. 1, Table 1). At each location, we surveyed
hard bottom habitats with either artiﬁcial or natural substrates. All
artiﬁcial structures in our study were breakwaters, mostly built to
provide shelter for boats. None of the artiﬁcial structures investigated
in our study aimed to enhance species, to restore habitats, to prevent
areas from trawling or ﬁshing, or to promote recreational ﬁshing or
diving. In this regard, all the artiﬁcial substrates investigated were located in the seaward site of the breakwaters, had similar exposure,
orientation, slopes, and depths than their natural counterparts and resembled their nearby rocky reefs but with big quarry rocks or concrete
boulders added to provide coastal defense (Table 1). The artiﬁcial
boulders did provide a sciaphilic habitat mostly missing in the natural
reefs of our study due to the large number of dark spaces created by the
three-dimensional artiﬁcial structures. We obtained from oﬃcial
sources (Cabildo de Tenerife, Autoridad Portuaria de Tenerife, and City
191
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Fig. 1. Sampled artiﬁcial (dark circles) and adjacent natural substrates (light circles) scattered along the coast of Tenerife, Canary Islands. See Table 1 for additional
site information.

mobility) and their two-way interactions. Third, we also tested for
diﬀerences in richness, diversity, abundance, and number of exclusive
species (all variables rank-transformed because of lack of assumptions)
between artiﬁcial and natural substrates with a threeway analysis of
variance applying “aov” function of the vegan package in R (Oksanen
et al., 2016) with substrate type, species occupancy, and mobility as
fully orthogonal, ﬁxed factors (i.e., 180 data points for each variable; 3
levels of mobility x 3 levels of occupancy x 2 substrate types x 10 locations). We used a fourth analytical approach to test whether artiﬁcial
substrates increasingly resembled their natural counterparts with time.
To do so, we ran an analysis of covariance on the rank-transformed NAR
using species occupancy and mobility as ﬁxed factors and age of the
artiﬁcial substrates as covariate. Because NAR was calculated for each
species in our data set and many occurred in multiple locations, the
total number of data points in this analysis was 492, i.e., there were

artiﬁcial substrate, but not in both. It is possible that the same taxonomic species contributes multiple times as an exclusive species, regardless substrate type. For example, species “A” could be present exclusively in the natural substrate in one location and exclusively in the
artiﬁcial substrate in another location, contributing as an exclusive
species in both locations. Regardless the variable, all paired t-tests had
10 replicates, i.e., one natural and one artiﬁcial value for location. A
second analytical approach used log-linear models to test for diﬀerences
in richness, abundance, and number of exclusive species as a function of
substrate type, species occupancy, and species mobility. Because loglinear models are a type of multiway frequency table analysis, data for
each cell in the table was a single value with the total number of species, total abundance, or total number of exclusive species under each
respective category. Log-linear models were run with the three variables of interest (substrate type, species occupancy, and species

Table 1
Sampling locations (and numbers for their identiﬁcation in Fig. 1) with average depth (m), latitude and longitude for both natural and artiﬁcial substrates, age of the
artiﬁcial substrate (in years from submersion to sampling time) and type of material used for the construction of the breakwaters, i.e., material of artiﬁcial substrates.
Number

Location

Natural Substrate (NS)

Depth NS

Artiﬁcial Substrate (AS)

Depth AS

Age AS

Material AS

1

Garachico

5

0

Concrete

Teno

5.4

34

Concrete

3

Santiago

8.8

35

Concrete

4

San Juan

6.6

24

Concrete

5

Colón

7

27

Concrete

6

San Miguel

4.7

8

Concrete

7

Granadilla

3.3

18

Concrete

8

Güímar

3.2

4

Quarry rock

9

Caletillas

5.9

54

Concrete

10

Radazul

28º22′24.13″
16º45′09.62″
28º20′30.86″
16º55′11.27″
28º14′54.31″
16º50′34.74″
28º10′46.03″
16º48′57.61″
28º04′47.04″
16º44′17.59″
28º01′17.96″
16º36′36.42″
28º05′14.39″
16º36′37.25″
28º17′16.32″
16º22′42.67″
28º22′54.29″
16º21′21.81″
28º24′05.50″
16º19′35.72″

2.5

2

28º22′17.38″
16º45′10.33″
28º20′32.78″
16º55′06.98″
28º16′06.98″
16º51′05.11″
28º10′46.50″
16º49′10.26″
28º06′00.46″
16º45′20.83″
28º01′21.15″
16º36′33.25″
28º05′16.07″
16º29′25.39″
28º17′42.79″
16º22′21.10″
28º23′02.74″
16º21′11.87″
28º24′07.77″
16º19′39.77″

5.8

4

Quarry rock

N
W
N
W
N
W
N
W
N
W
N
W
N
W
N
W
N
W
N
W

4.6
6.8
6.2
7.9
3.7
6.5
3.8
3.6
6
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N
W
N
W
N
W
N
W
N
W
N
W
N
W
N
W
N
W
N
W
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species failed to statistically diﬀer between natural and artiﬁcial substrates (paired t-test, T = −0.918, df = 9, p = 0.382). The total
number of exclusive species that were found in either natural or artiﬁcial substrates varied as a function of occupancy and mobility (Fig. 2b,
χ2 = 9.886, df = 2, p = 0.007). High occupancy species with high
mobility were more often seen exclusively in artiﬁcial than in natural
substrates (56 vs. 42) while the opposite was true for low occupancy
species with medium (36 vs. 56) and low (19 vs. 37) mobility (Fig. 2b).
Substrate type also had an eﬀect on the average number of exclusive
species, although its eﬀect varied as a function of mobility and occupancy (three-way ANOVA, signiﬁcant substrate type eﬀect and its interaction with occupancy and mobility, Table 2c).
The total number of specimens also failed to statistically diﬀer between natural and artiﬁcial substrates (paired t-test, T = 1.151, df = 9,
p = 0.280). Yet, the total number of specimens in natural and artiﬁcial
substrates varied as a function of occupancy and mobility (Fig. 2c,
χ2 = 512.786, df = 4, p < 0.001). High occupancy species with high
mobility were more abundant in artiﬁcial than in natural substrates
(25.4 vs. 9.2) while the opposite was true for low occupancy species
with medium (17 vs. 56) and low (600 vs. 893) mobility (Fig. 2c). We
also found that the average number of specimens found in natural and
artiﬁcial substrates varied as a function of species occupancy and mobility (three-way ANOVA, signiﬁcant interaction term between substrate type, occupancy, and mobility, Table 2d).
NAR varied as a function of species occupancy, species mobility, and
their interaction (p = 0.005, p < 0.001, and p = 0.005, respectively,
Table 3). Age had no eﬀect on NAR, either directly (p = 0.436, Table 3)
or through its interaction with species occupancy and mobility
(p = 0.121, Table 3). Low occupancy species with medium and low
mobility were more abundant in natural than in artiﬁcial substrates
(Fig. 4). High mobility species showed negative NAR values regardless
their occupancy (Fig. 4). Permutational analysis of variance (PERMANOVA) failed to detect diﬀerences in species abundances between
natural and artiﬁcial substrates (Pseudo-F = 1.064, df = 1, p = 0.354,
Fig. 5).

multiple NAR values (multiple species) for each of the 10 age values
(one for each location). Regressions in the analysis of covariance were
highly replicated (between 32 and 93 data points depending on the
mobility x occupancy combination). Finally, we also ran a permutational analysis of variance (PERMANOVA) of square-root transformed
species abundance data to test for community level diﬀerences between
natural and artiﬁcial substrates. We used a resemblance matrix based
on Bray-Curtis distance and the “Adonis” function of vegan package (R
Development Core Team, 2013; Oksanen et al., 2016) with 999 permutations.

3. Results
We found none non-indigenous or invasive species out of the 107
identiﬁed species quantiﬁed in our study (Appendix 1). Overall, seven
out of the 10 natural substrates had more species than their artiﬁcial
counterparts, yet the total number of species failed to statistically diﬀer
between natural and artiﬁcial substrates (paired t-test, T = −0.918,
df = 9, p = 0.382). The log-linear model ﬁt well with the total number
of species found in natural and artiﬁcial substrates (Likelihood Ratio
χ2 = 3.429, df = 4, p = 0.489). The same model without occupancy
had a poor ﬁt (χ2 = 18.548, df = 6, p = 0.005), causing a signiﬁcant
change in the model (χ2 = 15.119, df = 2, p = 0.001). The number of
low occupancy species with medium and low mobility in natural substrates doubled and tripled those found in artiﬁcial substrates (Fig. 2a).
We also found that the average number of species found in natural and
artiﬁcial substrates might vary as a function of species occupancy and
mobility (three-way ANOVA, see probability of three-way interaction
term between substrate type, occupancy, and mobility, and probability
of substrate type in Table 2a).
Similarly, eight out of 10 natural substrates had higher Shannon
Diversity Index than their artiﬁcial counterparts, yet diversity failed to
statistically diﬀer between natural and artiﬁcial substrates (paired ttest, T = −1.983, df = 9, p = 0.079). We found that the average
Shannon Diversity Index found in natural substrates was signiﬁcantly
larger than in artiﬁcial substrates (three-way ANOVA, signiﬁcant substrate type, Table 2b), driven by the higher diversity values in natural
than in artiﬁcial substrates for the low occupancy species with medium
and low mobility (Fig. 3).
Seven out of the 10 natural substrates had more exclusive species
than their artiﬁcial counterparts, yet the total number of exclusive

4. Discussion
Human alteration of coastal ecosystems is widespread and artiﬁcial
substrates are becoming a signiﬁcant habitat in shallow rocky communities (Airoldi and Beck, 2007). The proliferation of artiﬁcial

Fig. 2. Percentage of a) species richness, b) exclusive species, and c) total species abundance found in artiﬁcial (dark bars) and natural (light bars) substrates.
Numbers within bars are a) total number of species, b) total number of exclusive species, and c) total abundance (x103) pooled across substrates as a function of
species occupancy (high, medium, and low occupancy, x-axis) and mobility (high, medium, and low mobility, y-axis).
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Table 2
Summary of the three-way analysis of variance on a) species richness, b) Shannon diversity index, c) number of exclusive species, and d) total abundance of
specimens with substrate type, species mobility, and species occupancy as ﬁxed factors.
Variable

Factors

df

SS

MS

F

p

Richness

Substrate
Mobility
Occupancy
Substrate*Mobility
Substrate*Occupancy
Mobility*Occupancy
Substrate*Mobility*Occupancy
Residuals
Substrate
Mobility
Occupancy
Substrate*Mobility
Substrate*Occupancy
Mobility*Occupancy
Substrate*Mobility*Occupancy
Residuals
Substrate
Mobility
Occupancy
Substrate*Mobility
Substrate*Occupancy
Mobility*Occupancy
Substrate*Mobility*Occupancy
Residuals
Substrate
Mobility
Occupancy
Substrate*Mobility
Substrate*Occupancy
Mobility*Occupancy
Substrate*Mobility*Occupancy
Residuals

1
2
2
2
2
4
4
162
1
2
2
2
2
4
4
162
1
2
2
2
2
4
4
162
1
2
2
2
2
4
4
162

3234
11,193
287,973
2873
4024
1,0408
8801
151,245
7618
6210
200,250
1855
5064
14,217
11,800
234,025
12,103
16,201
20,717
8423
20,099
9851
21,138
343,088
149
276,597
45,298
958
1904
10,771
9928
139,847

3234
5596
143,987
1436
2012
2602
2200
934
7618
3105
100,125
928
2532
3554
2950
1445
12,103
8100
10,359
4211
10,050
2463
5284
2118
149
138,299
22,649
479
952
2693
2482
863

3.46
5.99
154.22
1.53
2.15
2.78
2.35

0.064
0.003
< 0.001
0.217
0.119
0.028
0.055

5.27
2.14
69.31
0.64
1.75
2.46
2.04

0.022
0.119
< 0.001
0.527
0.176
0.047
0.09

5.71
3.82
4.89
1.98
4.74
1.16
2.49

0.017
0.023
0.008
0.14
0.009
0.329
0.044

0.17
160.2
26.23
0.55
1.1
3.11
2.87

0.677
< 0.001
< 0.001
0.575
0.334
0.016
0.024

Diversity

Exclusive species

Abundance

Table 3
Summary of the two-way analysis of covariance on the Natural-Artiﬁcial Ratio
(NAR) using species mobility and occupancy as factors and age of the artiﬁcial
substrates as covariate.
Factors

df

SS

MS

F

p

Occupancy
Mobility
Age
Mobility*Occupancy
Mobility*Occupancy*Age
Error

2
2
1
4
4
478

194,601.6
290,674.5
11,182.5
278,698.1
135,015.3
8,807,322.7

97,300.8
145,337.2
11,182.5
69,674.5
33,753.4
18,425.3

5.281
7.888
0.607
3.781
1.832

0.005
0.000
0.436
0.005
0.121

somehow contradictory and incomplete. For example, ﬁsh populations
in artiﬁcial structures can be either larger (Jessee et al., 1985; Rilov and
Benayahu, 2000; Granneman and Steele, 2015), similar (Santos et al.,
2013; Ross et al., 2016), or smaller (Carr and Hixon, 1997; Rooker
et al., 1997) than in natural reefs. Diﬀerences between natural and
artiﬁcial substrates may vary depending on the variable recorded (e.g.,
species richness, species abundance, species diversity), the location
investigated, the species quantiﬁed, or the complexity of the artiﬁcial
structures, among others (Hunter and Sayer, 2009; Granneman and
Steele, 2015). Our results showed biodiversity diﬀerences between
adjacent natural and artiﬁcial substrates. These diﬀerences were majorly driven by the larger diversity of low occupancy species with
medium or low mobility (i.e., rare benthic and sessile species) in natural substrates and the larger abundance of high occupancy and high
mobility species in artiﬁcial substrates (i.e., common demersal ﬁsh
species). Occupancy and mobility were, therefore, critical species traits
to explain diﬀerences between substrate types. Failure to include these
species traits resulted in non-signiﬁcant diﬀerences between both substrate types. Our results suggest that the more common and mobile
species create an illusion of natural communities in artiﬁcial substrates,

Fig. 3. Mean ( ± 1SE) Shannon diversity index of the species found in the 10
artiﬁcial (dark bars) and adjacent natural (light bars) substrates as a function of
species occupancy (high, medium, and low occupancy, x-axis) and mobility
(high, medium, and low mobility, y-axis).

structures in the sea, referred to as ocean sprawl (Firth et al., 2016), is a
cause of concern because artiﬁcial substrates may not function as the
natural substrates they often replace (Carr and Hixon, 1997; Airoldi and
Beck, 2007; Burt et al., 2009). Many studies have evaluated whether
communities in natural and artiﬁcial substrates diﬀer, yet evidence is
194
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Fig. 4. Mean ( ± 1SE) Natural-Artiﬁcial Ratio (NAR, y-axis) of the species found in the 10 artiﬁcial and adjacent natural substrates as a function of species occupancy
and mobility (x-axis). Positive NAR values are obtained with larger species abundance in natural than in artiﬁcial substrates, while negative NAR values are obtained
with larger species abundance in artiﬁcial than in natural substrates. Numbers below bars are the number of NAR values (i.e., species) contributing to each
occupancy*mobility combination. See Materials and methods for additional details.

available in natural reefs, which could result in increased species
richness, abundance, or diversity (Menge, 1976; Jessee et al., 1985;
Granneman and Steele, 2015). Out of the many possible artiﬁcial
structures deployed in the ocean, artiﬁcial reefs have been widely used
as a tool to help mitigate undesired trends such as habitat loss
(Pickering and Whitmarsh, 1997) or to help preserve, restore, or enhance desired ecological functions such as diversity and production
(Perkol-Finkel and Benayahu, 2005) or ﬁsheries (Baine, 2001).

by homogenizing both habitats and masking the negative eﬀect that
artiﬁcial substrates have in a large proportion of species. We found no
evidence to support that these diﬀerences decreased over time, suggesting that artiﬁcial substrates are bad surrogates of their natural
counterparts, at least over the 54-yr span investigated in our study.
There are reasons to expect that artiﬁcial substrates can mimic or
surpass the biodiversity found in natural substrates (Baine, 2001). Artiﬁcial structures may provide additional habitats and refuge to those

Fig. 5. Non-metric multidimensional scaling (MDS) based
on Bray-Curtis distance similarity matrix calculated from
square-root transformed abundances of all species found in
artiﬁcial (dark) and natural (light) substrates. Numbers
within circles indicate locations as speciﬁed in Table 1. P
value provided by permutational analysis of variance to test
for diﬀerences between artiﬁcial and natural substrates. See
text for additional details.
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Artiﬁcial reefs built with concrete blocks seem to increase both ﬁsh
species and ﬁsh biomass (Pickering and Whitmarsh, 1997) as compared
to artiﬁcial reefs built with pipes or natural reefs (Brock and Norris,
1989). Compared to natural reefs, the smaller size of artiﬁcial reefs can
also explain higher species densities due to increase reef perimeter/area
ratio (Jessee et al., 1985; DeMartini et al., 1989; Bohnsack et al., 1994).
Most evidence for enhanced biodiversity (in a broad sense) by artiﬁcial
reefs stem from ﬁsh data (Svane and Petersen, 2001), but increased
invertebrate and algal populations have also been reported (Hunter and
Sayer, 2009; Granneman and Steele, 2015). Whether the increased
abundance, biomass, or diversity (in a broad sense) found in artiﬁcial
reefs is due to increased production in the artiﬁcial structure or to attraction from surrounding environments, i.e., the production vs attraction debate (Pickering and Whitmarsh, 1997), remains unresolved.
Yet marine artiﬁcial structures can be deployed with no ecological/
conservational goals in mind, for example, to provide shelter for boats
as the breakwaters investigated in our study. These type of structures
can show trends that diverge from those found in artiﬁcial reefs, with
decreased biodiversity (in a broad sense) on artiﬁcial structures
(Chapman, 2003; Airoldi et al., 2015). Our results provided evidence
that the eﬀect of artiﬁcial substrates varied as a function of the variable
and species (or species group) investigated. Three set of data supported
evidence for increased performance of artiﬁcial over natural substrates
in our study. First, average NAR (Natural-Artiﬁcial Ratio) for high mobility species was negative, providing evidence for larger abundance of
high mobility species in artiﬁcial than in natural substrates. Because
NAR was calculated for every species in our study, the negative average
values suggest that the larger abundance of high mobility species found
in artiﬁcial substrates was a general pattern driven by many species. In
fact, 80% of the high occupancy and 45% the low occupancy species
with high mobility were more abundant in artiﬁcial substrates (as opposed to only 20% and 30% that were more abundant in natural substrates). Second, total and average abundance of high occupancy species were higher in artiﬁcial than in natural substrates. Third, the
number of exclusive high mobility species with high occupancy found
in artiﬁcial substrates doubled those found in natural substrates. Our
results might suggest that the success of these species stem from their
capacity to inhabit a variety of habitats (high occupancy) and to occupy
new habitats as they become available (high mobility). All high mobility species in our study were demersal ﬁsh, so our study supports for
the increased ﬁsh abundance and biomass found in many artiﬁcial reefs
(Chapman, 2003), often deployed with speciﬁc conservation goals (as
opposed to the coastal protection goals of the breakwaters investigated
in our study). Increased ﬁsh abundance is a sought-after eﬀect that can
bring beneﬁts to multiple stakeholders, including recreational and
commercial ﬁshing (Whitmarsh et al., 2008) or diving industry (van
Treeck and Schuhmacher, 1999; Crabbe and McClanahan, 2006;
Kirkbride-Smith et al., 2013), among others. Given that only high
mobility species showed increased performance in the artiﬁcial substrates, our results could support for a stronger attraction than production eﬀect in the attraction vs production debate (Pickering and
Whitmarsh, 1997).
Our data showed stronger evidence for decreased performance of
artiﬁcial over natural substrates, which was driven by low occupancy
species with medium and low mobility. In our study, medium mobility
species included multiple invertebrates and cryptic ﬁsh species. Adult
organisms of these species are clearly more attached to the substrate
than demersal ﬁsh and have a somehow reduced mobility. In our study,
low mobility species included any sessile organism permanently attached to the substrate and, therefore, with highly restricted (i.e., nil)
mobility. Other studies have also reported decreased artiﬁcial reef
performance associated with sessile species, i.e., higher coral richness
and diversity in natural habitats than in artiﬁcial reefs (Perkol-Finkel
and Benayahu, 2004; Perkol-Finkel et al., 2005, 2006; Burt et al.,
2009). Our data also showed that artiﬁcial substrates had lower numbers of low occupancy benthic and sessile species that were observed

exclusively in either the natural or the artiﬁcial substrate, giving additional evidence for the decreased performance of artiﬁcial substrates
in species richness. Yet, abundance of sessile species may be higher in
artiﬁcial than natural reefs (Hunter and Sayer, 2009; Granneman and
Steele, 2015). Even more, artiﬁcial reefs can be less diverse but, at the
same time, hold higher abundance than natural reefs (Burt et al., 2009).
We found the opposite, i.e., larger total abundance per species and
larger average NAR of low occupancy benthic and sessile species on
natural reefs, providing evidence for higher species density in natural
than in artiﬁcial substrates. Because only medium and low mobility
species with low occupancy showed decreased performance in the artiﬁcial substrates, these results could support for a weaker production
than attraction eﬀect in the attraction vs production debate (Pickering
and Whitmarsh, 1997). If our data can be interpreted within this debate, our study might provide greater support for the attraction (improved performance of demersal ﬁsh, i.e., associated with the attraction
eﬀect) over the production eﬀect (reduced performance of sessile species, i.e., associated with production eﬀect) of the debate. Information
on the size distribution of species in both substrate types (not analyzed
in our study) could help shed more light into this unresolved debate.
Overall, and beyond the speciﬁc results, our ﬁndings suggest that
artiﬁcial substrates missed an important component of biodiversity, the
least widely distributed benthic and sessile species. Despite their scarcity, these species were 40% of the total number of species in our study,
representing a signiﬁcant part of the biodiversity of the rocky littoral
bottoms. Yet, because the species missing in our artiﬁcial substrates
were the least apparent species in the community, artiﬁcial substrates
gave an illusion of natural-like substrates driven by the most conspicuous species. In fact, and for all variables analyzed in our study,
natural and artiﬁcial substrates failed to diﬀer statistically unless we
considered species occupancy and mobility. These species traits were,
therefore, critical to ﬁnd diﬀerences between natural and artiﬁcial
substrates and provided evidence for the big impact that common
species have at the community level, both statistically and at an observational, landscape scale. The large inﬂuence of common species at
the community level exceeds biodiversity implications per se, linking
biodiversity with ecosystem functioning (Grime, 1998). While common
species are responsible for immediate eﬀects, the ﬁlter and founder
eﬀects of the not-so-common species may become apparent at longer
time scales and cannot be neglected (Grime, 1998).
Long-term data on the composition and abundance of species inhabiting artiﬁcial reefs is scarce, particularly with proper comparisons
with natural reefs. In a 15-year study of artiﬁcial reefs oﬀ Rio de
Janeiro, ﬁsh species richness, abundance, and biomass increased up to
the 6–7th year to decrease thereafter although, unfortunately, no data is
available from adjacent natural reefs (Neves dos Santos and Zalmon,
2015). Other studies have comparisons with natural reefs, but the artiﬁcial reefs have been few years underwater. Fish populations in young
artiﬁcial reefs seem to be larger than in natural reefs (Bohnsack et al.,
1994; Clark and Edwards, 1999; Chapman and Clynick, 2006) although
ﬁsh assemblages may (Bohnsack et al., 1994; Clark and Edwards, 1999)
or may not (Tupper and Hunte, 1998) diﬀer. Data for mollusks showed
an opposite pattern with lower diversity, richness, and evenness but
larger number of specimens and dominance in artiﬁcial than natural
reefs (Badalamenti et al., 2002). However, their natural and artiﬁcial
reefs were associated with clear and turbid waters, which could act as a
confounding factor (Badalamenti et al., 2002). Besides ﬁsh, Chapman
and Clynick (2006) also quantiﬁed the algal and sessile invertebrate
populations on their natural and artiﬁcial reefs, which were both similar.
At the other side of the age spectrum, data from a single 119-year
old shipwreck and the adjacent reef where it sunk showed that naturallike communities developed only where the structure of the wreck
matched the reef structure (Perkol-Finkel et al., 2006). Despite being
underwater for over a century, wreck sections that diﬀered structurally
from natural reefs also diﬀered ecologically (Perkol-Finkel et al., 2006).
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structures will sure lead to a more eﬀective use of these habitats. Should
we aim to minimize biodiversity loss and promote its conservation,
reliance on artiﬁcial substrates as surrogates of natural reefs looks dubious. Strategies that lessen habitat destruction combined with alternative protection and restoration measures may provide more eﬃcient
mechanisms for biodiversity conservation (Abelson et al., 2016; Geist
and Hawkins, 2016; Kollmann et al., 2016).

Likewise, sessile communities in natural reefs diﬀered with those from
breakwaters of varying age, even after 31 years underwater (Burt et al.,
2011). Similarity between natural and breakwater communities increased with time (Burt et al., 2011), which could be interpreted as an
example of directional replacement of species. In fact, turf algae
dominated breakwaters until 1.5 years, followed by a peak in bivalves
on the 3.5 to 5.5-year-old reefs, and then coral cover gradually increased with reef age (Burt et al., 2011). These transitions from shortlived, fast-growing, opportunistic species to long-lived, slow-growing,
competitively superior species agrees with the directional replacement
of species in classic succession although it does not guarantee stable
communities equivalent to those found in surrounded natural reefs
(Svane and Petersen, 2001). Other studies have shown that artiﬁcial
reef communities may take over a decade to resemble those in natural
reefs (Aseltine-Neilson et al., 1999; Abelson and Shlesinger, 2002;
Perkol-Finkel and Beneyahu, 2004, 2007), but the resulting community
may not be natural-like (Perkol-Finkel et al., 2006).
Our study is a snapshot comparison of multiple artiﬁcial substrates
and their adjacent natural counterparts. For each location, natural and
artiﬁcial substrates were equivalent in terms of orientation, wave exposure, depth, and slope. The artiﬁcial substrates we investigated differed in ecological conditions and spanned from 0 to 54 years underwater. We observed no major, community-level temporal trend in the
presence and abundance of species. In the 20 reefs studied, we quantiﬁed presence and abundance of a total of 107 species. Detailed analyses at the species level or species-speciﬁc patterns along the 50-year
timespan of our study are beyond the scope of this study. Our goal was
to test whether communities inhabiting artiﬁcial substrates were
equivalent to those found in natural substrates of the same area. As
discussed previously, there are multitude examples with varying results
often leading to contrasting conclusions. Our approach focused on
many species to maximize ecological patterns over species speciﬁc responses, paired every artiﬁcial substrate with its adjacent natural reef to
minimize community diﬀerences due to distinct geographic and environmental conditions, and used artiﬁcial substrates with varying
numbers of years underwater to test for temporal trends in community
organization. Overall, i.e., without considering species mobility and
occupancy in our models, we found no statistical diﬀerences in diversity
(broadly deﬁned) between artiﬁcial and natural substrates. They
seemed to be equivalent. These results were driven by the strong inﬂuence of common species, which minimized the large diﬀerences in
low occupancy species with medium and low mobility. These benthic
and sessile species were 40% of the species in our study and they were
signiﬁcantly less represented, both in terms of species number and
abundance, in artiﬁcial substrates. Inclusion of species mobility and
occupancy was therefore critical to describe the biodiversity loss associated with the artiﬁcial communities. Contrary to our expectations, age
played no signiﬁcant role to explain diﬀerences between natural and
artiﬁcial substrates. Our results suggest that, regardless of directional
replacement of species, communities developing in artiﬁcial substrates
need not match their natural counterparts, as previously reported
(Perkol-Finkel et al., 2006). This output agrees with the ecological
succession following non-catastrophic disturbances, despite artiﬁcial
substrates do oﬀer a denuded substrate for primary succession (Platt
and Connell, 2003). Given the current proliferation of artiﬁcial structures in our shallow marine environments, we might be building up a
large biodiversity loss in shallow water marine communities around the
globe. This unintentional loss is hard to detect as it seems to target the
least conspicuous and less investigated benthic and sessile species. Fish
species, the main target of many studies, seem to thrive in artiﬁcial
substrates both in terms of number and abundance of species. Since
communities inhabiting artiﬁcial substrates deviate from natural communities, artiﬁcial structures could lead to an increase of regional diversity (Connell and Glasby, 1999). Our results suggest otherwise that
artiﬁcial substrates are not surrogates for natural communities (Burt
et al., 2011). Understanding the strengths and weaknesses of artiﬁcial
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