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ABSTRACT

Aim The global sprawl of marine hard infrastructure (e.g. breakwaters, sea
walls and jetties) can extensively modify coastal seascapes, but the knowledge of
such impacts remains limited to local scales. We examined the regional-scale
effects of marine artificial habitats on the distribution and abundance of assem-
blages of ascidians, a key group of ecosystem engineer species in benthic foul-
ing systems.

Location Five hundred kilometers of coastline in the North Adriatic Sea.

Methods We sampled a variety of natural reefs, marine infrastructures and
marinas, and tested hypotheses about the role of habitat type and location in
influencing the relative distribution and abundance of both native and non-
indigenous species.

Results Assemblages differed significantly between natural and artificial habitats
and among different types of artificial habitats. Non-indigenous species were
2-3 times more abundant on infrastructures built along sedimentary coastlines
than on natural rocky reefs or infrastructures built close to rocky coastlines.
Conversely, native species were twice as abundant on natural reefs than on
nearby infrastructures and were scarce to virtually absent on infrastructures
built along sedimentary coasts. The species composition of assemblages in arti-
ficial habitats was more similar to that of marinas than of natural reefs, inde-
pendently of their location.

Main conclusions Our results show that marine infrastructures along sandy
shores disproportionally favour non-indigenous over native hard bottom spe-
cies, affecting their spread at regional scales. This is particularly concerning for
coastal areas that have low natural densities of rocky reef habitats. We discuss
design and management options to improve the quality as habitat of marine
infrastructures and to favour their preferential use by native species over non-
indigenous ones.

Keywords

artificial marine infrastructure, biological invasions, coastal urbanization, habi-
tat fragmentation, mitigation of anthropogenic impacts, non-indigenous spe-
cies and regional-scale effects.

INTRODUCTION

wood, 1999). Sprawl has dramatically expanded across

marine seascapes (Airoldi & Beck, 2007; Bulleri & Chapman,

Urban sprawl is one of the most extreme and widespread
human impacts (McKinney, 2006) and can lead to species
extinctions, severe landscape changes and homogenization of
biota at local, regional and global scales (McKinney & Lock-
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2010). Large coastal and marine areas of Europe, North
America, Asia and Australia are nowadays covered by sea
walls, dykes, breakwaters, groynes, jetties, pilings, bridges,
artificial reefs, offshore platforms and energy installations
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(Dugan et al., 2011; Feary et al.,, 2011). It is expected that
constructions will further accelerate as a result of burgeoning
coastal populations, greater threats from climate change,
storm surges and sea level rise and renewable energy produc-
tion, which is one of the fastest growing industries on the
seafloor (Inger et al., 2009; Witt et al., 2012).

The construction of marine infrastructure typically
involves the replacement of natural, most often sedimentary,
substrata with harder surfaces such as stone, concrete,
asphalt, metal or other artificial material (Airoldi et al., 2009;
Witt et al., 2012). These habitat modifications have altered
the distribution of a number of species, some of which can
thrive on these anthropogenic surfaces. In the Wadden Sea,
for example, ¢. 730 km of artificial structures (harbours,
causeways, dikes, piers and breakwaters) has introduced c.
2—4 km® of hard surfaces for colonization of rocky bottom
species otherwise rare or absent in such sedimentary environ-
ments (Reise, 2005). In the northern Gulf of Mexico, c. 4000
oil and gas platforms have enhanced the distribution of coral
populations into areas where they were previously absent
(Sammarco et al., 2004). For this reason, marine infrastruc-
tures are increasingly perceived as an opportunity for habitat
enhancement, providing local benefits associated to hard
substrata where none previously existed, or potential refugia
for rare or threatened native rocky species (Inger et al., 2009;
Martins et al., 2010; Langhamer, 2012; Perkol-Finkel et al.,
2012). At the same time, the long-term and regional conse-
quences of the extensive sprawl of these artificial habitats are
debated (Airoldi et al., 2005b; Feary et al., 2011; Fauvelot
et al., 2012; Witt et al., 2012).

The ecological value of artificial structures as habitats for
native species can vary in relation to many structural and
environmental factors (Moschella et al, 2005; Burt et al.,
2009a; Dugan et al, 2011; Perkol-Finkel et al., 2012; Firth
et al., 2014). Further, marine infrastructures seem to be par-
ticularly susceptible to colonization of non-indigenous spe-
cies (Bulleri & Airoldi, 2005; Glasby et al., 2007; Vaselli
et al., 2008; Dafforn et al., 2012; Mineur et al., 2012). Non-
indigenous species may spread out from harbours, marinas
or other sources, but the seascape connection between pri-
mary entry points and other suitable habitats (either natural
or artificial) remains understudied (Floerl et al., 2009; Simk-
anin et al., 2012), in spite of the fact that these connections
may greatly enhance extrarange distribution of introduced
species. The capability of rocky bottom species to colonize
seascapes increasingly modified by the sprawl of artificial
habitats has hardly been assessed at regional scales (Dethier
et al., 2003; Bulleri & Airoldi, 2005; Adams et al., 2014).
Such knowledge would have enormous management applica-
tions in increasingly urbanized marine regions, allowing the
adjustment of decisions concerning the design and spatial
planning of infrastructures.

In this study, we sampled natural reefs, marine artificial
structures (mainly coastal defence structures) and marinas
along an extensive coastline to test the hypotheses about the
role of habitat type and location in influencing the abun-

dance and distribution of native and non-indigenous species.
We focused on assemblages of ascidians, a key ecological
group in marine benthic fouling systems (Lambert, 2005;
Simkanin et al., 2012); some of these species are invasive and
have caused severe ecological and economic impacts in
receiving ecosystems either artificial (such as shellfish farms,
Ramsay ef al., 2008; Rius et al., 2011) or natural, where they
have altered native communities (Castilla et al, 2004). We
hypothesized that artificial habitats would harbour different,
less rich and less diverse assemblages compared with natural
reefs and that non-indigenous species, if any, would prevail
in artificial habitats, while native species would dominate
natural reefs. Artificial infrastructures, such as breakwaters,
introduce large amounts of sheltered hard habitats (i.e. at
the landward sides), which can be relatively rare in nature
compared with exposed habitats and support very different
assemblages (Bacchiocchi & Airoldi, 2003; Bulleri & Airoldi,
2005; Burt et al., 2010). Also, the suitability of marine infra-
structure to be colonized by rocky bottom species can vary a
lot depending on their environmental setting (i.e. whether
they are built along a rocky or a sandy coastline) and loca-
tion (Burt et al, 2009a; Perkol-Finkel et al., 2012). There-
fore, we further explored how these two relevant
characteristics of the artificial habitats (hereafter exposure
and coastline type, respectively) would affect the distribution
of both native and non-native species. We finally hypothe-
sized that the species composition of assemblages in artificial
habitats would be more similar to that of marinas (i.e.
source of non-indigenous propagules) than of natural habi-
tats, independently of their characteristics or location.

METHODS

Study area

The Ttalian North Adriatic coastline provides an excellent
example of a marine system where the extensive construction
of artificial infrastructures along predominantly sandy shore-
lines has modified the relative proportion of artificial versus
natural habitats (Bacchiocchi & Airoldi, 2003). The north-
western Adriatic Sea comprises a sandy coastline which
extends almost uninterrupted for c. 400 Km between the
rocky coasts of Croatia and the promontory of Monte Con-
ero (Fig. 1). The area has high seasonal variability, sharp
stratification and very high productivity rates (Zavatarelli
et al., 1998) and represents a distinct biogeographical region
(Bianchi, 2007). It is characterized by moderate exposure to
wave action and an average tidal amplitude of about 50—
130 cm. Average sea surface temperatures vary between 8 °C
in winter and 24 °C in summer, and average salinities vary
between 34 and 37 psu (Zavatarelli et al., 1998).

A variety of infrastructures have been built in the past
50 years, for harbours, ports and marinas and for protection
of the highly urbanized coastline (Airoldi & Beck, 2007).
Nowadays > 200 km of groynes, breakwaters, sea walls and
jetties provide the greatest amount of hard substrata in the
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Figure 1 Map of the Northern Adriatic Sea coastline with
study sites. Numbers represent site numbers as in Table 1. Stars
indicate natural reefs, the letter R rocky coastlines, triangles
marinas and dots without a triangle or a star artificial habitats.

region. Previous work on these infrastructures has docu-
mented the local prevalence of assemblages characterized by
low species and genetic diversity (Bacchiocchi & Airoldi,
2003; Fauvelot et al., 2009), comprising opportunistic and
non-indigenous species (Bulleri et al., 2005b; Airoldi & Bul-
leri, 2011), but the changes in species distributions have not
been analysed in a broader regional context.

Studied taxa

Ascidians (Tunicata, Chordata) are sessile organisms that are
often a key ecological group in marine benthic systems (Gili
& Coma, 1998; Castilla et al., 2000). They can become harm-
ful marine invaders (see Castilla et al., 2004; Ramsay et al.,
2008; Rius et al., 2011) and thrive in all latitudes world-wide
(Shenkar & Swalla, 2011). Introductions of non-indigenous
ascidians into harbours in both tropical and temperate
waters are common (Cohen et al.,, 2005; Rius et al., 2014),
and ascidians successfully colonize a variety of artificial mar-
ine infrastructures (Lambert, 2005; Arenas et al, 2006a;
Ordoénez et al., 2013). Ascidians have short-lived lecitho-
trophic larvae (Svane & Young, 1989), which limit their nat-
ural dispersal capabilities. Thus, pre-border dispersal (from
overseas source regions sensu Forrest et al., 2009) is ensured
to be exclusively as a result of human-mediated introduc-
tions (Locke, 2009; Pineda et al., 2011; Rius et al., 2012).

Field samplings

In summer 2008, we surveyed assemblages of ascidians at 22
coastal sites (about 200 m of hard substrata) along about
500 km of coastline. The survey was designed to comprise
sites on natural reefs or artificial habitats; the latter were set

Regional consequences of marine urban sprawl

on structures built either adjacent to natural reefs (hereafter
‘artificial rocky’) or in sandy areas far from natural reefs
(hereafter ‘artificial sandy’) and comprised either exposed or
sheltered artificial habitats (Table 1 and Fig. 1). It was not
possible to maintain the number of replicated sites balanced
because sites with accessible artificial structures close to natu-
ral reefs are infrequent in the region, and they tend to be
mainly sea walls, which lack sheltered surfaces. We only
examined differences in relation to exposure for artificial
habitats, while we did not include a comparison between dif-
ferently exposed natural and artificial habitats because shel-
tered natural rocky reefs are virtually absent in the region,
and because the exposure of natural reefs is not comparable
to that of artificial breakwaters, as these last ones are built
specifically to absorb most of the wave energy.

At each site assemblages of ascidians were sampled by
SCUBA diving in six replicated 2 m* plots (1 m wide x 2 m
long) set randomly at depths of about 2 m, except for one
site (Punta Marina) where only five plots were sampled. This
large plot size was chosen to allow detection of rare species,
which is important when trying to describe the distribution
of potentially newly arrived, introduced species. To assist the
sampling over such large plot surfaces, each plot was subdi-
vided into eight subplots 0.5 x 0.5 m each. The abundance
of ascidians in each subplot was quantified visually using a
metal frame and ranked as 0 = absent, 1 = scarce (< 10%
cover), 2 = common (10-50% cover), 3 = dominant (> 50%
cover) as implemented in Perkol-Finkel ef al. (2008) and
Perkol-Finkel & Benayahu (2009). The final species list and
abundances for each plot used as data entry for the statistical
analyses were obtained by averaging all the counts obtained
from the eight subplots. To assist the identification of ascid-
ian species, destructive samples were collected for subsequent
analysis in the laboratory, and underwater pictures were
taken to record the natural appearance and colour prior to
fixation. Collected ascidians were immediately anaesthetized
using menthol crystals and were fixed in 4% formaldehyde
for subsequent identification.

Ascidians were classified as non-indigenous, cryptogenic or
native (Chapman & Carlton, 1991; Carlton, 2009). Non-
indigenous species (hereafter ‘NIS’) comprised species for
which genetic or biogeographical data are available to sup-
port an alien origin. Cryptogenic included widely distributed
species, generally found abundantly in harbours and sus-
pected to be introduced, but for which there is not enough
information to be assigned a given status. Natives comprised
species identified in the Mediterranean Sea since the first
surveys of ascidians were undertaken, which live on natural
substrata, and are only found in the Mediterranean Sea or
have an Atlanto-Mediterranean distribution. Four taxa that
could be only identified to genus level were not given any
status as for this classification (i.e. Unassigned).

We performed additional surveys at seven marinas in the
study region, which again comprised sites close to natural
reef areas or far from these (Table 1 and Fig. 1). We did not
obtain the authorization to dive or snorkel, but marina
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Table 1 Sampling sites, with details of geographical coordinates, habitat type (natural reef, artificial or marina), type of coastline where
the artificial habitats and marinas were built (rocky or sandy) and exposure of the artificial habitats (exposed seaward or sheltered
landward). Six replicated 4 m* plots were sampled at each site.

Site # Site name Latitude(N), Longitude (E) Habitat Coastline Exposure
1 Numana E 43°30'45", 13°37'33" Artificial Rocky Exposed
2 Numana S 43°3(0/45", 13°37'33" Artificial Rocky Sheltered
3 Due Sorelle 43°32/55" 13°37'38" Natural

4 La Vela 43°33/33", 13°36/34" Natural

5 Cesenatico E 44°12'117, 12°24'43" Artificial Sandy Exposed
6 Cesenatico S 44°12'11", 12°24'43" Artificial Sandy Sheltered
7 Lido Adriano E 44°25'43" 12°18'24" Artificial Sandy Exposed
8 Lido Adriano S 44°25'43" 12°18'24" Artificial Sandy Sheltered
9 Punta Marina E* 44°26/37", 12°18'01" Artificial Sandy Exposed
10 Punta Marina S* 44°26/37", 12°18'01" Artificial Sandy Sheltered
11 Marina di Ravenna 44°29'117, 12°17'16" Artificial Sandy Exposed
12 Casal Borsetti E 44°33/18", 12°17'9" Artificial Sandy Exposed
13 Casal Borsetti S 44°33/18", 12°17'9" Artificial Sandy Sheltered
14 Lido delle Nazioni Ef 44°44'17", 12°14'45" Artificial Sandy Exposed
15 Lido delle Nazioni St 44°44'17", 12°14'45" Artificial Sandy Sheltered
16 Sistiana 45°46/8", 13°37'17" Natural

17 Miramare breakwater 45°42'22", 13°42/40" Artificial Rocky Exposed
18 Miramare 45°42/6", 13°42/48" Natural

19 Rovinj fish factory 45°05'11", 13°38/25" Artificial Rocky Exposed
20 Rovinj marina nuova 45°04'31", 13°38'0” Artificial Rocky Exposed
21 Rovinj Banjol North 45°04/28", 13°36'39" Natural

22 Rovinj Banjol West 45°04/26", 13°36'37" Natural

23 Numana Porto 43°30'36", 13°37'29" Marina Rocky

24 Cesenatico Porto Canale 44°12/17", 12°23/50" Marina Sandy

25 Marina di Ravenna 44°29'24", 12°17'18" Marina Sandy

26 Porto Garibaldif 44°40'31", 12°13/49" Marina Sandy

27 Marina di Sistiana 45°46/07", 13°37'51" Marina Rocky

28 Marina di Miramare 45°42/22", 13°42'46" Marina Rocky

29 Marina di Rovinj 45°04'33", 13°38'06" Marina Rocky

*Only five plots sampled.
+No ascidians found.

-owners allowed us to sample these sites from the pontoons
using the ‘directed-search’ method described in Cohen et al.
(2005) and Grey (2009). In brief, samplings were conducted
using scrapers or other hand tools on all available intertidal
and subtidal substrates and microhabitats within reach,
which included jetties, floating pontoons, pilings and associ-
ated supports, as well as buoys, tyres and ropes. Upon collec-
tions, we took immediate pictures of the specimens.
Sampling was carried out during a period of ¢ 1-2h
(depending on the size of the marina). The samples collected
were preserved and identified as described previously.

Data analysis

We analysed differences in the structure and distribution of
assemblages of ascidians in relation to habitat type, charac-
teristics and location using mixed-model asymmetrical analy-
ses. These involved partitioning components of variation
through two subanalyses (Winer, 1971): the first analysis
contrasted the natural reef habitat with the artificial habitats,
irrespective of their possible different characteristics, while

the second analysis tested for the effects of the different char-
acteristics (type of coastline and exposure) of the artificial
habitats. The analyses included four factors: habitat type
(natural rocky reef versus all artificial habitats; fixed factor),
coastline type where artificial habitats are built (rocky versus
sandy; fixed factor); exposure (seaward exposed versus land-
ward sheltered, fixed) and site (random, nested in each com-
bination of habitat type, coastline type and exposure).

We first tested the differences at the whole assemblage
level by running a distance-based permutational multivariate
analysis of variance (PERMANOVA) on a Bray—Curtis simi-
larity matrix of all ascidian species (Anderson et al., 2008).
As data were semi-quantitative indices of abundance, no
transformation was performed prior to analyses (Clarke &
Gorley, 2006). For this, and all the following permutational
analyses, we used 9999 unrestricted permutations of raw data
to generate P-values and Type III sums of squares to cope
with the unbalanced number of sites (Anderson et al., 2008).
The regional distribution of assemblages of ascidians in rela-
tion to habitat type was also visually explored using a non-
metric multidimensional scaling (NMDS) scatter plot (Clarke
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& Gorley, 2006), where we superimposed the species that
best correlated with the ordination of the assemblages (Pear-
son’s correlation coefficient r > 0.25). Because the sampling
design had an unbalanced number of sites, and the NMDS
plot had shown an extremely strong effect of coastline type
for artificial habitats (which could have driven the significant
difference between natural and artificial habitats), we verified
the robustness of the results by also running a two- way
nested ANOSIM (Clarke & Gorley, 2006) including factors
habitat (natural reefs versus artificial rocky versus artificial
sandy habitats, fixed factor) and site (random, nested in hab-
itat). In this analysis, the factor exposure was not considered,
as all previous analyses had consistently shown non-signifi-
cant effects of this factor. The results substantially matched
those of the PERMANOVA in this and in any of the follow-
ing analyses (for brevity only the results for the first analysis
will be reported).

Subsequently, we tested the hypotheses that artificial habi-
tats would harbour assemblages characterized by lower spe-
cies richness, lower abundance of native species and a greater
abundance of non-indigenous species compared with natural
reef habitats. Following Cohen et al. (2005), we considered
two groups, one with only NIS and another that included
both cryptogenic and NIS (hereafter ‘NIS+cryptogenic’),
which provided low and high estimates, respectively, of the
true presence of NIS in the region. We ran four separate
asymmetrical PERMANOVAs (same factors as above) on
matrices of Euclidean distances calculated from: (1) species
richness (number of species per plot); (2) abundance of NIS;
(3) abundance of ‘NIS+cryptogenic’ species; and (4) abun-
dance of native species. Although these tests were purely uni-
variate, we used PERMANOVA instead of classical ANOVA
due to ease of use with unbalanced design and to avoid the
usual normality assumptions (Anderson et al., 2008).

We finally explored whether assemblages from artificial
habitats would be more similar to assemblages in marinas or
natural habitats, independently of their characteristics or
location. Because we could not obtain quantitative data for
marinas, the similarities between marinas, artificial habitats
and natural reefs were only explored visually using a NMDS
plot built from a Bray—Curtis similarity matrix of the pres-
ence/absence data.

All the analyses were performed using PRIMER v. 6.1.11
(Clarke & Gorley, 2006), and PERMANOVA+ v. 1.0.1
(Anderson et al., 2008).

RESULTS

We identified a total of 30 ascidian species (Table 2), which
comprised 19 species native to the Mediterranean Sea, four
NIS and three cryptogenic species, as well as four taxa that
we could only determine to genus level (Table 2). A detailed
justification of this classification, with taxonomic remarks, is
given in Appendix S1. Although we found many cosmopoli-
tan species that are typically abundant in harbours and mari-
nas world-wide (see Appendix S1), we did not find any of

Regional consequences of marine urban sprawl

the recent introductions in the Mediterranean Sea
(Izquierdo-Muiioz et al., 2009). Very few species were exclu-
sive to either natural or artificial habitats. However, artificial
sandy habitats were extremely species poor compared with
both natural reefs and artificial rocky habitats: at the 11 arti-
ficial sandy sites only four species (the native Didemnum
granulosum, the non-indigenous Styela plicata and the cryp-
togenic Botryllus schlosseri and Botrylloides leachi) were
found, while 20 and 18 species occurred at least once at the
six natural reef sites and at the five artificial rocky sites,
respectively. Similarly, only five species (two NIS, two cryp-
togenic and one unassigned) were found in the three marinas
built along sandy coastlines compared with 24 species found
in the four marinas built along rocky coastlines. We did not
find ascidians in one artificial sandy site (Lido delle Nazioni)
and in one marina (Porto Garibaldi); thus, these sites were
excluded from the analyses.

Assemblages of ascidians differed significantly between nat-
ural and artificial habitats, irrespective of their location or
characteristics (Fig. 2 and Table 3). These differences were
consistently detected despite the large variability observed
between study sites interspersed along 500 km of coastline
(Table 3, Appendix S2). The differences between natural and
artificial habitats were particularly marked when the latter
were located along sandy coastlines, but still there were sig-
nificant differences also between natural reefs and nearby
artificial rocky habitats (Fig. 2, Table 3). Compared with any
artificial habitat, natural reefs had significantly larger species
richness and abundance of native species (Figs 3 and 4,
Table 4), while NIS and cryptogenic species were generally
scarce (Fig. 4). On average, species richness was 2-3 times
higher, and native species were 2-9 times as abundant in
natural reef habitats compared with any artificial habitats
(Figs 3 and 4).

As predicted, the suitability of artificial habitats for coloni-
zation by ascidians varied significantly in relation to their
environmental setting (i.e. whether they were built along a
rocky or a sandy coastline), while no differences were found
when comparing habitat exposure (Fig. 2, Tables 3 and 4).
The artificial sandy habitats had the lowest species richness
(Fig. 3), the lowest occurrence of native species and the
highest abundance of NIS and cryptogenic species (Fig. 4).
Only one native species, Didemnum granulosum, was found
in artificial sandy sites and at very sparse abundance. Con-
versely, NIS were 2-3 times more abundant in artificial
sandy habitats than in any other habitat (Fig. 4). Even if not
statistically significant, a substantially similar trend was
observed when cryptogenic species were also accounted for
Fig. 4. NIS were twice as abundant at the landward sides of
artificial sandy structures compared with the seaward sides,
but this difference was not significant due to large variability
among sites and plots (Fig. 4 and Table 4).

The species composition of assemblages in artificial habi-
tats was more similar to that of marinas than of natural hab-
itats independently of their characteristics or location
(Fig. 5). Most marinas (either located in sandy or rocky
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Table 2 List of ascidian species showing status (NIS = non-indigenous, C = cryptogenic, N = native and U = unassigned) and the
presence (i.e. @) of natural reefs, artificial habitats (rocky or sandy, seaward exposed or landward sheltered) and marinas (rocky or
sandy). See Table 1 for details of the different habitats and Appendix S1 for a full explanation on assignment of species status.

Status Species Natural reef

Artificial rocky

Artificial sandy Marina sandy Marina rocky

NIS Diplosoma listerianum [ ]
NIS Clavelina lepadiformis
NIS Ascidiella aspersa

NIS Styela plicata

Ciona intestinalis
Botryllus schlosseri

Botrylloides leachi
Aplidium densum
Aplidium elegans

Aplidium turbinatum
Didemnum granulosum
Didemnum maculosum
Trididemnum cereum
Lissoclinum perforatum
Lissoclinum weigelei

Diplosoma spongiforme

Clavelina sabbadini
Ascidia mentula
Ascidiella scabra
Phallusia fumigata
Phallusia ingeria

Phallusia mammillata
Polycarpa pomaria
Microcosmus claudicans

Microcosmus polymorphus
Pyura dura

Didemnum sp

Phallusia sp

Microcosmus sp

CCCCZZZZZZZZZZZZZZZZZZZOODO

Molgula sp

areas) were extremely species poor (0—4 species), and they
only harboured cryptogenic and NIS. Marinas mostly
grouped with artificial sandy habitats despite large variations
in geographical location (Fig. 5). Only 2 of the 4 rocky mari-
nas (Marina di Miramare and Marina di Rovinj) harboured
native species, but their species composition resembled more
artificial habitats than natural reefs.

DISCUSSION

We found profound differences in species composition and
diversity between artificial and natural habitats, and artificial
structures in sandy environments harboured almost exclu-
sively non-native and cryptogenic species. Our results suggest
that marine artificial structures change the relative distribu-
tion of non-native versus native rocky coastal species at
regional scales. Most native species of ascidians were virtually
absent from any artificial habitats built along the extensive
sandy coastlines of the North Adriatic Sea. This is despite
the fact that many of these infrastructures have been in this
region for > 60 years. Even when infrastructures were built
along or in close proximity to rocky coasts, they only har-

boured 10-50% of the abundance of native species as com-
pared to nearby natural reefs. At a regional scale, native
ascidians remained substantially confined to the natural reef
habitats, while artificial infrastructures built along sandy
shores provided significant habitat enhancement to NIS and
cryptogenic species, which were often the only colonizers on
such habitats. Exposure had less prominent effects than pre-
dicted in influencing species distributions on artificial struc-
tures. On average, the abundance of NIS was twice as large
in sheltered than exposed artificial sandy habitats, and native
ascidians were on average four times as abundant in exposed
than sheltered artificial rocky habitats, but this pattern was
not always consistent.

Other work both in the study region and in other geo-
graphical areas has consistently documented profound differ-
ences between assemblages on artificial structures compared
with natural rocky habitats (Bulleri et al., 2005a; Moschella
et al., 2005; Perkol-Finkel et al., 2006; Burt et al., 2009b).
These included differences in species and genetic diversity
(Chapman, 2003; Fauvelot et al., 2009, 2012; Ordénez et al.,
2013), lack of species of particular functional groups, for
example large grazers and predators (Chapman, 2003), and
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Figure 2 Two-dimensional, non-metric multidimensional
scaling (NMDS) plot showing ordination of assemblages of
ascidians in relation to habitat type, type of coastline where
artificial habitats are built and exposure. The analysis was based
on a matrix of Bray—Curtis similarities calculated from semi-
quantitative indices of abundance of ascidians. Vectors indicate
the taxa that best correlated with the ordination of the
assemblages (Pearson’s correlation coefficient r > 0.25). The
direction of vectors indicates the correlation with different
groups of sample points, and the length is proportional to the
value of the correlation. Codes for taxa: Bl, Botrylloides leachi;
Bs, Botryllus schlosseri; DG, Didemnum granulosum; DI,
Diplosoma listerianum; Dm, Didemnum maculosum; Ds,
Diplosoma spongiforme; Mic, Microcosmus sp.; Pf, Phallusia
fumigata; Pd, Pyura dura; Sp, Styela plicata; and Tc,
Trididemnum cereum.

dominance by opportunistic and invasive species (Bulleri &
Airoldi, 2005; Glasby et al., 2007; Tyrrell & Byers, 2007; Vas-
elli et al., 2008; Dafforn et al., 2009; Mineur et al., 2012).
These differences are too rarely factored in by practitioners
and managers at local scales, let alone at regional scales. Our
results show that artificial habitats can act as regional corri-
dors for NIS while not representing adequate substrata for
many native species, particularly when built along sandy
shores. Considering that marine infrastructures increasingly
provide artificial hard habitats along coastlines around the
world and influence the proportion of native and NIS abun-
dance at regional scales, there is a need to explore the ulti-
mate effects of marine sprawl for the ecology and
functioning of coastal ecosystems.

The observation that artificial habitats do not offer a suit-
able habitat to many native species while favouring non-
indigenous ones warrants further investigation about the
underlying causes and implications for management. Marine
infrastructures offer atypical substrates for benthic assem-
blages in terms of orientation, exposure, size, shape, slope,
surface composition and texture (Chapman & Underwood,
2011; Dugan et al., 2011), all of which are known to affect
the recruitment, survival and growth of a variety of species
(Glasby & Connell, 2001; Virgilio et al., 2006; Burt et al,
2009a). For example, many of the native species that were

Regional consequences of marine urban sprawl

Table 3 Asymmetrical analysis of the effects of habitat type and
type of coastline where artificial habitats are built and exposure
on the distribution of ascidian species at 20 sites along 500 km
of coastlines (the two sites at Lido delle Nazioni were excluded
from the analysis due to the absence of ascidians). Factors are as
follows: habitat type (natural reef versus artificial habitats; fixed
factor), coastline type (rocky versus sandy; fixed factor),
exposure (seaward exposed versus landward sheltered, fixed) and
site (random, nested in each combination of habitat type,
coastline type and exposure). The analysis consists of two parts,
one contrasting natural reef versus artificial habitats and the
other examining differences among artificial habitats in relation
to coastline type and exposure. We calculated P-values using
9999 random unrestricted permutations of raw data and Type
III sums of squares from a matrix of Bray—Curtis similarities.
We also report the result of a two-way nested ANOSIM
including the factors habitat types (natural reefs versus artificial
rocky versus artificial sandy habitats, fixed factor) and site
(random, nested in habitat).

Source of variation d.f. MS F
Habitat type = H 4
Natural versus artificial habitats 1 57,178 4.99%*
Among artificial habitats
Coastline type = C 1 60,408 7.72%%%
Exposure = E 1 7639 0.98
Cx E 1 9433 0.29
Site (H) 15 6898 6.85%**
Residual 99 1006
Results of ANOSIM test R
Habitat type = H 0.764%**
Site (H) 0,547%%%*
Pairwise tests
Natural versus artificial rocky 0.36*
Natural versus artificial sandy 0.99%**
Artificial rocky versus artificial sandy 0.93%**

*0.01 < P < 0.05, ¥*¥0.001 < P < 0.01, ***P < 0.001.

documented as being absent from sea walls in Sydney Har-
bour, Australia, required microhabitats that were typically
missing in sea walls (Chapman, 2003). Indeed, ecological
considerations in the design of hard marine infrastructures
tend to focus on construction materials, surface texture and
habitat complexity as engineering options to enhance the
ecological value of these artificial substrata (Burcharth et al.,
2007; Martins et al., 2010; Chapman & Underwood, 2011;
Firth ef al., 2013, 2014). The type and intensity of biotic
interactions can also differ between artificial and natural hab-
itats (Ivesa et al., 2010; Marzinelli et al., 2011, 2012). For
example, experiments in the study region have shown that
levels of predation particularly large compared with those
observed in natural reefs can limit the growth of native can-
opy forming algae on many marine infrastructure (Perkol-
Finkel et al., 2012). Artificial structures are also characterized
by unnaturally high levels of disturbance from both natural
(e.g. storms and sediment scour) and anthropogenic (e.g.
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Figure 3 Average species richness (number of species per plot)
of ascidians in relation to habitat type, type of coastline where
artificial habitats are built and exposure. Data are averages from
replicated plots (generally 6) at replicated sites (see Table 1 for
details).

harvesting, trampling and maintenance works) sources (Air-
oldi et al., 2005a; Burcharth et al., 2007). These disturbances
damage the native assemblages and offer prolonged availabil-
ity of unoccupied space or other resources that favour the
establishment of species with opportunistic and invasive
traits (Airoldi & Bulleri, 2011).

Native and alien ascidian species could have different bio-
logical and ecological characteristics, favouring, for example,
resilience of the latter to harsh conditions in artificial sub-
strates. We could not, however, substantiate any meaningful
trend in this sense. The most profound biological differentia-
tion in ascidians is between solitary and colonial forms,
implying different substrate occupation and reproductive
strategies (Svane & Young, 1989; Lambert, 2005). The per-
centage of colonial species, however, was similar across cate-
gories (50% in NIS, 66.6% in cryptogenic species, 52.6% in
native species). The distributional range of these species is,
however, clearly different, with all cryptogenic and NIS being
widely distributed or cosmopolitan species, and most native
species having an Atlanto-Mediterranean distribution (data
in Coll et al., 2010). Cosmopolitanism is likely to indicate
high adaptive plasticity to thrive in different habitats, and
thus these species may be pre-adapted to occupy particularly
unstable environments, while they could be displaced in
more stable, natural habitats. There is a dearth of experimen-
tal data to support intrinsic biological and ecological differ-
ences between native and introduced ascidian species,
although some evidence points to differences in traits such
as susceptibility to predation, attachment properties or tem-
perature tolerance (Dumont et al., 2011; Zerebecki & Sorte,
2011; Murray et al., 2012; Rius et al., 2014).

Although all artificial habitats differed from natural reefs,
those built in sandy environment differed the most: only one
native species occurred occasionally, while NIS and crypto-
genic species were up to three times as abundant than in
rocky reefs. At present, what makes artificial structures built
in sandy environments so distinctive remains unknown. Lack

15 - NIS
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Figure 4 Average abundance (calculated from semi-
quantitative indexes of abundance, see methods for details) of
non-indigenous species = NIS, NIS + cryptogenic species and
native species in relation to habitat type, type of coastline where
artificial habitats are built and exposure. Data are averages from
replicated plots (generally 6) at replicated sites (see Table 1 for
details).

of native species could be related to a greater distance from
source populations compared with those artificial structures
that are built along rocky coastlines. However, a relatively
rich assemblage of ascidian species (also including 4 of the
native species in our list, Phallusia fumigata, P. mammillata,
Aplidium densum and Clavelina sabbadini) has been reported
at some deeper and isolated natural rocky outcrops just off-
shore some of the studied sites (Gabriele et al., 1999; Ponti
& Mastrototaro, 2006). Size or age of the structures could
not cause the differences observed, as also reported in other
studies (Perkol-Finkel et al., 2006; Miller et al., 2009): struc-
tures were relatively similar in size and depth of deployment
(Perkol-Finkel et al., 2006; Miller et al., 2009), and some of
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Table 4 Asymmetrical analysis of the effects of habitat type, type of coastline where artificial habitats are built and exposure on: (1)
species richness (No species per plot), (2) abundance of non-indigenous species = NIS, (3) abundance of NIS + cryptogenic species and
(4) abundance of native species at 20 sites along the studied coastline (the two sites at Lido delle Nazioni were excluded from the
analysis due to the absence of ascidians). Factors are the following: habitat type (natural reef versus artificial habitats; fixed factor),
coastline type (rocky versus sandy; fixed factor); exposure (seaward exposed versus landward sheltered, fixed) and site (random, nested
in each combination of habitat type, coastline type and exposure). The analysis consists of two parts, one contrasting natural reef versus
artificial habitats and the other examining differences among artificial habitats in relation to type of coastline and exposure. We
calculated P-values using 9999 random unrestricted permutations of raw data and Type III sums of squares from a matrix of Euclidean

similarities.
Species richness NIS NIS+Cryptogenic Natives
Source of variation d.f. MS F MS F MS F MS F
Habitat type = H 4
Natural versus artificial habitats 1 200.8 22 3% 0.09 0.17 2.32 0.67 47.4 23.1%*
Among artificial habitats
Coastline type = C 1 20.6 4.29% 2.94 12.72%* 12.3 3.86 2.57 2.16
Exposure = E 1 1.18 0.24 0.49 2.14 2.98 0.94 0.87 0.73
Cx E 1 15.3 3.19 0.58 2.51 3.12 0.98 4.13 3.47
Site (H) 15 6.2 3.87%%* 0.24 3.2%* 2.32 12.4%%* 1.58 8.66%***
Residual 99 1.6 0.07 0.18 0.18
#P < 0.05, **P < 0.01, ***P < 0.001.
ws=oT|Legend which suffer reduced survival and growth from sedimenta-
. . + ;::"L":";f;’w tion, scour and contaminants (Lohrer et al., 2006; Crooks
. N v :;’:::‘::::‘:v et al., 2011; Rivero et al., 2013). Further, when disturbance is
. vv -+ Marina sandy combined with a potentially higher propagule pressure of
‘s, ® ot * v 4 NIS (e.g. due to aquaculture activities concentrated in coastal
. %. . :“. v lagoons), the two factors could interact to overcome the bio-
0 o 83 °.‘ + tic resistance of marine invertebrate communities to inva-
o & o v sions (Clark & Johnston, 2009), and this in turn could have
° be L * . complex feedbacks on native species (Von Holle & Simberl-
= o °F off, 2005).
Marine artificial structures are becoming spatially signifi-

Figure 5 Two-dimensional, non-metric multidimensional
scaling (NMDS) plot showing ordination of assemblages of
ascidians found in different habitats and marinas. The analysis
was based on a matrix of Bray—Curtis similarities calculated
from the presence/absence data of ascidians.

the artificial infrastructures were > 60 years old. One possi-
ble hypothesis, deserving further consideration, is that artifi-
cial structures built along sedimentary coastlines could
experience greater pressure from both natural predators and
humans compared with structures built along rocky coast-
lines, with ecological effects similar to those reported for
oasis or seamounts (Bock et al., 2008; Rowden et al., 2010).
Coastal defences built along highly populated sandy coast-
lines, like those of this study, are extremely popular recrea-
tion and harvesting sites due to the lack of nearby rocky
reefs (Airoldi et al., 2005a), while those built along rocky
coastlines are generally less attractive than the rocky coast
itself. The impacts from sediment resuspension, turbidity
and potentially associated contaminants are also likely to be
greater at the artificial structures built at sandy than rocky
sites. Such high concentrations of disturbing factors could
negatively affect many native species, including ascidians,

cant in many sandy coastal areas globally (Dugan et al.,
2011). In many regions, like the one of this study, the pro-
cess has already been pushed to levels that invert the regio-
nal proportion of artificial versus natural hard habitats. We
have shown how in these human-made systems, NIS may
have an advantage over natives, leading to regional-scale
changes in their relative abundances. We have also shown
how the value or quality of these emergent novel marine
ecosystems can be variable and dependent at least in part on
several aspects of seascape and habitat. Attempts at designing
artificial habitats to intentionally enhance target native spe-
cies of recreational, commercial or naturalistic value are
increasing (Chapman & Underwood, 2011; Perkol-Finkel
et al., 2012; Gianni ef al., 2013; Firth et al., 2014). For
instance, the likelihood of recruitment of local native species
on artificial structures built along rocky coasts can be
enhanced by incorporating pools or other features that
mimic the levels of complexity of natural habitats (Chapman
et al., 2008; Martins et al., 2010; Firth et al.,, 2013). The set-
tlement and growth of NIS on artificial structures can be
limited using materials or coatings that prevent settlement of
fouling (Grozea & Walker, 2009), by favouring the design of
fixed surfaces rather than floating ones (Dafforn et al,
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2009), by favouring the colonization by native species (Stac-
howicz et al., 2002; Arenas et al., 2006b) and by minimizing
disturbances (Airoldi et al.,, 2005a; Bulleri et al., 2006). Eco-
logically informed repair schedules can limit the spread of
non-indigenous species by favouring a quicker recovery of
the native ones (Airoldi & Bulleri, 2011; Firth et al., 2014).
In sandy habitats, recent attempts have also been performed
to actively garden ecologically relevant habitat forming spe-
cies, to contemporaneously enhance native species and deter
non-indigenous ones (Perkol-Finkel ef al., 2012). The success
of these interventions, although extremely encouraging, is
still limited by incomplete understanding of the ecological
functioning of these systems (Chapman et al., 2008; Chap-
man & Underwood, 2011; Perkol-Finkel et al., 2012), and
we are a long way from the identification of general princi-
ples.

Future research should focus on identifying factors, or
combinations of factors, that could maintain a high repre-
sentation and abundance of native species in artificial habi-
tats. Understanding what ecological forces and processes
shape biodiversity in increasingly urbanized marine systems
would provide predictive power for likely future trends in
currently undeveloped seascapes, and better basis for plan-
ning, management and design of marine infrastructure.
Much greater effort is also needed to identify alternatives to
the massive hardening of coastal regions. For example, solu-
tions integrating intertidal ecosystems in coastal defence
schemes are increasingly recognized as more sustainable,
cost-effective and ecologically sound alternatives to conven-
tional coastal engineering and should be prioritized at a glo-
bal scale (Temmerman et al., 2013; Bouma et al, 2014;
Ferrario et al., 2014).
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Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Remarks on taxonomy / group assignment of
the species found in the present study.

Appendix S2 Average species richness of ascidians, and aver-
age abundance of NIS + cryptogenic species and native spe-
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cies at different study sites in relation to habitat type and
type of coastline where artificial habitats are built.
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