Short Communication
Mediterranean Marine Science
Indexed in WoS (Web of Science, ISI Thomson) and SCOPUS
The journal is available on line at http://www.medit-mar-sc.net
www.hemr.gr
DOI: http://doi.org/10.12681/mms.30429

Fouling of a boat hull by the invasive zooxanthellate coral Oculina patagonica - could shipping
be enhancing its unique large-scale spread?
Eduard SERRANOQ!, Marta RIBES?, Manel BOLIVAR!' and Rafel COMA'

! Centre d’Estudis Avancats de Blanes-Consejo Superior de Investigaciones Cientificas (CEAB-CSIC),
Accés Cala Sant Francesc 14, 17300 Blanes, Spain
2 Institut de Ciéncies del Mar-Consejo Superior de Investigaciones Cientificas (ICM-CSIC),
Passeig Maritim Barceloneta 137-149, 08003 Barcelona, Spain

Corresponding author: Eduard SERRANO; eserrano@ceab.csic.es
Contributing Editor: Stelios KATSANEVAKIS

Received: 25 May 2022; Accepted: 30 October 2022; Published online: 31 January 2023

Abstract

The zooxanthellate coral Oculina patagonica (Scleractinia, Oculinidae) is an invasive species that was first recorded in the
Mediterranean Sea in 1966 and currently has expanded its distribution across both the western and eastern Atlantic. Here, we
reviewed data from multiple databases to compile historical distribution records of O. patagonica and analyze its spread. The
chronological review highlights the unique spread of this zooxanthellate coral during the last two decades, expanding its distribu-
tion in multiple directions and establishing populations in disjunct regions separated by ~12,000 km, including most biogeograph-
ic regions within the temperate Mediterranean, the subtropical eastern Atlantic and the tropical Gulf of Mexico. The biogeographic
distribution discontinuities documented in O. patagonica are difficult to explain by larval dispersion alone; therefore, other mech-
anisms may contribute to its large-scale spread pattern. This study provides the first observation of several O. patagonica colonies
fouling the hull and metal crevices of a recreational boat in the western Mediterranean (37°N, 1°W). The presence of several
mature O. patagonica colonies on a single ship, rather than a single coral colony rafting on natural or artificial floating substrates,
could greatly increase its potential for spread, coupled with its ecological and biological traits adapted to rafting. We hypothesized
that the travel of coral populations by shipping may act as a dispersal vector contributing to explaining the long-distance dispersal
events and secondary introductions experienced by this invasive species. The broad spread of O. patagonica, which is able to drive
phase shifts from macroalgae dominance to coral dominance, is consistent with the ongoing process of coral-mediated tropicaliza-

tion of high-latitude shallow rocky reefs under current global change.
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Introduction

Biological invasions are a major component of global
change, facilitating the redistribution of species at global
scales and often impacting native biodiversity, ecosystem
functioning, and human well-being (Molnar et al., 2008;
Simberloff et al., 2013). The rapid globalization and in-
creasing trends of trade and travel in recent decades have
accelerated the transport of species beyond their native
range limits of distribution, with marine ecosystems
ranking among the most affected (Blakeslee ef al., 2011;
Burrows et al., 2011). The main vectors of human-medi-
ated transport of marine organisms include ballast water
and fouling on the hulls of commercial ships, recreation-
al yachting boats, artificial canals, aquaculture and the
aquarium trade, and mobile floating platforms (Katsane-
vakis et al., 2013; Galil et al., 2014). Knowledge about
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the vectors of transport used by alien species is essential
to prevent their introduction and spread to nonnative eco-
systems (Lockwood et al., 2005; Blakeslee et al., 2011).
Shipping (i.e., the movement of vessels and transport of
floating barges, platforms and floating docks) is consid-
ered among the most relevant pathways for the introduc-
tion of marine alien species (IMO, 2011; Iacarella et al.,
2020). Maritime traffic has increased during recent de-
cades, coupled with further construction of harbors and
marinas (Hulme, 2009). Artificial reefs, such as break-
waters and docks, provide suitable habitats for the col-
onization of alien benthic species, which are usually
more successful than native species (Bulleri & Chapman,
2010). Therefore, artificial reefs and maritime traffic
likely facilitate the ‘hitch-hiking” opportunities and the
stepping-stone introduction process known for invasive
species, a process predicted to increase in future global
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change scenarios (Burrows et al., 2011; Anderson et al.,
2015; Tacarella et al., 2020).

Studies of boat movements and the abundance of
nonindigenous species fouling boat hulls indicated that
yachting could act as a key dispersal vector for alien spe-
cies (Ulman et al., 2019; lacarella et al., 2020). The long
distances (>1,000 km) that recreational boats can travel
and their relatively low speeds (compared to commer-
cial ships) make them idyllic transportation pathways
for fouling species (Anderson et al., 2015; Ferrario et
al., 2016). Oil and gas platforms spend a great deal of
time stationary developing rich fouling communities and,
therefore, can also be an important dispersal vector for
invasive species (Sammarco et al., 2012; Lopez et al.,
2019). Despite shipping being one of the most important
vectors for species invasion, biofouling on boat hulls re-
mains a largely unregulated vector, and vessels continue
to carry fouling species, especially in niche areas such
as sea chests, gratings and water intake pipes (Clarke
Murray et al., 2011; Ulman et al., 2019). Unfortunate-
ly, biofouling guidelines, established by the International
Maritime Organization in 2011, remain the recommended
practices despite a high risk of invasion by shipping being
documented in several regions worldwide (Molnar et al.,
2008; IMO, 2011; IMO Glofouling Partnership Project,
https://www.glofouling.imo.org). Attention given to hull
cleaning is generally voluntary, aiming to improve boat
hydrodynamics and fuel consumption (Clarke Murray et
al.,2011; Fernandes et al., 2016).

Well-known fouling organisms include algae and ma-
rine invertebrates such as barnacles, mollusks, bryozo-
ans, ascidians and sponges, whereas zooxanthellate scler-
actinian corals are extremely rare (but see Bertelsen &
Ussing, 1936). However, some corals are transported on
oil and gas platforms and raft on flotsam (i.e., metal gas
tanks and plastic debris; Hoeksema et al., 2012, 2018;
Creed et al., 2017). For instance, some azooxanthellate
coral Tubastraea spp., native to the Indo-Pacific, have
invaded the western and eastern Atlantic after transport
was likely facilitated by mobile floating platforms (Creed
etal.,2017; Lopez et al., 2019).

The temperate Mediterranean Sea is a hotspot of bio-
logical invasions (Costello et al., 2021). It probably hosts
the greatest variety of introduction vectors in the oceans,
including heavy commercial and recreational maritime
traffic, aquaculture, and its connection through the Suez
Canal to the Red Sea (Galil et al., 2014). In an era of
global change, several zooxanthellate scleractinians are
gradually shifting their distribution range poleward,
tracking the migration of suitable seawater temperatures
or increasing abundances in native areas, which threat-
ens the general dominance of macroalgae at high-lati-
tude shallow rocky reefs (Burrows et al., 2011; Vergés
et al., 2014). However, none of these range-expanding
zooxanthellate corals has experienced invasive behavior
(Blackburn et al., 2011) similar to that of Oculina pata-
gonica (Scleractinia, Oculinidae). The first record of the
coral O. patagonica was a single large colony (i.e., 135
c¢m in mean diameter) discovered in 1966 in the Mediter-
ranean Sea (Zibrowius, 1974). This previously unknown
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species in the Mediterranean Sea was identified based on
an ~10,000-year-old fossil species from the southwestern
Atlantic: ‘Oculina patagonica de Angelis, 1908’, and its
invasion pathway into the Mediterranean Sea was tenta-
tively attributed to its transoceanic transport as a foul-
ing organism on a ship hull (Zibrowius, 1974). In fact,
the conspicuous coral O. patagonica (i.e., large colonies
thriving in shallow-water rocky reefs) was previously un-
known in museum collections and fossil records from the
Mediterranean basin, even though rare, cryptic and small
coral fauna were well represented. Unfortunately, living
specimens have never been recorded in the southwest-
ern Atlantic, and the biogeographic origin and taxonomic
identification of O. patagonica in the Mediterranean re-
main uncertain (Leydet & Hellberg, 2015). Therefore, the
species maintains a cryptogenic status (i.e., it cannot be
reliably assigned to be either native or alien) within the
European Alien Species Information Network database
(Zenetos et al., 2017).

Invasive alien species are species whose introduction
outside their natural past or present distribution threat-
ens biological diversity (i.e., must successfully spread
through its new environment, outcompete native organ-
isms, increase in population density and harm ecosystems
in its introduced range; e.g., Blackburn et al., 2011; Valéry
etal.,2013; Essl et al., 2019). During recent decades, the
distribution of O. patagonica has shifted its range in mul-
tiple directions within the Mediterranean Sea (Fine et al.,
2001; Salomidi et al., 2013; Serrano et al., 2013, 2018).
Additionally, it has recently been found alive in the west-
ern Atlantic (in 2015 in the Gulf of Mexico, contrasted
with genetic analyses; Garcia et al., 2018) and the east-
ern Atlantic (in 2016 in the Canary Islands; Brito et al.,
2017). Therefore, the current geographic distribution of
the species is expanding outside the Mediterranean Sea,
and according to biogeographic criteria, it should be con-
sidered an alien species in at least one of these regions.
Regarding the impact criteria, O. patagonica has been
able to diminish structural complexity and species rich-
ness, and challenge the ecosystem structure and function
via regime shifting from macroalgal dominance to coral
dominance in the temperate Mediterranean Sea (Zabala
& Ballesteros, 1989; Serrano et al., 2012; Tsirintanis et
al., 2022). Therefore, the coral O. patagonica should be
considered an invasive alien species because it meets the
biogeographic and impact criteria in some regions of its
distribution. The broad spread of O. patagonica and its
invasive behavior are consistent with the ongoing process
of zooxanthellate coral-mediated tropicalization of shal-
low-water rocky ecosystems documented in other sub-
tropical and temperate areas under current global change
(Vergés et al., 2014; Serrano et al., 2018).

The larval stage of zooxanthellate coral species is
generally short (Harrison, 2011). The maximum settle-
ment competency period for autotrophic coral larvae,
such as those of O. patagonica, is 1-3 months (Fine et al.,
2001; Brooke & Young, 2005; Harrison, 2011), and the
combination of molecular research and oceanographic
models has described significant gene flow and connec-
tivity among coral populations over maximum distances
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of hundreds of kilometers (Jones et al., 2009; Nunes et
al., 2011). However, although gradual expansion over a
vast area has been documented for O. patagonica (Serra-
no et al., 2013, 2018), there are important biogeograph-
ic discontinuities in the distribution of the species (i.e.,
establishing populations in disjunct regions separated by
thousands of kilometers and crossing oceans) that can-
not be explained by stepping-stone expansion. Therefore,
mechanisms other than the natural dispersion of coral lar-
vae by marine currents may contribute to the documented
large-scale dispersal events documented in O. patagoni-
ca. In this sense, the large-scale dispersal of gonochoric
coral species, such as O. patagonica (Fine et al., 2001),
requires the traveling of a relevant number of repro-
ductively mature colonies on a mobile floating struc-
ture (rafting) that, to date, has not been observed. Here,
we provide a chronological review of the geographical
spread of the zooxanthellate coral O. patagonica and re-
port the first observation of a coral population fouling a
boat hull, which constitutes a plausible mechanism ex-
plaining the long-distance dispersal events and secondary
introductions documented in this currently range-expand-
ing species.

Materials and Methods

To examine the geographic distribution of the coral
O. patagonica, we retrieved peer-reviewed scientific lit-
erature until August 2022 from multiple databases related
to cross-disciplinary research, such as Web of Science
(http://www.webofknowledge.com/), Science Direct
(https://www.sciencedirect.com) and Google Scholar
(https://scholar.google.com), typing “Oculina patagoni-
ca” as a keyword. To reconstruct the chronological spatial
expansion of O. patagonica, we also retrieved the year of
the first species record for each biogeographic region and
mapped data on the species’ records.

In June 2015, we discovered several O. patagonica
colonies fouling an 8-m length recreational boat landed
at Mazarron Harbor, south-Balearic Sea, western Medi-
terranean (37.564°N, 1.256°W). We measured all O. pa-
tagonica colonies encrusted on the fiberglass hull and the
niche areas, such as the metal parts near the motor engine.
The surface areas of the colonies were estimated using in
situ measurements of the longest axis of the skeleton of
the colony (length, L) and its longest perpendicular axis
(width, W) to the nearest half-centimeter. The surface
area of the colony (S, cm?) was calculated using the for-
mula S = z/(L + W)/4] according to Fine et al. (2001).

Results

Geographic distribution of O. patagonica
The global dataset compilation on reported loca-

tions with the presence of O. patagonica showed that
the current species’ distribution includes most biogeo-
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graphic regions across the temperate Mediterranean Sea
(from 4.569°W to 34.498°E in longitude and 36.491°N
to 31.671°N in latitude), the Canary Islands (subtropical
eastern Atlantic, 28.478°N, 16.237°W) and the tropical
Gulf of Mexico (19.172°N, 96.113°W; Fig. 1 and refer-
ences therein). Since the first record of O. patagonica
in the Mediterranean in 1966, the presence of the spe-
cies has been recorded from most Mediterranean bio-
geographic regions in locations separated in space up to
~3,800 km in linear distance. Within the Mediterranean,
the coral O. patagonica was first recorded in the Ligu-
rian Sea in 1966, in the Balearic Sea during the 1970s,
in the Levant Sea during the 1980s, in the Alboran Sea
and adjacent eastern Atlantic coast, Algerian and Tuni-
sian waters, and the Aegean Sea during the 2000s, and in
the Adriatic Sea, Gulf of Lyons and the Ionian Sea during
the 2010s (Fig. 1). Beyond the Mediterranean, the species
was first recorded in the Gulf of Mexico in 2015 and the
Canary Islands in 2016, ~8,600 and ~1,400 km of linear
distance from the previously known distribution range,
respectively. In most cases, the first record of O. patagon-
ica in each biogeographic region was based on several
coral colonies or abundant populations, with the Adriatic
Sea being the only region with only one recorded colony
(Fig. 1 and references therein). Therefore, the distribution
of O. patagonica has expanded in multiple directions,
and abundant coral populations have been documented in
disjunct regions crossing oceans and separated in space
by ~12,000 km.

Examination of the existing scientific literature
(peer-reviewed manuscripts, gray literature and authors’
unpublished data) showed a total of 426 locations on
which O. patagonica was recorded (updated in August
2022). The coral O. patagonica has been recorded in 3
locations in the Canary Islands and in 8 locations in the
Gulf of Mexico (Fig. 1a). Within the Mediterranean, the
current geographic distribution pattern of O. patagonica
is continuous (i.e., >1 location with the species per 10 km
coastal length) in the southwestern and eastern Mediter-
ranean regions, with the Balearic Sea being the most in-
vaded region by the species (n = 234 reported locations),
followed by the Alboran Sea (n = 53 locations) and the
Aegean Sea (n = 52 locations). In contrast, the species’
distribution pattern is fragmented (i.e., <1 location with
the species per 10 km coastal length) in the northwestern
and central regions (Fig. 1b).

An O. patagonica population fouling a boat hull

A total of 19 colonies of the coral O. patagonica were
found encrusted on an 8-m length recreational boat land-
ed at Mazarrén Harbor, south-Balearic Sea, western Med-
iterranean (Fig. 1b). Coral colonies grew on the fiberglass
hull and in the niche areas of the boat, such as the metal
parts near the motor engine (Fig. 2). The coral colonies
were encrusting (i.e., <5 mm in height) and located from
~10 cm depth from the waterline to 65 cm depth at the
keel of the boat. The maximum diameter of the coral col-
onies ranged from 1 to 16 cm, with an area of 1-154 ¢cm?
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Fig. 1: Map of the historical distributional records of Oculina patagonica. Distribution of O. patagonica in (a) the Mediterranean
Sea, the Canary Islands and the Gulf of Mexico, and (b) for each biogeographic region within the Mediterranean Sea. The location
and year of the first record of O. patagonica are indicated for each biogeographic region (red circles). The positions of the 426
locations in which the species has been recorded are indicated, distinguishing between records from peer-reviewed manuscripts
(green circles) and gray literature and authors’ unpublished data (yellow circles; updated in August 2022). The location of the coral
population fouling a recreational boat at Mazarron Harbor (southeastern Balearic Sea) is indicated by a yellow star. The positions
of the oceanographic fronts (SG: Strait of Gibraltar, AOF: Almeria-Oran Front, /C: Ibiza Channel, BF': Balearic Front, SC: Sicily
Channel, SO: Strait of Otranto, AF: Aegean Front) are indicated (adapted from Millot, 2005). Information sourced from Armo-
za-Zvuloni et al., 2011, 2012; Bachetarzi et al., 2016; Ballesteros, 1998; Bitar & Zibrowius, 1997; Brito et al., 2017; Chartosia et
al.,2018; Coma et al., 2011; Cutajar et al., 2020; Cvitkovi¢ et al., 2013; Cinar et al., 2006; Dailianis et al., 2016; Fine et al., 2001,
Garcia et al., 2018; Gonzalez-Gandara et al., 2015; Grimes et al., 2018; Israely et al., 2001; Lamouti & Bachari, 2011; Lamouti
et al., 2011; Leydet & Hellberg, 2015; Lopez et al., 2019; Moreno, 2010; Rebzani-Zahaf et al., 2013; Rubio-Portillo et al., 2014;
Salomidi et al., 2013; Sartoretto et al., 2008; Serrano et al., 2012, 2013, 2018; Templado et al., 2006; Terron-Sigler et al., 2015,
2016; Zibrowius, 1974; Zibrowius & Ramos, 1983; authors’ unpublished data.

(36 £ 10 cm?, mean + SE). The size of the coral colonies that the boat was recently landed (i.e., seven days prior
on the parts of the boat hull made of fiberglass (starboard, to the photographs) and that it was moored at Mazarron
port and stern sides; 1-44 cm?, n = 13) was smaller than Harbor and occasionally sailing at a local scale, although
that of those growing on the metal crevices near the mo- the hull was unmaintained for ~4 years. The coral colo-
tor mount (3-154 c¢cm?, n = 6). The boat owner told us nies appeared brown—yellowish in color, indicating that
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Fig. 2: Photographs of the invasive zooxanthellate coral Oculina patagonica fouling a recreational boat in the southeastern Bale-
aric Sea (western Mediterranean). (a) General view of coral colonies fouling an 8-m length recreational boat. (b) Close-up of the

fiberglass hull and (c-e) metal crevices near the motor engine.

they were alive prior to landing (Fig. 2). In addition to O.
patagonica colonies, fouling on the boat hull included a
thin layer of filamentous and encrusting calcareous algae,
barnacles, bryozoans and polychaetes (Fig. 2).

Discussion

Disjunct geographic distribution of O. patagonica

The literature review revealed the historical geograph-
ic distribution and spread of the zooxanthellate coral O.
patagonica, showing that during recent decades, this in-
vasive species has expanded in multiple regions across
oceans, separated by ~12,000 km in linear distance (Fig.
1 and references therein). O. patagonica experienced a
rapid northward expansion along ~400 km of the Cata-
lan coast (western Mediterranean) at 22 km year' over
1992-2010, which has been related to the interplay of lo-
cal and medium-distance dispersal (up to 180 km) that
created new invasion foci (Serrano et al., 2013). Currents
contribute to the regional dispersal of sexually produced
planulae larvae (i.e., autotrophic coral larvae, such as
those of O. patagonica, can survive up to 1-3 months in
the water column before settlement; Fine et al., 2001;
Harrison, 2011). Larvae of similar species, such as Oculi-
na varicosa, actively swam in a laboratory setting for 1-2
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weeks before beginning to exhibit benthic-probing be-
havior, and settlement on the sides of the culture contain-
ers was observed after 3-4 weeks, although some larvae
continued swimming for up to 42 days, after which time
the experiment was terminated (Brooke & Young, 2005).
The combination of molecular research and oceano-
graphic models has described significant gene flow and
connectivity among coral populations over maximum
distances of hundreds of kilometers (Jones et al., 2009;
Nunes et al., 2011). Therefore, larval dispersal by ma-
rine currents could explain the secondary introductions
experienced by O. patagoniga within a biogeographical
region, or between nearby regions. However, large-scale
dispersal events between disjunct regions of the Mediter-
ranean and crossing oceans, such as those experienced by
O. patagonica (e.g., ~1,400 km from the Mediterranean
to the Canary Islands and ~8,600 km to the Gulf of Mex-
ico; Fig. 1), are difficult to explain only by coral larvae
dispersal. In this study, we report the first observation of
a population of O. patagonica fouling the hull of a rec-
reational boat, and we hypothesized that the capacity of
O. patagonica to foul mobile floating structures may add
maritime transport as a plausible dispersal vector contrib-
uting to explaining the broad geographical spread and the
long-distance dispersal events experienced by this inva-
sive species.
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The key life-history traits for a species to successfully
invade by shipping

The life-history strategy of a successful rafter must
facilitate settlement and survival on floating substrates
during large-scale travel on mobile structures under a
wide range of environmental conditions and the capacity
to grow and reproduce in the new area to colonize. In this
sense, the broad geographical spread of O. patagonica
could be related to its life-history strategies, characteris-
tic of an opportunistic colonizer (Harrison, 2011; Darling
et al., 2012; Cardeccia et al., 2016). First, in addition to
the natural rocky substrates, O. patagonica has been doc-
umented to settle in a wide range of substrates, such as
nonfloating and stationary concrete boulders and walls
of artificial reefs (e.g., harbor dikes and breakwaters) and
submerged metal objects and trash (e.g., plastic bags,
metal cans, lost nylon fishing lines; Fine et al., 2001;
Coma et al., 2011; Salomidi et al., 2013; Serrano et al.,
2018). Additionally, an abundant O. patagonica popula-
tion was found on a mobile floating dock that had been
stationary for ~5 years, located in a recreational marina
at the commercial Cartagena Bay, south-Balearic Sea,
western Mediterranean (37.588°N, 0.987°W; authors’ un-
published data). The floating dock was made of concrete,
and the coral colonies were located from near the water
surface to the deepest part of the dock (i.e., 1 m in depth).
Therefore, the finding of O. patagonica colonies fouling
the fiberglass hull and the metal parts of a boat, and the
concrete floating dock, add mobile floating structures to
the broad types of substrates in which O. patagonica can
thrive. Second, O. patagonica has been documented to
survive and grow under a wide range of environmental
conditions (e.g., in tide pools at temperatures of 10-40°C
and salinities of 28-50%o, polluted areas, and in areas af-
fected by severe sand scouring) owing to its broad tro-
phic capacities (i.e., it is a facultative zooxanthellate cor-
al; Fine et al., 2001; Serrano et al., 2012; Zaquin et al.,
2019; Martinez et al., 2021). In comparison to the nearby
natural rocky reefs, artificial reefs foster the abundance
of O. patagonica and likely act as a focus for successful
coral reproduction and dispersal (Salomidi et al., 2013;
Serrano et al., 2013, 2018). The finding of O. patagonica
growing in the shaded niche areas of the boat (i.e., metal
parts near the motor engine) and inside polluted harbors
agrees with the broad tolerance to environmental condi-
tions documented for the species. In addition, O. pata-
gonica under stress has been documented to show a polyp
dissociation from their connective coenosarc (i.e., loss of
coloniality, Dalmatian mortality pattern) and rapid tissue
regeneration afterward, which appears to be a decisive
biological characteristic that enables the species to with-
stand unfavorable environmental conditions (Serrano et
al.,2017). Therefore, the survival of O. patagonica under
stress conditions such as those expected during rafting on
mobile floating structures seems plausible.

Finally, the dispersal and population growth of O.
patagonica 1s based on sexual and asexual propagules,
which provide alternatives for its spread once it arrives to
a new area. Regarding sexual reproduction, it is a gono-
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choric broadcast spawner that reproduces annually over-
lapping the full moon of September, with small gametes
and high gonadal production, and has an early age of first
reproduction of 1-2 years (i.e., colony surface area of >4
cm?; Fine et al., 2001; Brooke & Young, 2005). There-
fore, most of the coral colonies fouling the hull of the
recreational boat were likely to be fertile (i.e., their mean
size was 36 cm?). In addition, the sex ratio has been de-
scribed as 1:1 in most of the studied coral populations,
and normal gametogenesis has been observed under a
wide range of environmental conditions in most Mediter-
ranean regions (i.e., Ligurian Sea, Gulf of Lyons, Balear-
ic Sea and Levant Sea), including both pristine and highly
polluted locations, and in bleached colonies during stress
or that thrive in dark habitats (Fine et al., 2001; Armo-
za-Zvuloni et al., 2011, 2012). Additionally, the sexual
reproduction of O. patagonica colonies can acclimatize
to chronic disturbances, such as recurrent bleaching ep-
isodes and persistent metal pollution (i.e., although the
first year of disturbance can significantly affect repro-
duction success, the species is capable of acclimating and
successfully reproducing the second year of repeated dis-
turbance; Armoza-Zvuloni et al., 2011, 2012). Therefore,
the finding of likely fertile populations of O. patagonica
fouling mobile structures, in contrast to that of a single
colony, may enhance the success of colonization by sexu-
al reproduction when traveling to new areas. The coral O.
patagonica can also reproduce asexually via polyp expul-
sion, in which individual polyps, including their calices,
lift on elongated calcareous stalks before detaching and
settling elsewhere near the ‘mother’ colony and form a
new colony through budding (Kramarsky-Winter et al.,
1997). The onset of asexual reproduction in O. patagoni-
ca has been related to adverse conditions such as extreme
temperatures and sand abrasion. Therefore, the onset of
polyp expulsion under stress conditions during rafting
may contribute to local colonization upon arrival to new
areas. In conclusion, the life-history traits of O. patagon-
ica, such as ecological generalization, broad tolerance
to environmental conditions and high reproductive and
dispersal capabilities, are considered among the most
efficient and successful strategies within zooxanthellate
corals and likely may have contributed to its large-scale
spread.

The successful invasion of the zooxanthellate scler-
actinian O. patagonica resembles only that of the inva-
sive azooxanthellate scleractinian Tubastraea coccinea
(Scleractinia, Dendrophylliidae), which has also experi-
enced invasive behavior during recent decades (Black-
burn et al., 2011) in the tropical and subtropical western
Atlantic Ocean, both in the northern (Caribbean Sea and
the Gulf of Mexico) and southern hemispheres (Brazil;
reviewed in Creed et al., 2017). As a native of the tropical
Indo-Pacific, its occurrence in the western Atlantic was
first recorded from some Caribbean islands, where it may
have been introduced in the 1930s as a fouling organism
on an oil platform or a ship hull. The capacity of 7. coc-
cinea to reproduce both sexually and asexually (Glynn et
al., 2008; Capel et al., 2014) and to settle and grow read-
ily on artificial substrates (oil and gas platforms, buoys
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and drilling ships) may have assisted its wide geographic
dispersal (Creed et al., 2017), and these life-history traits
are similar to those documented for O. patagonica. Both
species have a broad tolerance to varying environmental
parameters, are generalists in terms of substratum utiliza-
tion and opportunistic colonizers of high fecundity (e.g.,
can successfully outcompete the surrounding native ben-
thic organisms for space occupancy), and benefit from
human-related impacts (e.g., their population growth is
enhanced in artificial habitats, which likely act as corri-
dors for successful dispersal; Fine et al., 2001; Sammar-
co et al., 2012; Serrano et al., 2013, 2018; Creed et al.,
2017).

Fouling on mobile floating structures and the spread of
O. patagonica

Several zooxanthellate corals (e.g., Pocillopora spp.,
Millepora spp., Porites spp., Astrangia poculata) have
been documented to raft long distances by marine cur-
rents on natural (e.g., volcanic pumice and wood) and
artificial floating substrates (e.g., plastic float and metal
objects; Jokiel, 1984; Hoeksema et al., 2012, 2018; Sam-
marco et al., 2012;). Although shipping is considered
among the most relevant pathways for the introduction
of marine alien species (IMO, 2011), to our knowledge,
the only report of zooxanthellate corals fouling a ship
was in the 20th century, when a ship from the Bermu-
das (Caribbean Sea) was carried to Denmark (northeast-
ern Atlantic; Bertelsen & Ussing, 1936). Here, we report
the first observation of a population of the invasive coral
O. patagonica fouling a boat hull moored at Mazarron
Harbor (south-Balearic Sea, western Mediterranean) and
occasionally sailing at a local scale, although the hull was
unmaintained for ~4 years. The size of the coral colonies
growing on the metal crevices near the motor mount (i.e.,
up to 16 cm in maximum diameter) was larger than that
of those growing on the parts of the boat hull made of
fiberglass (up to 7 cm). Based on published growth rate
values for O. patagonica (mean of 1-2 cm in diameter
yr'!; Fine et al., 2001; Serrano et al., 2017), the coral col-
onies fouling the boat hull were likely to be at least four
years old, which is consistent with the period the boat re-
mained unmaintained. In accordance, the largest colonies
were found on the metal crevices near the motor mount,
which are the less accessible parts for hull cleaning, com-
pared to the other parts of the boat hull made of fiberglass
(starboard, port and stern sides).

The Mediterranean Sea hosts a great number of large
floating objects, such as navigational buoys, components
of aquaculture plants, harbor pontoons, oil platforms and
marine litter, where rich fouling communities can de-
velop (Simberloff, 2009; Galil et al., 2014; Rech et al.,
2018). Given the high abundance of marinas across the
Mediterranean Sea and the heavy maritime traffic, sev-
eral alien species may have been introduced by shipping,
either as fouling organisms or in a larval stage in ballast
waters (Galil, 2012; Zenetos et al., 2012). In this sense,
the high abundance of O. patagonica in artificial reefs is
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likely to enhance the ‘hitch-hiking’ opportunities and the
stepping-stone invasion process (Serrano et al., 2018; Ul-
man et al., 2019). Although the distances and seasonality
in which boats move are variable, the magnitude of boat
flux during the Mediterranean tourist season in Septem-
ber, the period of spawning of O. patagonica, is still sig-
nificant (Fine et al., 2001; Ferrario et al., 2016; Ulman et
al.,2019). In this sense, the capacity of the invasive coral
O. patagonica populations to foul mobile floating struc-
tures and their high abundance on artificial reefs indicates
that rafting on mobile floating structures at regional and
transoceanic scales could play a significant role in the
dispersal potential of the species. At present, only anoth-
er alien zooxanthellate coral species has already been re-
corded in the Mediterranean (i.e., Oulastraea crispata),
and shipping has been considered a plausible vector for
the introduction of this species because although it is na-
tive to the Indo-Pacific, its native distribution range does
not include the Red Sea (i.e., natural dispersion via the
Suez Canal is not a plausible explanation; Mariani et al.,
2018).

The coral O. patagonica, together with Tubastraea
spp., was first recorded in the Canary Islands on artifi-
cial substrates in the two principal commercial harbors
(Gran Canaria and Santa Cruz de Tenerife), and their in-
vasion has been related to the sea transport of large oil
platforms (Lopez et al., 2019). Similarly, O. patagonica
was first recorded in several natural locations near the
commercial harbor of Veracruz (Gulf of Mexico), and its
introduction could have been caused by accidental trans-
portation as a fouling organism on the hull of ships or
as larval stages in ballast water (Garcia et al., 2018). In-
terestingly, the maintenance activities of oil platforms in
Canary Islands harbors began in the early 2010s, a few
years before coral invasions, and the platforms come
mainly from the western Atlantic and the Mediterranean
Sea, areas where both species occur (Pajuelo et al., 2016;
Lopez et al., 2019). Despite only Tubastraea spp. being
found fouling the transported oil platforms to the Canary
Islands, the concomitant invasion of O. patagonica sug-
gests that both species were introduced throughout foul-
ing on slow-moving vessels and platforms (Creed et al.,
2017; Lopez et al., 2019). Usual maritime routes for rec-
reational boats to cross the Atlantic toward the tropical
western Atlantic include a stop in the Canary Islands, a
shipping route that matches the current geographic dis-
tribution of O. patagonica. Additionally, the locations
in the Canary Islands and the Gulf of Mexico where O.
patagonica has been recorded are harbors with major car-
go-handling facilities characterized by heavy maritime
traffic, or natural locations nearby (Garcia et al., 2018;
Lopez et al., 2019). Therefore, the transoceanic transport
of O. patagonica as a fouling organism on the hulls of
ships and floating structures appears to be a likely vector
of introduction contributing to explaining the large-scale
spread and secondary introductions documented in this
range-expanding zooxanthellate coral. Further studies
assessing the presence of invasive species on the hulls
of boats and other floating mobile structures are required
to determine the importance of shipping as a dispersal
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vector and to improve management actions. The capacity
of O. patagonica to form dense colony aggregations and
drive regime shifts from macroalgal- to coral-dominated
states at invaded high-latitude shallow rocky reefs is con-
sistent with the ongoing phenomenon of coral-mediated
tropicalization of shallow-water rocky ecosystems doc-
umented in other subtropical and temperate areas under
current global change (Vergés et al., 2014). The fact that
the role of biological invasions on global environmen-
tal change is becoming unprecedented (e.g., Molnar et
al., 2008, Hulme, 2009) and that vessel hull fouling has
been documented to be an important vector of dispersal
(Anderson et al., 2015) points to the need for the Inter-
national Maritime Organization Biofouling guidelines
(IMO, 2011) to no longer be recommended practices but
becoming mandatory.
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