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Abstract Aurelia spp. is a cosmopolite scyphozoan spe-
cies and likely the most studied jellyfish in the world. Its
pelagic-benthic life cycle is complex, and the benthic
asexual reproducing stage (polyp) is acknowledged funda-
mentally in bloom onset. Despite this, field investigations
remain scarce and are mainly restrained to the western
Pacific Ocean. Thau lagoon (43°23/59.10” N 3°36/37.15"
E), a semi-enclosed system that harbours a resident popula-
tion of Aurelia sp., is in essence a natural laboratory that
offers an ideal framework to investigate the life cycle of
the species. We here used a non-destructive approach con-
sisting on a field survey over the entire lagoon (ca. 7 ha)
and several substrate types by free diving to examine the
distribution and habitat use of Aurelia sp. benthic popula-
tion. We show that polyps were largely distributed over the
entire lagoon, settled mainly on artificial hard substrates,
thereby stressing the promoting role of anthropogenic
perturbations in coastal areas, i.e. habitat modification,
for jellyfish proliferations. Therefore, our study suggest
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a potential increase in Aurelia sp. benthic populations as
an outcome of mounting coastal constructions in the near
future; the consequences of which ultimately might pro-
mote an increase in jellyfish outbreaks.

Introduction

Jellyfish are important components of ecosystem trophic
dynamics and nutrient cycling (e.g. Pitt et al. 2009;
Lalande and Fortier 2011) and are known for their sudden
and dense aggregations followed by rapid population col-
lapse (Boero et al. 2008). This phenomenon, known as a
bloom event, can interfere with several human activities
(reviewed in Purcell 2012) and profoundly impact the eco-
system functioning (Richardson et al. 2009; Boero 2013).
A large number of jellyfish blooms in coastal areas and
semi-enclosed seas are performed by scyphozoan species
of the genus Aurelia (Mills 2001). For a long time, Aure-
lia aurita, the most studied jellyfish species, was consid-
ered cosmopolitan, capable of local adaptation due to its
phenotypic plasticity (Lucas 2001). However, recent stud-
ies have addressed the biogeography of the genus Aurelia
and reported that is actually a species complex embracing
numerous locally adapted species (Dawson and Jacobs
2001; Dawson and Martin 2001; Schroth et al. 2002;
Dawson 2003; Dawson et al. 2005; Ki et al. 2008). The
south coast of France, where Thau lagoon is situated, is
suggested to be inhabited by Aurelia sp. 1 (Schroth et al.
2002; Dawson 2003; Dawson et al. 2005). However, further
molecular studies are required, since isolated populations
inhabiting coastal lagoons were already shown as different
cryptic species (e.g. Veliko and Malo Jezero lakes, in Mljet,
Croatia, is inhabited by Aurelia sp. 5) (Dawson and Jacobs
2001; Dawson et al. 2005).
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Although research efforts on jellyfish ecology have sub-
stantially increased in the last decade, critical periods of
their complex benthic—pelagic life cycle have been little
investigated. Research efforts mainly targeted the plank-
tonic medusa stage, while the dynamics of the benthic
phase of most jellyfish species (when present) remain elu-
sive. Despite the importance of the benthic population for
bloom dynamics, in situ investigations were only recently
performed (e.g. Hoover and Purcell 2009; Purcell et al.
2009; Takao et al. 2014; Qiu 2014; Makabe et al. 2014). To
our knowledge, direct investigations of benthic population
distribution over large spatial scales were only performed
in Mikawa Bay, Japan (Toyokawa et al. 2011). These
authors showed that the distribution and density of polyps
and the subsequent ephyrae production appear fundamen-
tal for the pelagic population growth, stressing the key role
of polyps as basis for scyphozoan outbreaks. A thorough
assessment of polyp ecology is therefore crucial to fully
understand and potentially forecast jellyfish blooms (Con-
don et al. 2014).

Along with the population growth and its concentra-
tion near coasts, anthropogenic modifications of produc-
tive coastal margins have dramatically increased (Vitousek
et al. 1997), i.e. large infrastructures in the coastal land-
scapes have been developed and continue expanding (Bul-
leri and Chapman 2010). Such anthropogenic pressures are
expected to further spread, as scenarios of global change
point towards an enhancement of sea level rise and a
greater frequency of climate extremes (Field et al. 2014).
Paradoxically, the expansion of breakwaters, jetties and
seawalls in coastal areas also promotes large suitable sub-
strates for jellyfish polyp settlement, thereby promoting
the foundation of jellyfish outbreaks (Purcell 2012; Duarte
et al. 2012; Boero 2013; Makabe et al. 2014). Recent stud-
ies showed that a wide variety of structures, including
aquaculture, fixed oil and gas production rigs and offshore
wind farms, are prone to benefit polyp settlement (Graham
2001; Holst and Jarms 2007; JanBen et al. 2013). Conse-
quently, by expanding the availability of settlement sub-
strates, ocean sprawl is hypothesized as a major cause of
jellyfish outbreaks (Duarte et al. 2012).

Jellyfish blooms are frequent in some areas of the world
including the Mediterranean Sea (Brotz et al. 2012), where
this phenomenon has long been reported (Goy et al. 1989).
Aurelia spp. inhabits coastal waters of western and cen-
tral Mediterranean areas, as well as the Black Sea (Mutlu
2001). They are common in the Adriatic Sea and in semi-
enclosed ecosystems, such as in Mljet Island, Lake Varano
and Berre, Bages-Sigean and Thau lagoons (Bonnet et al.
2012; Boero 2013; Marques et al., unpublished data), show-
ing an increasing trend of recurrence of blooms in recent
decades (Kogovsek et al. 2010). The Mediterranean Sea
is one of the most sensitive areas to the combined effects
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of anthropogenic disturbances, i.e. habitat modification
and climate change (Lejeusne et al. 2010), which warns
on potential favourable conditions for jellyfish blooms.
Despite the manifested importance of jellyfish popula-
tions in this area, to our knowledge, only a single field
study has been performed on Aurelia spp. benthic phase in
the Adriatic Sea (Malej et al. 2012). Here we investigated
the benthic phase of Aurelia sp. in Thau lagoon, located
in the north-western Mediterranean, which offers an ideal
framework to study its life cycle. This lagoon is suggested
to harbour a resident population of Aurelia sp. (Bonnet
et al. 2012), although the presence of the benthic popula-
tion still requires further confirmation. Thau lagoon is a
semi-enclosed system under heavy human pressure, where
shellfish farming is one of the most important economical
activities, with a production of 15 000 tons of oysters and
mussels per year (Mongruel et al. 2013). We here provide a
qualitative assessment of the distribution and habitat use of
the benthic population of Aurelia sp. and a semi-quantita-
tive evaluation of colony size over their distribution.

Materials and methods

Thau lagoon 1is a semi-enclosed coastal lagoon
(43°23/59.10” N 3°36/37.15” E) with 75 km? and con-
nected to the Mediterranean Sea by three narrow channels
(Canal de Sete, Canal des Quilles and the Grau de Pisses-
Saumes). It is a shallow environment with mean depth of
4 m and maximum depth of 24 m (Fig. 1).

Although previous studies suggested a resident popu-
lation of Aurelia sp. (Bonnet et al. 2012), the ecology of
the benthic population remains obscure. Hard structures
potentially suitable for Aurelia sp. polyp settlement in Thau
lagoon were identified based on man-made constructions
present in the lagoon (source: IGN—Institut Geographique
National) or by local observations and classified by sub-
strate type: concrete, metal, plastics, breakwater rocks,
wood and shell bottom (Fig. 1). They were then mapped,
using Quantum GIS programme (QGIS-2.2.0—Valmiera
version). A structure was defined as a natural or artificial
construction, made of one or several types of material. We
classified the structures by the main material that could be
colonized by polyps, i.e. by substrate type. For instance, a
pontoon made of wood and metal, but covered underneath
by a plastic sheet (i.e. structure), was classified as the sub-
strate-type plastic. Two structure/substrate types were not
identified through QGIS, but were included after visual
identification during field survey (moored or submerged
boats, which, for the sake of simplicity, we assumed were
all made of fibreglass).

To assess polyp distribution, we used a non-destruc-
tive approach consisting of thirty-nine survey dives
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Fig. 1 Study site and artificial
structures, classified by sub-
strate type in Thau lagoon

Fig. 2 Survey dives in Thau
lagoon

performed between 14 March and 19 June. Investiga-
tions were conducted by free diving in discrete places,
selected according to the distribution of previously
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mapped structures, in order to cover the entire lagoon
and different substrate types (Fig. 2). The lagoon
was divided in three main zones and chronologically
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investigated over the surveyed period: the coastal area
of small lagoon, oyster-culture tables and coastal area
of the big lagoon (Fig. 1). Each site was explored up
to 60 min, depending on the quantity of potential sub-
strates promising for investigation at each location.
Suitable surfaces for polyp fixation (i.e. shaded areas
of natural or artificial surfaces) were surveyed. For all
the identified colonies of Aurelia sp., georeferenced
location, depth (recorded by dive computer Suunto,
Gekko), substrate type and coverage area of each sub-
population were recorded and mapped. A sub-popu-
lation was characterized by one or several colonies of
polyps covering the same continuous substrate type.
The size of each sub-population was visually estimated
according to a semi-quantitative index system (index of
polyp coverage, IPC) similar to that used by Toyokawa
et al. (2011). Four categories were determined (1: 0.01-
0.1 m% 2: 0.1-0.5 m%; 3: 0.5-1.0 m%; 4: >1.0 m?). The
nature of the surface directly colonized was registered,
including the diversity of biofouling. When possible,
i.e. with small sub-populations (IPC < 3), the colonized
biofouling organisms were quantified, since these sub-
populations were composed of one or very few isolated
colonies, allowing the identification and additional
quantification of the colonized biofouling. Although
our system appeared to be less accurate than in previ-
ous studies (see Purcell et al. 2009; Willcox et al. 2008;
Toyokawa et al. 2011), it allowed us to describe distri-
bution and differences in the habitat use of Aurelia sp.
benthic population.

At each dive, temperature and salinity were measured in
sub-surface at about 0.5 m depth (recorded with the probe
EC 300 VWR international/ WTW model 350i).

Results

Temperature and salinity showed a typical increasing trend
over the study period. Temperature ranged from 12.3 to
24.0 °C, while salinity ranged from 37.0 to 40.1.

Thau lagoon is mainly characterized by muddy bottom
with few natural rock formations. Among the different
structures identified, the most common was metal struc-
tures, representing 92.5 %, while wood was rarely found in
the lagoon (0.1 %) (Table 1; Fig. 1). The high percentage of
metal structures in the lagoon was due to the high number
of vertical metal pillars used as a support for boat moorage,
pontoons, small piers and oyster-production structures. The
oyster-culture rafts contributed largely to this high value,
since they represent 88 % of all metal structures quanti-
fied in the lagoon. Four sites were additionally identified as
shell bottom due to the accumulation of oyster and mussel
shells on the bottom.
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Table 1 Quantity (N) and contribution (%) of each substrate type to
total number of artificial structures identified through QGIS and vis-
ual observation in the beginning of the study (identified) and to total
number of sub-populations observed in Thau lagoon (colonized)

Substrate type Identified Colonized

N % N %
Metal 3133 92.5 60 58.8
Rocks 89 2.6 12 11.8
Concrete 51 1.5 9 8.8
Plastics 12 0.4 12 11.8
Wood 2 0.1 1 1.0
Tires 4 0.1 4 39
Fibreglass 10 0.3 4 39
NI 86 25 - -
Total 3387 100 102 100

NI Not identified

Polyps were found on the underside surface of dif-
ferent hard substrate types distributed across the entire
lagoon (Fig. 3). The highest polyp densities were present
in areas experiencing heavy anthropogenic influence, such
as harbours and pontoons, mainly located nearby the most
populated areas. It is worth noticing that polyps were
not found in natural rocks or shell bottom areas, likely
because of the lack of suitable surfaces for downwards
settlement. Polyps occured in patches between 0.2 and
6.1 m depth, with most of the population (72 %) present
in the first 2 m. Polyps were directly settled on substrates
or on other fouling organisms growing on those sub-
strates (i.e. red and brown algae, Ascidia, Porifera, Bry-
ozoa, Bivalvia, Cirripedia, Polychaeta calcareous tubes
and Amphipoda muddy tubes). Overall, the population
of polyps was mainly composed of many small colonies
(55.9 % with 0.01-0.1 m?) with fewer sub-populations
covering large areas (9.8 % with >1 m?). Among the dif-
ferent artificial substrates, metal structures were the most
colonized, supporting 58.8 % of all sub-populations, fol-
lowed by plastics, breakwater rocks, concrete, moored or
submerged boats (i.e. fibreglass), rubber tires and finally
wood (Table 1). However, the vertical metal surfaces were
not directly colonized by polyps. Instead, other organisms
occupied these substrata and provided favourable surfaces
for polyp settlement, as suggested by the high percent-
age of the polyp population settled on biofouling (86.6 %
of the sub-populations settled on biofouling organisms,
among which 90.4 % were oysters). The percentage of
sub-populations settled on biofouling organisms, consid-
ering only colonies with less than 0.1 m?, were smaller for
the remaining substrate types (8.3 % of breakwater rocks
and 16.7 % of plastics). Larger sub-populations were not
included, as the proportion of biofouling and artificial
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Fig. 3 Distribution of polyp
sub-populations according

to Index of Polyp Coverage

in Thau lagoon. Points were
slightly moved to avoid overlap-
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populations, by index of polyp coverage. Index 1: 0.01-0.1 m?; index
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surface directly colonized by polyps was not possible
to quantify by visual inspection. However, an exception
was made for metal pillars, where populations with size
<0.5 m*> were also considered, since each colony was
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mainly settled on individual biofouling organisms. We
acknowledge that the methodology used has limitations,
although it is useful to have a first large-scale picture of
the distribution and habitat association of polyp in Thau
lagoon.

Sub-populations covering larger areas were not found
on the most common substrate types, but rather on struc-
tures with large surface areas facing downwards. Plastic
structures (e.g. floating piers, plastic sheet cover on the
underside of pontoons and plastic debris) were colonized
by 30 and 40 % of the sub-populations with coverage area
superior to 0.5 and 1 m? respectively (Fig. 4). The most
important sub-population of Aurelia sp. polyps was found
on the underside surface of several submerged boats sunk
close to an old industrial concrete pontoon. By contrast,
despite their vast presence in Thau lagoon, metal structures
were supported mainly small colonies (75.4 % of colo-
nies with coverage less than 0.1 m?> were found in metal
structures—Fig. 4). The evaluation of the residence time
of the structures supporting big sub-populations (IPC > 3)
revealed that 58 % were present in Thau lagoon for more
than 20 years, 21 % about 20 years and 21 % were consid-
erably less than 20 years old (Cantou, pers. comm.). Most
of the younger structures were classified within the plas-
tics substrate type (67 and 100 % of the structures <20 and
ca. 20 years old, respectively), while metal and rock com-
posed the majority of the oldest structures (27 and 36 %,
respectively).
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Discussion
Polyp distribution

The survey conducted in Thau lagoon revealed that the
benthic population of Aurelia sp. is well established in this
ecosystem. We found polyps over the entire surveyed area,
indicating that the full life cycle of this jellyfish occurs in
Thau lagoon, supporting the previous hypothesis (Bonnet
et al. 2012). In addition, such results are in line with the
lack of evidence regarding potential transport of Aurelia
sp. from the near coast to the lagoon (Bonnet et al. 2012),
which raises the possibility of the potential isolation of this
population from the other populations of the Mediterra-
nean Sea. Furthermore, the broad distribution of ephyrae in
Thau lagoon (Bonnet et al. 2012), together with our results,
provides additional support to the hypothesis that the spa-
tial patterns of ephyrae in sheltered areas are associated
with polyp distribution, as shown in Mikawa Bay, Japan
(Toyokawa et al. 2011).

The patchy distribution and settlement on the shaded
underside horizontal or oblique surfaces of the surveyed
substrates agrees with previous laboratory results (Brewer
1978; Holst and Jarms 2007) and field investigations
(Miyake et al. 2002; Makabe et al. 2014; Purcell et al.
2009).

Polyps were found between 0.2 and 6.1 m depth, but
more than 70 % of the population was in the first 2 m of the
water column, which might be associated with the depth—
frequency allocation of the artificial structures, since only a
small fraction of the structures (i.e. oyster-culture rafts) are
present in deeper waters (see Fig. 1).

Our results suggest a broad and relatively even hori-
zontal distribution of the benthic population over anthro-
pogenic-related hard substrates in Thau lagoon. Indeed,
polyps showed a particular occurrence in areas exposed to
high anthropogenic influence, i.e. highly populated areas,
where human constructions were abundant and offered
suitable surfaces for polyp settlement (see Figs. 1 and 3).

The distribution of the benthic population appears
mainly determined by recruitment of planulae (Lucas
2001), although spatial patterns at larger scales have been
little reported. Such patterns have been related with the
distribution of the parental population that influence spa-
tial patterns of planula larvae, and thus the establishment
of polyp colonies (Toyokawa et al. 2011). In agreement
with previous observations, here the presence of Aure-
lia sp. medusae over the entire lagoon (Marques et al.,
unpublished data) may also explain the spread distribu-
tion of polyps. Such pattern is also likely favoured by the
hydrographic characteristics of Thau lagoon. The relative
long residence time of water masses (i.e. 1-4 months),
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associated with seasonal strong wind events in the lagoon
(Fiandrino et al. 2012), may retain and randomly disperse
the planula larvae within the lagoon, which can properly
settle on the available hard substrates.

Polyp habitat

The long-term survivorship of jellyfish populations relies
on the development of benthic stages. A main feature ena-
bling polyps to increase their distribution and abundance
is the ability of settling on a great variety of substrate
types, including artificial ones (reviewed by Lucas et al.
2012). Laboratory experiments have shown that artificial
substrates are suitable for planulae settlement and often
preferred by several jellyfish species (Pitt 2000; Holst
and Jarms 2007; Hoover and Purcell 2009). In situ, many
reports have shown the presence of jellyfish polyps beneath
man-made structures (e.g. Miyake et al. 2002; Will-
cox et al. 2008; Purcell et al. 2009; Ishii and Katsukoshi
2010; Duarte et al. 2012). Here, our results highlight that
habitat modification through human constructions appears
very important in the expansion of polyp population. Thau
lagoon is characterized by sandy or muddy bottoms with
scarce natural hard substrates, particularly with suitable
surfaces faced downwards. Among the natural substrate
types surveyed (shell bottom and some natural rocky for-
mations), none were colonized by Aurelia sp. polyps. This
is in agreement with the expected influence that increasing
coastal constructions have on promoting jellyfish outbreaks
through enlarging settling structures (Duarte et al. 2012;
Qiu 2014; Makabe et al. 2014).

Among the artificial structures surveyed in this study,
metal was by far the most colonized, supporting 58.8 % of
all sub-populations (Table 1). Vertical pillars represented
the big majority of metal structures (e.g. support of small
pontoons and oyster-production rafts, which alone occupy
ca. 20 % of the lagoon surface; Mongruel et al. 2013) and
were the most common artificial substrate identified in
the lagoon, even when excluding oyster-production rafts.
Therefore, the elevated colonization of metal structures
appears to be associated with their high accessibility. How-
ever, the number of sub-populations present in the differ-
ent artificial substrates did not follow their availability in
the lagoon. For instance, although plastics were one of the
rarest substrate types identified, they were the second most
colonized, with 11.8 % of all sub-populations (Table 1).
Such results suggest some level of preference for plas-
tic materials such as polyethylene, as previously observed
in laboratory and field conditions (Holst and Jarms 2007,
Hoover and Purcell 2009). Overall, our observations stress
the strong association between polyps and hard artificial
substrates, which were directly and indirectly colonized



Mar Biol (2015) 162:1441-1449

1447

by Aurelia sp. polyps. Hard structures provided settling
substrates for other biofouling organisms, which are then
directly colonized by polyps. In line with this, colonization
of natural biofouling was also reported by other authors
(Miyake et al. 2002; Willcox et al. 2008; Toyokawa et al.
2011), where bivalves, Porifera, Polychatea and Amphi-
poda tubes were among the most common colonized organ-
isms. In Thau lagoon, although a quantitative proportion
of direct/indirect colonization of polyps was not assessed
for all substrate types, similar diversity was observed, with
bivalves playing a special role. Indeed, on the common
metal structures, 86.6 % of the settled colonies were fixed
on biofouling organisms. The vertical metal surfaces do not
provide the suitable surfaces for polyps, but offer proper
substrate for biofouling fixation. Among the colonized
organisms attached to metal surfaces, 90.4 % were oysters.
The massive production of oysters in Thau lagoon supplies
large amount of larvae to the surrounding pelagic environ-
ment that benefit from the available hard substrates. In the
adult stage, oysters provide the necessary shaded surfaces
for polyp fixation. It is worth noticing, however, that Aure-
lia sp. colonies were not found on the reared oysters, likely
due to their frequent removal from the water, which is car-
ried on to mimic the tides influence (every 6-12 h) and to
reduce the survivorship of biofouling organisms on oyster
shells. In agreement with our results, the removal of exten-
sive aquaculture rafts was pointed as responsible for the
disappearance of Aurelia sp. 1 populations in Taiwan, as an
outcome of changes in light, water retention and availabil-
ity of settling substrates (Lo et al. 2008).

Sub-population size

Although metal structures supported most of the surveyed
colonies, their size was usually small (75.4 % <0.1 m? and
only 10 % >1 m?; Fig. 4), likely due to the limited available
underside surface area, which was mainly provided by the
biofouling, such as oyster shells. By contrast, we found the
biggest colonies associated with shaded continuous large
surfaces, such as plastics (i.e. polyethylene pontoons) and
the surface of submerged boats. Although direct quantita-
tive evaluation of intra- and inter-specific competitions is
lacking, reduced space competition may have positively
influenced Aurelia sp. benthic population allowing their
expansion and enhancing their survivorship (Toyokawa
et al. 2011; Watanabe and Ishii 2001; Willcox et al. 2008).
In Thau lagoon, 58 % of the structures supporting big
sub-populations (IPC > 3) were submerged for more than
20 years (Cantou, pers. comm.), which suggests a potential
long-term establishment of the benthic population. After
metamorphosis to the polyp phase, the ability of asexual
reproduction (i.e. by budding) and the settling of new buds
in dense colony formation may provide an inter-specific

competitive advantage (Miyake et al. 2002). Such abil-
ity allows their long-term establishment and development,
while decreasing the available space for fixation of the
remaining benthic organisms.

Our survey of Aurelia sp. benthic population covered the
spring season, which overall corresponds to the period of
polyp increase. Indeed, the annual pattern of the develop-
ment of Aurelia spp. in temperate areas is generally charac-
terized by decreasing abundance of polyps during autumn
and winter and an increase during spring and summer
(Willcox et al. 2008; Ishii and Katsukoshi 2010). In Thau
lagoon, one colony was simultaneously monitored during
our survey period, revealing an increasing trend of the den-
sity of polyp (Marques et al., unpublished data). Although
such information is limited to just one colony and need
to consider a larger sample of colonies, this may suggest
a slight underestimation of the real polyp density in the
first areas surveyed (i.e. small lagoon). Nevertheless, the
ranges reported through the index of polyp coverage are
wide enough to capture such density variations. It is worth
noticing though the high density of polyps is observed in
Thau lagoon (32 ind. cm™2, Marques et al., unpublished
data). Such values are higher than previous in situ stud-
ies reported in Japan (Ishii and Katsukoshi 2010; Makabe
et al. 2014) and in accordance with in situ polyp densities
reported in the Adriatic Sea (Malej et al. 2012) and in Tas-
mania (Willcox et al. 2008). Bearing in mind that the small
lagoon is the most human-impacted area in Thau lagoon,
these results stress that artificial structures greatly promote
the development of jellyfish benthic populations.

Concluding remarks

Our results provide empirical support to recent hypothesis
regarding the spread of jellyfish blooms in coastal waters
(e.g. the ocean sprawl influence on jellyfish, Duarte et al.
2012), thereby stressing the crucial role of man-made con-
structions in expanding new habitats for polyp develop-
ment. This, together with an extraordinary ability of polyps
to colonize a variety of substrata, favours the ubiquity of
Aurelia sp. in Thau lagoon. In the Mediterranean Sea, the
ocean sprawl phenomenon might have a larger significance
than previously considered to understand the growing jel-
lyfish outbreaks in the last decades along with the anthro-
pogenic modification of Mediterranean coasts.

Perceiving the critical role of polyps in jellyfish out-
breaks emergence, understanding the population dynam-
ics and repercussions of ecological interactions on jelly-
fish benthic populations, such as inter- and intra-specific
space and food competition, as well as prey and predator
trophic interactions is of greatest importance. Failures to
understand the ecology of benthic life stages will constraint
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the understanding of jellyfish blooms and their eventual
forecast.
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