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Abstract
The presence of Pinctada imbricata radiata (rayed pearl oyster) was explored in
the Bay of Palma (Balearic Archipelago, NW Mediterranean Sea) by means of
Rapid Assessment Surveys (RAS). Forty-three specimens were found in rocky
substrates from recreational marinas and neighbouring natural habitats, including
Cabrera National Park. Average hinge length was 26.8 ± 13.3 mm and average shell
height was 28.6 ± 16.2 mm; a maximum size of 55.6 × 55.9 mm was measured.
The main occurrence of the exotic oyster in marinas, and also far away in Cabrera,
points to maritime transport as the primary introduction vector; whereas records in
the adjacent natural habitats suggest secondary spread by natural dispersal has
occurred. Considering the populations of P. imbricata radiata documented in the
Balearic Archipelago, the bivalve seems to be well established in the area. The
study explores the potential of RAS as early detection tools for invasive species
along the coastline, and recommends further assessment on the ecological impact of
P. imbricata radiata in marine protected areas.
Key words: rayed pearl oyster, non-indigenous species (NIS), marine invasive
species, rapid assessment survey, maritime transport, natural dispersal

Introduction
The rayed pearl oyster Pinctada imbricata radiata (Leach, 1814), originally
from the Indo-Pacific, was among the first invasive Lessepsian migrants
that arrived to the Mediterranean Sea in 1874 (Monterosato 1878), where it
is considered one of the worst invasive species (Streftaris and Zenetos
2006). This bivalve has successfully spread throughout the Mediterranean,
colonising new habitats and establishing populations in the eastern
(Barbieri et al. 2016; Theodorou et al. 2019; Moutopoulos et al. 2021) and
central basins (Deidun et al. 2014; Gavrilović et al. 2017; Scuderi et al.
2019); nonetheless, records in the north-western area are still scarce. The
first citation in the Balearic Archipelago dates from 1999, from a single
specimen collected among fishing scraps in Majorca (Pons-Moyà and Pons
2001), and a recent study confirms its presence in the neighbouring island
of Minorca (Ballesteros et al. 2020).
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Figure 1. A) Stations for RAS along the Bay of Palma. Rocky substrates are represented by circles for marinas, and stars for natural
habitats (for details see Supplementary material Table S1). B) Morphological features on the internal (left) and external side (right)
of the shell: AA, anterior auricle; BN, byssal notch; HL, hinge line; N, nacre; SC, scales. C) Specimen of P. imbricata radiata
spotted in Cabrera National Park. Photo credit: JAA (B), MVL (C).

Rapid Assessment Surveys (RAS) have been tested in many coastal areas
and proven to be suitable tools for the monitoring of benthic non-indigenous
species (NIS) (Bishop et al. 2015; Collin et al. 2015). For our study, RAS
were adapted with the aim to explore their potential as early detection tools
and to determine the presence of invasive NIS in different marine
environments, namely recreational marinas and neighbouring natural
habitats. Here, the presence and distribution of P. imbricata radiata is
documented for the Bay of Palma and Cabrera National Park, from the
Balearic Archipelago, Spain.

Materials and methods
The presence and distribution of invasive species was explored by RAS
along the Bay of Palma (Balearic Archipelago, Spain), between Illetes
(Il: 39.53296°; 2.58958°) and Cala Blava (CB: 39.48016°; 2.72844°) (Figure 1A).
Rocky substrates were sampled in recreational marinas (6) and adjacent
natural habitats (18), between 0–2 m depth. Optimal strategies were adapted
for the different marine environments: (1) in the marinas, pontoon sides
were sampled using a handmade scraper with a collecting basket, and
submerged substrates were examined (e.g., buoys, mooring ropes); whereas
(2) in natural habitats, visual transects were performed by means of
snorkelling, and samples were collected with the aid of a trowel (AguiloArce 2020). Specimens of P. imbricata radiata were analysed by means of
DNA barcoding as part of a complementary study in order to correctly
identify the species from other congeners (Aguilo-Arce 2020). Confirmed
individuals were measured with a vernier calliper (0.1 mm accuracy) for
the hinge length (HL) and the shell height (SH) and were stored at the
Universitat de les Illes Balears (UIB, Palma).
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Results
Pinctada imbricata radiata was found in 7 out of the 23 surveyed locations.
An overall of 43 specimens was collected mainly from the marinas (St. 7,
10, 11, 12, 14), except for two natural habitats (St. 8, 18) (Supplementary
material Table S1, Figure 1A). Average HL was 26.8 ± 13.3 mm, while
average SH was 28.6 ± 16.2 mm (mean ± SD). Playa S’Arenal (St. 18)
represented the locality with a higher number of rayed pearl oysters and
larger size, including a maximum size of 55.6 × 55.9 mm (Table S1, Figure 1B).
In addition to the sampled sites, other individuals were found in natural
habitats (Table S1: St. A, B, C), where different scenarios occurred
(described below).
Caló des Monjo (St. A) is a sheltered cove with rocky bottoms where a
live individual of P. imbricata radiata was collected from a mooring rope,
between 3–4 m depth. In Cabrera National Park (St. B), during a survey of
Pinna nobilis, an empty shell of P. imbricata radiata was spotted along with
Haliotis tuberculata shells in the proximity of an octopus shelter at 8 m
depth. The condition of the oyster shell suggested that the mollusc was
captured recently, since the internal sides were lacking epiphytes (Figure 1C).
Finally, those individuals recorded in Cala Gamba (St. C) were found
associated with an abandoned fish trap at 2 m depth, along with other
marine invasive species such as Halimeda incrassata.

Discussion
The presence of P. imbricata radiata was primarily found in artificial
substrates of the sampled recreational marinas, compared to natural
habitats. This finding suggests that maritime transport is the likely primary
introduction vector of the rayed pearl oyster in Majorca. Furthermore,
some of the natural habitats where the Indo-Pacific bivalve was recorded
are closely related to recreational boating, which is not surprising
considering that the Balearics are a natural attraction for this leisure
activity. The finding of P. imbricata radiata in surrounding areas of the
marinas suggests secondary introductions by natural spread.
The existence of P. imbricata radiata in the Mediterranean Sea has been
documented since the 19th century, especially in the eastern part of the
basin (Barbieri et al. 2016). The species was intentionally introduced for
mariculture purposes with mixed success, leading to naturalised
populations that expanded their distribution (Gofas and Zenetos 2003;
Lodola et al. 2013). Secondary spread may include marine litter (Ivkić et al.
2019), maritime transport (Tlig-Zouari et al. 2009; Crocetta 2011; Theodorou
et al. 2019) and natural dispersal (Oliverio et al. 1992).
Sporadic records have been reported in the north-western Mediterranean
(Altimira 1977; Pons-Moyà and Pons 2001; Stasolla et al. 2014), until the
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Salgado (2019) for the Iberian Peninsula. Specimens of P. imbricata radiata
were collected as part of the fouling attached to mussel ropes in the Ebro
Delta, suggesting established populations in the area. Recently, Ballesteros
et al. (2020) confirmed established populations on the neighbouring
island of Minorca, all of them restricted to harbour areas and originally
associated to shellfish farming, pointing to a recent introduction of the
species around 2016. Authors also reported sporadic observations of the
oyster in Majorca since 2010.
The rayed pearl oyster shows a high capacity for dispersal at different
stages of its life cycle. The larval phase of Pinctada spp. ranges from 16–30
days, depending on species, temperature, nutrition and the availability of
settlement substrates (Gervis and Sims 1992). Similarly, the efficiency of
spat recruitment may be influenced by hydrodynamics, depth, biotic and
abiotic changes in water parameters, as well as the collector material types
(Yiğitkurt et al. 2017). After settlement, some motility is retained, and
adults of P. imbricata radiata can actively move by the byssal threads
(Giraldes et al. 2019), which implies advanced displacement mechanisms
for this benthic species under unfavourable conditions.
The shell measurements of the oysters recorded in Majorca contrast with
the data reported by Ballesteros et al. (2020), where average HL was 56.7 ±
8.9 mm and average SH was 59.6 ± 12.1 mm. The dimensions described by
the authors correspond with the maximum sizes obtained in our study,
which implies that the individuals we collected are younger. Studies on
Pinctada radiata reproduction have proven that sexual maturity is reached
between 15–20 mm (Tlig-Zouari et al. 2009), so it can be assumed that
most of the specimens examined were adults and therefore spawners.
Moreover, the smaller size of the individuals associated with an abandoned
fish trap denotes that it functioned as a collector for spats and spawners in
the vicinity, at least in terms of oceanographic distance.
Considering the documented populations in Minorca, the previous
observations in Majorca and the results of the current study, P. imbricata
radiata seems to be well established in the Balearic Archipelago. The pathway
of introduction by maritime transport is considered the likely primary
vector for the species, either via biofouling or ballast water. Also, secondary
spread by natural dispersal seems significant due to the great dispersion
capacity of this bivalve.
An increase of P. imbricata radiata can be expected in the coming years,
thus RAS are encouraged for early detection of the species in sensitive
areas nearby hotspots (e.g., commercial ports, recreational marinas), since
it has been demonstrated to be a useful tool to determine the presence and
distribution of invasive species along the coastline. Further monitoring surveys
on NIS are recommended in order to provide quantitative data and to assess
the ecological impact of P. imbricata radiata in marine protected areas.
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