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tropical and subtropical species, which previously could not 
survive in cooler waters. Altered currents and circulation pat-
terns further facilitate the transport of NIS to new areas within 
the Mediterranean, aided by both human activities and natural 
range expansions. The introduction and dispersal of tropical 
marine species into the Mediterranean Sea can involve mul-
tiple pathways and mechanisms, which may alternate during 
their journey from the donor to the recipient area. According to 
Essl et al. (2019), these pathways include both natural expan-
sions and human-mediated introductions.

The construction of the Suez Canal created a significant 
pathway for species from the Indo Pacific province to enter the 
Mediterranean. This pathway supports the poleward expansion 
of many species through direct human agency, leading to the 
unintentional creation of a major dispersal corridor. According 
to Essl et al. (2019), species entering via the Suez Canal should 
not be considered neo-native due to their introduction through 
human intervention rather than natural range expansion.

Introduction

The Mediterranean Sea has become increasingly accessible 
and suitable for the establishment of nonindigenous species 
(NIS) due to various environmental, ecological, and anthro-
pogenic factors. Rising sea temperatures, driven by climate 
change, have made the Mediterranean more hospitable to 

	
 Akis Angelidis
fortuno.akis@gmail.com

1	 7, Kapetan Vangeli Str, Thessaloniki 54646, Greece
2	 24, Agias Sofias Str., Thessaloniki 54622, Greece
3	 Fisheries Research Institute, Hellenic Agricultural 

Organization-DIMITRA, Nea Pergamos, Kavala  
64007, Greece

4	 School of Science, Engineering & Environment, University 
of Salford, 43 Crescent, Salford M5 4WT, UK

Abstract
The introduction and establishment of the bivalves Isognomon bicolor and Isognomon aff. legumen in the South Aegean 
Sea, specifically on the islands of Chalki and Alimia, marks a significant ecological event. These species, native to dif-
ferent parts of the world, have now been confirmed in the Mediterranean through DNA barcoding and phylogenetic 
analyses. These methods are crucial for accurate identification within the genus Isognomon, as traditional morphological 
identification is challenging due to the variable and habitat-dependent shell shapes of these bivalves. Isognomon bicolor is 
originally from the West Atlantic, while  Isognomon aff. legumen hails from the Indo-Pacific region. Their presence in the 
Mediterranean, specifically in the intertidal and shallow subtidal zones, indicates they have found suitable habitats in their 
new environment. Over a four-year period of field observations, researchers gathered valuable ecological data, noting the 
species’ habitat preferences and their establishment dynamics. In July 2024, researchers observed the formation of new, 
extensive dense aggregations, or beds, of the invasive I. bicolor on the coastal rocks of Chalki and Alimia. The formation 
of these beds is a clear indicator of a progressing invasion, which poses a significant threat to the native ecosystem. The 
establishment of I. bicolor and I. aff. legumen could disrupt local biodiversity, outcompete native species, and alter the 
ecological balance in these regions. This situation underscores the importance of continuous monitoring and the use of 
advanced identification techniques like DNA barcoding to track and manage invasive species. Such efforts are essential 
to mitigate the impacts of these invasions and protect native marine ecosystems.
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Tropical Atlantic species may enter the Mediterranean 
via the Gibraltar Straits, following a natural poleward range 
expansion along the West African coast. Albano et al. (2024a) 
highlight the increasing significance of this biogeographical 
corridor, which has been enhanced by the weakening of the 
cold Canary barrier due to climatic shifts. Species that enter 
through this natural corridor may be considered neo-native 
(Essl et al. 2019).

Direct human actions, such as fouling on ships, untreated 
ballast water dumping, macrolitter rafting, aquaculture, and the 
aquarium trade, also introduce tropical species to the Mediter-
ranean (Katsanevakis et al. 2013; Ulman et al. 2019). These 
species are classified as NIS or alien species, distinct from neo-
native ones.

Natural or anthropogenic rafting on hard debris, as observed 
with Isognomon bicolor, serves as a critical dispersal mecha-
nism (Breves et al. 2014). Rafting differs from planktonic lar-
val dispersal, with variable dispersal distances influenced by 
currents and wind (Thiel and Haye 2006). This mechanism is 
not easily categorized as either a poleward range expansion or 
a direct human introduction mechanism.

Among the dominant aiding factors for the successful estab-
lishment of non-indigenous species (NIS), especially in the 
eastern Mediterranean basin, is the increase in sea surface tem-
perature (SST) due to global warming. In fact, satellite obser-
vations from 1985 to 2008 revealed a significant SST increase 
of approximately 1 °C in the area, with the highest peak for the 
Aegean Sea reported regularly in August (on average 1.23 °C) 
(Nykjaer 2009; Raitsos et al. 2010). This process is expected to 
intensify in the coming decades since the Mediterranean Sea 
is the fastest warming sea globally, with sea surface tempera-
tures increasing 20% faster than the global average (Givan et 
al. 2017; Peleg et al. 2019; Albano et al. 2021a).

The steady increase in SST has changed biotic interac-
tions and affected temperate marine systems through a pro-
cess known as “tropicalization of marine environments” 
(Bianchi and Morri 2003; Scuderi and Viola 2019). Through 
this process, thermophilic species expand their natural range 
to novel areas/higher latitudes (Bianchi and Morri 2003; Scu-
deri and Viola 2019; Albano et al. 2021a). Similarly, there is 
an increased occurrence of warm water biota in the Mediter-
ranean Sea, where approximately 1,000 alien species have 
been recently recorded (Zenetos et al. 2022). Moreover, shal-
low subtidal zones are more exposed to thermal variability, 
and they are more affected by sea warming and tropicalization 
(Vergès et al. 2014). In some cases, ectothermic malaco-fauna 
react accordingly, and new southern thermophilic species are 
established, whereas indigenous species recede (Albano et al. 
2021a). Interestingly, the shift from assemblages composed 
of Mediterranean species to those dominated by tropical NIS 
in shallow Israeli reefs (Albano et al. 2021a) highlights that 
the transformation of subtidal marine ecosystems could have 

significant effects on the marine biota in the eastern Mediter-
ranean basin. Similar thermal conditions occur in the South 
Aegean Islands (Greece), which are part of the fast-warming 
Levantine Basin. Concurrently, local water circulation patterns, 
such as those in the mid-Mediterranean Jet, create a complex 
system of cyclonic-anticyclonic eddies and fronts in the area, 
favouring larval transport (Valdés et al. 2013). Such conditions 
result in a high recruitment of non-indigenous species on the 
southern Dodecanese Islands, turning the area into a hot spot 
for their establishment (Crocetta et al. 2017).

As of 2022, 173 non-indigenous molluscs have been 
reported as established in the Mediterranean Sea, represent-
ing an increase of 38% during the last 20 years (Zenetos et 
al. 2022). The establishment of sessile bivalve NIS is further 
facilitated locally by both the availability of suitable substrata 
and increases in water temperature, especially in coastal habi-
tats (Albano et al. 2021a). Despite the magnitude of bivalve 
invasions in the Levantine basin, the ecological effects on the 
benthic community have not been thoroughly studied (Diga et 
al. 2023). Six non-indigenous sessile bivalve species, including 
members of the genus Isognomon (Lightfoot 1786), have been 
reported in southern and warmer localities of Greece, such as 
the southern Dodecanese Islands (Crocetta et al. 2017). They 
prevail in infralittoral sessile communities and alter hard sub-
strata assemblages (Albano et al. 2021a).

Sessile epibyssal bivalves of the genus Isognomon are wide-
spread in the intertidal and infralittoral zones of the tropics and 
subtropics (Benthotage et al. 2020). They have pearly interior 
and highly irregular shapes (Reeve 1858; Printrakoon 2015). 
Recent molecular studies have shown that they belong to the 
superfamily Pterioidea [Gray, 1847 (1820)] (Tëmkin 2010). 
The family Isognomonidae [Woodring, 1925(1828)] is eas-
ily distinguished from the rest of the Pterioidea [Gray, 1847 
(1820)] by its multivincular ligament (Stenzel 1971). There 
are 16 valid species belonging to the genus Isognomon (Ben-
thotage et al. 2020). However, the diagnostic characteristics 
used to discriminate these species are particularly problematic 
because they are mainly based on descriptive features of the 
shell, such as the outline of the shell margin, obliquity, extent 
of the auricles, and various aspects of its shape and colour 
(Tëmkin 2006; Ubukata 2003). Four of them, Isognomon 
australicus (Reeve 1858), Isognomon isognomum (Linnaeus, 
1758), Isognomon legumen (Gmelin 1791), and the Isognomon 
nucleus (Lamarck, 1819), were recorded in the Red Sea (Vine 
1986), representing potential Lessepsian introductions due 
to their geographic proximity. Moreover, Isognomon ephip-
pium (Linnaeus, 1875) was recorded in Israel (Mienis 2004) 
as a non-Indo-Pacific immigrant; however, this record was not 
confirmed.

Only two species, I. legumen and I. australicus, have been 
recorded in the Mediterranean Sea, the first from Israel, Greece, 
Turkey and Italy (Mienis 2016; Micali et al. 2017; Ovalis and 
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Zenetos in Stamouli et al. 2017; Scuderi and Viola 2019), and 
the latter from Astypalaia, Saronicos, and Plakias Crete in 
Greece (Angelidis and Polyzoulis 2018; Albano et al. 2021b; 
Manousis et al. 2021). Very recently Albano et al. (2024b) used 
for the first time, molecular analysis to identify new records 
of I. legumen in various localities in Cyprus. In the literature, 
I. legumen is acknowledged as a well-established species in 
the Mediterranean Sea; however, there is scepticism about the 
establishment of I. australicus (Zenetos et al. 2018; Crocetta 
et al. 2017; Garzia et al. 2022). A third isognomonid species, 
Isognomon bicolor (CB Adams, 1845), was recorded for the 
first time in the Mediterranean, in southern Italy by Garzia et 
al. (2022) using molecular means, while very recently Albano 
et al. (2024b) documented new records of. I. bicolor in Cyprus 
(16 specimens from Agia Triada), in Israel (two specimens 
from Skimona) and in Greece (2 specimens from Heraklion) 
using molecular analysis for their identification. Isognomon 
bicolor was originally described in Jamaica (Caribbean Sea, 
western Atlantic), and it has become a widespread invasive 
species across the Brazilian coast, having a negative impact on 
the local biota (Domaneschi and Martins 2002; Breves-Ramos 
et al. 2010; López et al. 2014).

Hence, our knowledge of the genus Isognomon in the Medi-
terranean Sea remains controversial. The sole use of a morpho-
logical approach for species identification has proven unreliable 
due to the overall similarity of morphologies and the lack of 

solid diagnostic characters to distinguish species of the genus 
(Benthotage et al. 2020). Garzia et al. (2022); Albano et al. 
(2024b) in their recent studies, attempt to re-evaluate previous 
identifications in literature, based on morphological similari-
ties between published photos and genetically analysed speci-
mens. In this study, we attempt to elucidate the establishment 
of Isognomonidae in the South Dodecanese Islands, Greece, 
through an integrated solid strategy based on DNA barcoding, 
morphology, and field observations. Through this strategy we 
focus on the macroscopic signs that support the presence of a 
large-scale invasion of I. bicolor and a lesser one of I. legumen 
in Halki and Alimia islands of the South Aegean Sea.

Materials and methods

Specimen Collection

Specimens were collected by snorkelling in July 2021 and 
July 2022 at Pontamos beach, Chalki Island (Rhodes, South 
Aegean Sea) and in July 2022 at Alimia Island (Rhodes, 
South Aegean Sea) (Fig. 1; Table 1). In total, 30 specimens 
attached to infralittoral rocks were hand-picked, and an 
additional 26 specimens were collected by turning rocks 
upside-down in deeper water in both localities. Sample 
collection was conducted during five separate “events” 

Fig. 1  Isognomοn spp. sampling localities: Pontamos beach, Chalki Island (N 36.221666; E 27.604444) and Alimia cove, Alimia Island (N 
36.266225; E 27.708494)
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primer, 0.4  µl of GoTaq G2 Flexi polymerase (Promega, 
USA), and 11.1  µl of molecular grade water. PCR prod-
ucts were sequenced at the Macrogen Sequencing Service 
(Macrogen, The Netherlands). Sequences were checked 
and manually edited using ProSeq 3.0 (Filatov 2002). The 
partial COI sequences were translated and checked for stop 
codons and mitochondrial pseudogenes (NUMTs), and all 
generated sequences were compared against the GenBank 
database with nucleotide BLAST (blastn) (http://blast.ncbi.
nlm.nih.gov/Blast.cg).

Following species identification, we amplified the 
D1-D3 fragment of the large ribosomal subunit sequence 
(28S rDNA) and the large subunit 16S ribosomal DNA 
(16S rRNA) of two individuals per species. Fragments for 
the 28S and 16S genes were amplified by polymerase chain 
reaction (PCR) using the primer sets D1F: 5’-​G​G​G​A​C​T​A​
C​C​C​C​C​T​G​A​A​T​T​T​A​A​G​C​A-3’ and D6R: 5’-​C​C​A​G​C​T​A​T​
C​C​T​G​A​G​G​G​A​A​A​C​T​T​C​G-3’ (Park and Foighil 2000) fol-
lowing Tëmkin (2010) and 16Sar: 5’-​C​G​C​C​T​G​T​T​T​A​T​C​A​
A​A​A​A​C​A​T-3’ and 16Sbr: 5’-​C​C​G​G​T​C​T​G​A​A​C​T​C​A​G​A​T​C​
A​C​G​T-3’ according to Kessing et al. (1989), respectively. 
Amplicons were purified and sequenced by the Macrogen 
Sequencing Service (Macrogen, The Netherlands).

Phylogenetic Analyses

Three separate datasets, one for each gene, were created 
using the newly generated sequences and GenBank sequences 
belonging to the genus Isognomon (Supplementary Table 1). 
Each fragment was analysed independently due to sample size 
differences among the markers. Sequences of Pinctada max-
ima (Jameson, 1901) and Magallana gigas (Thunberg, 1793) 
were used as outgroup (Supplementary Table 1). Each dataset 
was aligned using ClustalX 2.1 (Larkin et al. 2007) and veri-
fied by eye. Uncorrected p-distances were calculated in MEGA 
11.0.13 (Tamura et al., 2021) only for Isognomon species.

Maximum-likelihood (ML) analyses of the nonparti-
tioned protein-coding (COI), 28 S and 16 S gene sequences 
were performed on the PhyML 3.0 webserver (http://www.
atgc-montpellier.fr/phyml/; Guindon et al. 2010) for 1,000 

according to their habitat at each study site (Table 1). All 
specimens were stored in 95% ethanol for further analy-
ses. Additionally, photographs of sessile cluster fragments 
from Alimia cove were taken by removing stones from the 
water and then returning them to their original spot after 
imaging. An isolated group of four shells was observed free 
standing and attached vertically to a broad rock at a depth 
of four meters in Pontamos Beach. Two of them were col-
lected for further examination because neither their habitat 
conditions nor their shell shape and colour were similar to 
those of any other observed or analysed specimens. One of 
those specimens (IL5, Table 1) was labelled and sequenced. 
Field observation notes were taken from both localities. A 
10 × 10 cm quadrat was used to measure bivalve densities 
in both localities.

DNA Extraction, Amplification and Sequencing

Specimens were preliminarily sorted according to their 
habitat (under stones or within rock crevices), locality, and 
overall morphology (Table 1) and were kept in 95% ethanol 
for DNA sequencing. Thirteen specimens corresponding to 
all sampling events (Table 1) were labelled and sequenced. 
A small piece of the adductor muscle was clipped, and 
genomic DNA was extracted from approximately 20  mg 
of tissue from each specimen using the NucleoSpin Tis-
sue Extraction Kit (Macherey-Nagel, Germany) accord-
ing to the manufacturer’s instructions. The partial region 
of the cytochrome c oxidase subunit 1 mitochondrial gene 
(COI; 660 bp) was amplified by PCR using the primer set 
jgLCO1490: 5′-TITCIACIAAYCAYAARGAYATTGG-3′ 
and jgHCO2198: 5′-TAIACYTCIGGRTGICCRAARA-
AYCA-3’ (Geller et al. 2013). The PCR cycling conditions 
included initial denaturation at 94 °C for 3 min, followed by 
35 cycles at 94 °C for 40 s, 50 °C for 40 s, 72 °C for 40 s, 
and a final extension at 72 °C for 5 min. PCR was conducted 
in 25 µl volumes, and the reaction mixtures contained 1 µl 
of DNA, 5 µl of GoTaqx5 reaction buffer (Promega, USA), 
2 µl of MgCl2 (Promega, USA), 0.5 µl of deoxyribonucle-
otide triphosphate (dNTP, Promega, USA), 2.5 µl of each 

Table 1  Number of samples and field notes per sampling location
Sampling
Event

Locality Coordinates Number of 
specimens

Depth Habitat type Number of sequenced specimens 
tags correspond to sequences in 
supplementary Table 2

1. July/2021 Pontamos beach, 
Halki Il.

(N 36.221666; E 27.604444) 8 0.30–
1.5 m

Into rock crevices 2: (IB7, IB8)

2. July/2022 Pontamos beach, 
Halki Il.

(N36.221666; E 27.604444) 12 1–2 m Under stones 1: (IL3)

3. July/2022 Alimia Il. (N36.266225; E 27.708494). 22 0.10–1 m Into and around 
rock crevices

6: (IB1, IB2, IB3, IB4, IB5, IB6)

4. July/2022 Alimia Il. (N36.266225; E 27.708494). 14 1–2 m Under stones 3: (IL1, IL2, IL4)
5. July/2022 Pontamos beach. 

Halki Il.
(N36.221666; E 27.604444) 2 4 m Free standing on 

rocky bottom
1: (IL5)
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99.9%, respectively; Supplementary Table 2). The intraspe-
cific genetic distances were low for both species (I. bicolor: 
0.01% for COI, 0.21% for 28 S, and 0.11% for 16 S; I. aff. 
legumen: 0.22% for COI, 0.14% for 28 S, and 0% for 16 S), 
whereas interspecific distances in the monotypic Isogno-
monidae family that contains only the genus Isognomon, 
ranged from 16.50 to 33.33% for COI, 1.03–4.65% for 28 S, 
and 4.57–26.05% for 16 S. Additionally, each of the three 
sequenced datasets produced topologies that confirmed our 
initial DNA barcoding results (Fig. 3a, b and c).

Morphological Characteristics and Identification

Specimens that were genetically identified as Isognomon 
bicolor were collected from inside and around the crevices 
of the rocky subtidal substrata at both localities. Their mor-
phology exhibited the following characteristics: a rather 
small, solid, thin, slightly inequivalve shell with a straight 
hinge margin and a conspicuous byssal notch. The shape is 
irregular but mostly obliquely oval, pointed at the byssal 
edge. Interior nacreous extending to a shorter nonnacreous 
fringe. Hinge lacking teeth, multilingual ligament with six 
to seven grooves along the dorsal margin. The shell is con-
spicuously concentrically laminated with laminae loosely 
overlapping at narrow increments. The colour varies from 
blackish brown to yellowish brown.

The specimens, which were genetically identified as 
Isognomon aff. legumen (Fig. 2b), were collected by turn-
ing small bottom rocks upside down at both sampling sites. 
Their morphology presented the following characteristics: 
medium size, thin, semi-transparent, anomia-like, and 
highly irregularly shaped shell following the shape of its 
habitat. The colour is whitish in juvenile specimens and 
light yellow in adults. The interior of both valves is nacre-
ous, followed by a wide fringe of irregularly developed 
noncancerous shell extension. The muscular scar is sepa-
rate. Rudely laminated laminae compressed together to be 
almost obsolete. The external surfaces of both valves are 
similar in texture, with blister-like weak radial lines on the 
laminae. The ligament is multivincular with four to five pits 
that are relatively widely spanned. The valves are unequal to 
form the byssal opening. Byssus is formed by thin threads.

The specimen from the fifth sampling event, which was 
standing at 4 m depth, was genetically identified as Isogno-
mon aff. legumen. Its shell was dark brown, and its shape was 
evenly oblong and tongue like, with TLs and LPLs equal to 
4.7 and 2.4 cm, respectively. Additionally, the exterior of the 
valves was coarsely flaked in the first growth part, with con-
centric growth lines in the second half. The hinge length was 
0.8 cm (Fig. 2b, No 4). The TL of I. bicolor varied from 1 
to 2.5 cm (largest specimen), whereas that of I. aff. legumen 
varied from 1.6 to 6.8 cm (largest specimen). The average 

replications using automatic model selection by Smart 
Model Selection (Lefort et al. 2017) and the Bayesian Infor-
mation Criterion (BIC). Bayesian analyses (BAs) were 
carried out with MrBayes v.3.2.7a (Ronquist et al. 2012) 
following the selection of the most appropriate model of 
evolution by jmodeltest 2.1.9 (Guindon and Gascuel 2003; 
Darriba et al. 2012) for each dataset using the BIC (COI: 
HKY + G; 16  S: TPM3uf + G; 28  S: TrN + G). Analyses 
were performed for two Markov chains of 2,000,000 gen-
erations each, with sampling every 100 generations result-
ing in 20,000 trees, of which the first 25% were discarded 
as burn-in. Figtree 1.4.4 (http://tree.bio.ed.ac.uk/software/
figtree/) was used to visualize both the ML and BI trees.

Morphological Analyses

Only labelled and sequenced specimens were examined 
under a stereomicroscope (Zeiss STEMI 508). They were 
also cleaned to produce empty shells. Subsequently, they 
were measured with the aid of a calliper to the nearest 
0.01 mm. The total length (TL), length of the pearly layer 
(LPL), hinge length (HL), and hinge point thickness (HPT) 
were measured following Cavalcante and Gomes (2022): 
total length (TL) is the distance between the apex of the 
hinge and the margin of the lower part of the shell; length of 
the pearly layer (LPL) comprises the inner face of the valves 
in the region that houses the body, which is coated with a 
shiny nacre; and hinge point thickness (HPT) is the thick-
ness at the hinge region of the closed shell (Supplementary 
Tables 3 and 4). All photos were taken using a Nikon D700 
DSLR camera and processed by editing software to produce 
the image plates. Smartphone pictures of sessile fragments 
were taken in situ.

Results

Sequence Analyses, Species Identification and 
Phylogenies

In total, 13 individuals (22.42% of the 58 specimens col-
lected) were successfully molecularly identified. BLAST 
hits for the COI gene showed high similarity (100%) with 
existing reference sequences in GenBank (Supplementary 
Table A and 2). Eight specimens were identified as I. bicolor, 
six from Alimia (IB1, IB2, IB3, IB4, IB5, and IB6) and 
two from Pontamos beach (IB7and IB8) (Fig. 2a, Supple-
mentary Table 2). Five individuals were identified as I. aff. 
legumen, two from Alimia (IL1, IL2) and three from Pon-
tamos beach (IL3, IL4, IL5) (Fig. 2b, Supplementary Table 
2). High similarity with GenBank reference sequences was 
also detected for both the 16 S and 28 S markers (100% and 
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a thinner shell. The average size difference between the TL 
and the length of the pearly layer (TL-LPL) was consider-
ably greater in I. aff. legumen (avgTL-LPL = 2.12 cm) than 
in I. bicolor (avgTL-LPL = 1.28 cm). Consequently, the size 
difference between the two species is because I. aff. legu-
men develops a much larger non-nacreous fringe than does 
I. bicolor (supplementary Tables 3–4).

TL of the eight I. bicolor specimens was 2.04 cm, and the 
average TL for I. aff. legumen was 4.08 cm. The measured 
I. aff. legumen specimens were almost double the size of the 
corresponding I. bicolor shells. HPT measurements were 
quite similar in both species (avgHPTbicolor = 0.56  cm; 
avgHPTlegumen = 0.56  cm); however, the TL-to-HPT 
ratio was considerably lower in I. bicolor (3.63  cm) than 
in I. aff. legumen (7.29 cm), suggesting that the latter has 

Fig. 2  a)Isognomon bicolor 
sequenced specimens: 1 = IB1, 
2 = IB2, 3 = IB3, 4 = IB4, 5 = IB5, 
6 = IB6, 7 = IB7, and 8 = IB8 
(labels correspond to sequences 
in Supplementary Tables A and 
2); b) Isognomon aff. legumen 
sequenced specimens: 1 = IL1, 
2 = IL2, 3 = IL3, 4 = IL5, and 
5 = IL4 (labels correspond to 
sequences in Supplementary 
Tables A and 2). The scale bar 
is 2 cm
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found under rocks. On the other hand, the I. bicolor speci-
mens had a subquadrate shape and an indicative blackish 
colour (Fig. 2a), similar to those described by Cavalcante 
and Gomes (2022), and all samples were collected on rock 
surfaces. Moreover, although both species were found in the 
same area, they were never observed in mixed aggregations. 

The identification of non-sequenced specimens was 
based on the diagnostic shell characteristics and habitat 
observations of the sequenced specimens.For example, I. 
aff. legumen barcoded specimens (Fig.  2b) developed an 
elongated non-nacreous extension around the nacreous part 
of the shell (a character missing in I. bicolor) and were all 

Fig. 3  (a) Maximum Likelihood phy-
logeny inferred from the large subunit 
16 S ribosomal DNA. The tree is 
rooted with Pinctada maxima and 
Magallana gigas. Values in branches 
indicate support for each node 
based on Bayesian/ML inference. 
Bootstrap values under 80% are not 
shown. (The labels correspond to the 
sequences in Supplementary Table 2). 
(b) Maximum Likelihood phylogeny 
inferred from the large ribosomal sub-
unit sequence 28Sr DNA sequences. 
The tree is rooted with Pinctada 
maxima and Magallana gigas. Values 
in branches indicate support for each 
node based on Bayesian/ML infer-
ence. Bootstrap values under 80% are 
not shown. (The labels correspond to 
the sequences in Supplementary Table 
2). (C) Maximum Likelihood phy-
logeny inferred from the cytochrome 
c oxidase subunit 1 mitochondrial 
gene. The tree is rooted with Pinctada 
maxima and Magallana gigas. Values 
in branches indicate support for each 
node based on Bayesian/ML infer-
ence. Bootstrap values under 80% are 
not shown. (The labels correspond to 
the sequences in Supplementary Table 
2). * Questionable species identifica-
tion for I. Australicus
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(Breves-Ramos, 2010). The coastal rocks at Alimia pres-
ent a low relief with shallow crevices; the shore deepens 
smoothly, and the upper rocks are protected from waves. 
We also discovered a few individuals of the epibyssals Bra-
chidontes pharaonis (P. Fischer, 1870) and Septifer cumin-
gii (Récluz, 1849) in the same aggregations. No I. legumen 
morphotype was observed.

In July 2022 in the most populated areas in Alimia, we 
counted 35 I. bicolor individuals (four juveniles of 4–8 mm) 
per 100 cm2. No empty shells were observed around the 
measured area. Approximately 12 I. legumen individuals 
(three juveniles) per 100 cm2 were measured in the most 
populated areas of each locality (see Figs. 5).

In July 2024 we observed that in many parts of the coastal 
rocks in Alimia including the parts surveyed in 2022, at 
a shallow depth ranging from ten to sixty centimetres, I. 
bicolor had formed extensive dense clusters (beds) covering 
large surfaces. The density (over 150 individuals per 100 
cm2 ) and coverage of those beds had altered significantly 
the physical structure of the colonized substrate clearly indi-
cating a progressing invasion (Figs. 6 and 7). Similar exten-
sive I. bicolor beds were observed along the rocky coast east 
of Halki port area.

Thus, we could group the nonsequenced collected speci-
mens as follows (see Fig. 4 and 5):

1.	 Six I. bicolor specimens from superficial rock crevices 
on Pontamos beach.

2.	 Eleven I. aff. legumen specimens under stones on Pon-
tamos beach.

3.	 One I. aff. legumen specimen free standing on the rocky 
bottom of Pontamos beach.

4.	 Sixteen I. bicolor specimens in and around superficial 
rock crevices in Alimia.

5.	 Eleven I. aff. legumen specimens under stones in Alimia.

Field Observations

The subtidal and intertidal marine environments from both 
localities were inhabited by a rich biota dominated by non-
indigenous species. Additionally, tides at both sampling sites 
were insignificant and did not have any effect on species 
assemblages (McElderry 1963). The I. bicolor aggregations 
at the Alimia cove remain generally submerged, unlike the 
regions of origin where they inhabit intertidal ocean zones 
with wide water height ranges and are regularly uncovered 

Fig. 4  Isognomon aff. legumen 
specimens, sorted a posteriori 
following the morphology and 
habitat preferences of the 
sequenced specimens. The scale 
bar is 2 cm
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radiata (Leach, 1814) was also present in small numbers in 
both localities. No I. aff. legumen morphotype was observed 
on this substratum. Bivalves macroscopically diagnosed as 
I. aff. legumen at both localities were found in high numbers 
exclusively under rocks at shallow depths (1–2 m; Fig. 4). 
The observed specimens were side attached to rock cavi-
ties, grew irregularly, and had a whitish colouration. No I. 
bicolor morphotype was detected under the rocks.

Individuals of two predatory murex species, the indig-
enous Thais haemastoma (Linnaeus, 1767) and the NIS 
Ergalatax junionae (Houart, 2008) were observed on the 
beds possibly feeding on I. bicolor.

At Pontamos beach, the shore deepens abruptly, and sub-
tidal substrata are formed by rocks vertically disposed. The 
presence of I. bicolor is much less prominent than that in 
Alimia (only 3–5 individuals/100 cm2). Moreover, Chama 
pacifica (Broderip, 1835) and Dendostrea frons (Linnaeus, 
1758) dominated the sessile assemblages, whereas Pinctada 

Fig. 5  Isognomon bicolor speci-
mens sorted a posteriori follow-
ing the morphology and habitat 
preferences of the sequenced 
specimens. The scale bar is 2 cm
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Discussion

In this study, two different non-indigenous species of the 
genus Isognomon established stable populations in two 
South Aegean islands, Chalki and Alimia (Fig.  1). Their 
identification was corroborated by DNA barcoding. The first 
records of I. bicolor in the Mediterranean Sea were recently 
documented and confirmed with molecular tools (Garzia et 
al. 2022; Albano et al. 2024b). Despite the numerous records 
of I. aff. legumen in the Mediterranean Sea (see above), its 
identification using molecular methods was confirmed for 
the first time in the Mediterranean Sea by Albano et al. 
(2024b). DNA barcoding is a particularly useful tool for spe-
cies identification (Sun et al. 2016; Hamaguchi et al. 2017) 
and is essential for the genus Isognomon due to its highly 
irregular and habitat-dependent shell shapes (Fischer-Piette 
1976; Coan et al. 2000; Wilk and Bieler 2009) and conver-
gent interspecific morphologies (Benthotage et al. 2020), 
which render its identification unreliable using solely mor-
phological features (Wilk and Bieler 2009). Nevertheless, 
we believe that both molecular and morphological (concho-
logical) approaches should be applied for the identification 
of this genus due to the up-to-date unreliability of reference 
sequences in public databases (Briski et al. 2016), lack of ref-
erence sequence data (e.g., I. australicus), and difficulty in 
collecting new samples. This is particularly true for the taxa 
investigated here, as both species of interest (I. bicolor and 
I. legumen) have limited available reference data in public 
databases and are difficult to distinguish morphologically, 

Fig. 7  Photo of an Isognomon 
bicolor bed under formation in 
Alimia

 

Fig. 6  Rock fragment detached from a large I. bicolor bed, showing the 
degree of invasion. The arrow indicates an Ergatalax Junionae preda-
tor found on the bed. Scale line is 2 cm
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the early detection and management of a progressing inva-
sion, such as that of I.bicolor.

There is no evidence that the two Isognomonids under 
study were introduced to the investigated localities by 
their own means, such as through a natural poleward range 
expansion described by Essl et al. (2019). The East Atlan-
tic corridor, the only route that could enable such a range 
expansion via the Gibraltar Strait (Albano et al. 2024a), 
must be excluded due to the lack of the necessary hard sub-
strata for attachment, along the sandy West-African coast 
(see introduction)  and also because these species do not 
occur in tropical W Africa. Consequently, the two investi-
gated species qualify as true NIS as they were clearly intro-
duced by human-induced factors.

The introduction of isognomonids could have been 
facilitated by their ability to attach to marine litter (Win-
ston et al. 1997). However, this vector of introduction has 
not been evaluated in the Mediterranean Sea (Katsaneva-
kis and Crocetta 2014). Additionally, the settlement of such 
species could have further eased locally due to favourable 
conditions, such as the availability of suitable substrate and 
water temperature. Similar temperatures (∼ 21–26 °C) were 
also reported in Brazil, where isognomonid bivalves have 
been established by occupying a wide range of the intertidal 
zone of rocky shores (Breves-Ramos et al. 2010; de Guima-
raens and de Souza 2018). The Mediterranean dispersal of I. 
bicolor and I. aff. legumen larvae via water circulation and 
their selective recruitment to the South Dodecanese hotspot 
(Crocetta et al. 2017) is unequivocally supported by the 
increase in global temperature (Albano et al. 2021a). Ele-
vated temperatures could facilitate fertilization and larval 
development, thus allowing species establishment (Gewing 
et al. 2022), which affects more sessile bivalves according to 
their thermal affinity as they become more exposed to SSTs 
as coastal inhabitants (Diga et al. 2023). This implies that 
global warming facilitates the establishment of non-indig-
enous mollusc species in the Mediterranean Sea (Givan et 
al. 2017; Peleg et al. 2019; Albano et al. 2021a) after their 
introduction.

The Mediterranean introduction and dispersal of I. aff. 
legumen seems to follow the known patterns of Lessepsian 
introduction via the Suez Canal, amplified by the tropical-
ization of the Levantine Basin. However, this is not the only 
introduction path and should not monopolize the relevant 
speculations for nonindigenous introductions (Garzia et al. 
2022). This bivalve is also very likely to have been intro-
duced by direct human action such as propagule spreading 
by ballast water discharge, rafting on anthropogenic debris 
and relocation of platforms (Mienis 2004). Introductions 
and establishment depend on the drivers of the recruitment 
of sessile marine organisms, which are often poorly under-
stood due to the rapidly changing requirements experienced 

which complicates the use of barcoding as an identification 
tool. The limited reference sequences and the overall incon-
sistencies in public databases make identification within the 
genus using DNA barcoding difficult. For example, the first 
16 S sequences for I. aff. legumen from the Mediterranean 
Sea were generated in this study. Additionally, taxonomic 
misidentifications were detected in biological databases 
for the Isognomon species I. australicus in this study (see 
Fig. 3, Supplementary Table 2), that could have increased 
the risk of unreliable species records with the application 
of a single genetic marker. Therefore, immediate revisions 
in taxonomic accuracy in reference databases are needed. 
The aforementioned issues have been the cause of concern 
for many studies and the reason for using multiple genetic 
markers to confirm the presence of both Isognomon species 
in the South Aegean Sea. Moreover, the newly generated 
sequences exhibited a high match rate (almost 100%) for 
both species, which was corroborated by further phyloge-
netic analyses. Therefore, morphometric characteristics 
(Reeve 1858; Printrakoon 2015; Angelidis and Polyzoulis 
2018) and ecological observations of barcoded specimens 
are particularly useful for obtaining integrated identification 
and further distinguishing in situ populations. We are scep-
tical of the attempt by Albano et al. (2024b); Garzia et al. 
(2022) to re-evaluate previews records of I. bicolor and I. 
legumen based on published photographs. However if we 
accept those re-evaluations, the first record of I.bicolor in 
Greece is from Astypalaia, where it was misidentified as 
I. legumen by Angelidis and Polyzoulis (2018).

In fact, the habitat preference of each species could offer 
additional diagnostic information for species identification. 
For instance, I. aff. legumen was found to live under rocks 
at both study sites (Supplementary Fig.  3). Moreover, I. 
aff. legumen specimens were also observed to occupy the 
same habitat niche as in other Greek sites, such as Astyp-
alaia (Kounoupa Islet), Karpathos (Amopi beach), and the 
Chalki port area (pers. obs. A. Angelidis). This bivalve 
was observed to develop a more regular elongated shell 
shape and darker colour when it grew in direct access to 
light and water, not antagonizing for space under stones/
rocks (Fig. 2b, number 4). Therefore, we suggest that I. aff. 
legumen morphology depends on habitat conditions, which 
should be taken into account when considering the spread of 
this species in the basin.

In this study we aimed to establish a method of mac-
roscopically distinguishing in situ populations of the two 
investigated species, based on morphological differences 
and similarities between genetically analysed specimens 
and ecological observation. This strategy however, requires 
further support trough application to a greater number of 
specimens accros more localities. This is indispensable for 
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individuals per 100 cm2 were reported from several locali-
ties (Lopez 2008; Breves-Ramos 2010). In July 2022, in 
Alimia cove, the population density did not exceed 35 indi-
viduals per 100 cm2 in the most populated parts of the rocky 
substrates, two years after in the same localities the popula-
tion densities exceeded the 150 individuals per 100 cm2 and 
extensive beds were formed clearly indicating a progressing 
invasion. The low number of I. bicolor individuals observed 
in Pontamos suggests that the different coastal rock reliefs 
there do not favour the recruitment of the species as much 
as those in Alimia. Consequently, it is still too early to estab-
lish dense populations of I. bicolor in the area. Moreover, 
Brazilian populations of I. bicolor have a high number of 
adults and only a few recruits throughout the year (Rocha 
2002; Breves-Ramos 2010). However, this type of popula-
tion structure is not commonly recorded in bivalves, where 
high and continuous recruitment is usually expected, espe-
cially in introduced species. In contrast, I. bicolor is a con-
cern for benthic communities not because of the intensity of 
recruitment but because of the stability of the bank, the lon-
gevity of adults, and the low, although regular, recruitment 
associated with low mortality and morphological plastic-
ity (Cavalcante and Gomes 2022). Accordingly, the popu-
lation structure of both investigated species in the Alimia 
cove involved low recruitment (four juveniles of 4–8 mm 
per 100 cm2) but was sufficient to indicate healthy com-
munity growth (Cavalcante and Gomes 2022) and thus suc-
cessful establishment. The I. bicolor individuals observed 
in the Alimia cove that are aggregating in rock crevices of 
the subtidal zone include adult individuals of larger sizes 
than those from Brazil (Cavalcante and Gomes 2022). The 
lack of empty shells in the investigated areas indicates low 
mortality, and the large adult sizes suggest the longevity and 
stability of both species’ populations in situ.

Conclusions

This study confirms the recent establishment of two addi-
tional non-indigenous species (NIS) belonging to the genus 
Isognomon in the tropicalized marine ecosystem of two 
small islands in the southern Aegean Sea. Their identifica-
tion was consolidated through an integrated strategy involv-
ing DNA barcoding, morphological analysis, and ecological 
observation. This approach also enabled the macroscopic 
recognition in situ of the significantly sized populations of 
both species.

These sessile bivalves, introduced by human-induced 
vectors from two different tropical donor regions—the West 
Atlantic and the Indo-Pacific—were found coexisting and 
expanding in the same localities but under different habitat 
conditions.

during early ontogeny. The complex suite of physical, 
biological, and ecological interactions beginning at larval 
settlement involves a series of trade-offs that influence 
recruitment success (Doropoulos et al. 2016). The study of 
these mechanisms was not the focus of this study, although 
we offer some information that may be useful for identifying 
associations between differences in local substrata structure 
and recruitment success (see section field observations).

The classic vectors of transportation, such as ballast 
water, relocation of oil platforms, and rafting on hard debris 
(Schembri et al. 2010; Katsanevakis et al. 2013), may 
explain the trans-Atlantic transport of I. bicolor. The suc-
cessful introduction of I. bicolor from the east and south-
east coasts of the USA to the British shores using bait pots 
supports trans-Atlantic rafting on the macrolitter of this 
epibyssal bivalve (Holmes et al. 2015). Rafting as a migra-
tion vector of I. bicolor to the shores of Uruguay has also 
been established (Breves et al. 2014). The Mediterranean 
introduction and dispersal of I. bicolor may be explained 
by larval transport following hydrographic circulation, as 
suggested for other tropical Atlantic species (Valdés et al. 
2013). The weakening of the cold Canary Current due to 
global warming, has allowed various tropical Atlantic spe-
cies to enter through the Strait of Gibraltar but for sessile 
bivalves, this process must not be confused with a natural 
range expansion process.

The only possible way, as we see it, for those species 
to have entered the Mediterranean Sea in larval form is to 
be transported by rafting or other anthropogenic vectors 
close enough to the Gibraltar Strait to enter via the Atlantic 
inflow. Following their introduction to the Mediterranean 
Sea, I. bicolor subsequently dispersed via the strong Alge-
rian Current and the Mid-Mediterranean Jet across the Med-
iterranean Sea (Vermeij 2012; Valdés et al. 2013), bypassing 
the West Mediterranean basin. Moreover, larvae of tropical 
species could be recruited locally under more favourable 
thermal conditions, such as those in the Levantine basin, 
and subsequently disperse westwards. Thus, the I. bicolor 
population recorded in both study areas may have acted as a 
donor pool for the southeastern coast of Italy, in accordance 
with Garzia et al. (2022). In this study, although eastwards 
dispersal is easily assumed for I. bicolor, it is likely that 
Ionian colonization is a result of secondary dispersal from 
the Aegean Sea. This hypothesis of Garzia et al. (2022), 
that we support, is based on lack of evidence of established 
populations of I.bicolor in the west Mediterranean basin and 
needs further study. Even if such populations occur in the 
future, we still have to investigate their eastwards or west-
wards origin.

The invasion of I. bicolor has been thoroughly stud-
ied along the tropical Brazilian coast (4,000  km), where 
extremely high population densities of 800-1,000 
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The first species, the Indo-Pacific Isognomon aff. legu-
men, which has been recorded in the eastern Mediterranean 
basin since 2001, was found to expand inconspicuously 
by attaching to the undersides of stones at shallow depths, 
establishing considerable populations there. The second, the 
West Atlantic Isognomon bicolor, is a highly invasive spe-
cies well known for its fast and extensive colonization of 
the rocky coasts of Brazil. Its presence in the Mediterranean 
was very recently confirmed, and this study already records 
it forming conspicuous extensive beds in the intertidal 
coastal zone of the study area, altering the structure of the 
hard substrates it covers and impacting the local ecosystem.

With this study, updated in July 2024, we confirm the 
presence and progression of a significant and irreversible 
invasion of I. bicolor in the South Dodecanese marine eco-
system. The case of I. bicolor Isognomon bicolor under-
scores the need for continuous monitoring and the use of 
advanced identification methods to manage its invasion 
and mitigate its ecological impacts. Understanding these 
dynamics is crucial for protecting native marine ecosystems 
and maintaining biodiversity in the Mediterranean Sea.
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