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A B S T R A C T   

Despite a long history of taxonomic studies on the genus Tricolia Risso, 1826, there is a shortfall on thorough 
systematic molecular reviews of the taxon from the NE Atlantic and Mediterranean coasts. Aiming to assess the 
genetic distinctness among morphospecies and the taxonomic status of currently accepted large sized species in 
these areas, we conducted a molecular phylogenetic analysis of the genus based on one mitochondrial (cox1) and 
two nuclear (28S and ITS2) markers. Seven Tricolia species were consistently retrieved in the analyses, including 
a new genetic lineage in the NE Atlantic designated as Tricolia sp. 1. Molecular analyses revealed that only one 
species, T. azorica, occurs in the NE Atlantic archipelagos. The sister taxa T. pullus (Mediterranean) and T. picta 
(NE Atlantic) should be classified as distinct species, instead of subspecies of the T. pullus group (sensu Gofas 
1982). Tricolia miniata is also a complex of species in the Mediterranean and future studies across the distribution 
range are necessary to clarify its status.   

1. Introduction 

The genus Tricolia Risso, 1826 is the representative of the subfamily 
Tricoliinae (pheasant shells, Phasianellidae family) in the Old World and 
Australasia. Although a revision of South African Tricolia species has 
been recently produced (Nangammbi et al., 2016), most of the taxo
nomic studies on the genus focus on taxa inhabiting the eastern Atlantic 
and Mediterranean coasts, where highly variable and closely interre
lated forms occur (Gofas, 1982, 1986, 1993). Such reviews were mainly 
based on shell polychromatism, radular features, and sympatric occur
rence of discrete morphologies (Gofas, 1982, 1986), which were used to 
create a dichotomous key for the classification of Tricolia species, later 

updated with notes on external soft parts (Gofas, 1993). Despite extreme 
variation in shell coloration and patterns, the importance of poly
chromatism in the characterization of taxa when correlated with other 
characters was pointed out by Gofas (1982, 1986). Still, it should be 
used carefully to distinguish species, as globose shells with a white to 
creamy background color and darker red stripes and/or dots seem to be 
shared by all Tricolia species (Gofas, 1982). Tricolia is distinguishable 
from other Trochoidea by its white calcareous operculum (Gofas, 1982). 
Tricolia pullus (referred to as T. pullus sensu lato) is the type species of the 
genus, represented by the currently recognized nominal subspecies 
T. pullus pullus (Linnaeus, 1758) at its type locality, the “Mediterranean 
Sea”. 

* Corresponding author at: CIBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, InBIO Laboratório Associado, Pólo dos Açores, 9501-801 Ponta 
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As in all other members of the superfamily, sexes are separate and 
produces non-feeding planktonic larvae. For instance, T. pullus (Lin
naeus, 1758) larvae survive in the water column for a maximum of 68 h 
after fertilization and become benthic thereafter (Manly, 1976). 
Assuming that all Tricolia species have a short larval stage, their ability 
for dispersal is expected to be reduced, a feature which may constrain 
their geographical distribution range, and deeply impact connectivity 
among populations (Modica et al., 2017; Scheltema, 1995, 1986). 
Dispersal of non-planktotrophic marine larvae and juveniles is still 
possible by several mechanisms (for a review see Winston, 2012), of 
which rafting in floating substrata is the most significant to overcome 
oceanic barriers in temperate waters (Ávila, 2013; Ávila et al., 2019; 
Winston, 2012). Tricolia species possess characteristics that increase 
their chances to disperse through rafting, namely their small size and 
their habitat usually among marine vegetation (Thiel and Gutow, 2005a, 
2005b; Thiel and Haye, 2006). The biogeographical processes operating 
in the NE Atlantic and Mediterranean are complex, frequently promot
ing differentiation of species with short-lived larvae at different spatial 
and temporal scales (Pascual et al., 2017). Of particular interest is the 
genetic diversity of Tricolia across the NE Atlantic archipelagos, as a 
recent review of the biogeographical affinities by Freitas et al. (2019) 
distinguished the Azores and Webbnesia ecoregions. A geographic 
structure, with intraspecific variation between Atlantic and Mediterra
nean populations is expected, as well as an influence of habitat conti
nuity, oceanographic fronts, and sea-surface temperatures in the 
Mediterranean in shaping the biogeographical of Tricolia species (Mar
zouk et al., 2017; Pascual et al., 2017). 

Gofas (1982, 1993) thoroughly evaluated the Tricolia species 
occurring in the Eastern Atlantic and Mediterranean shores (see Table 1 
for details), typically inhabiting shallow-water rocky infralittoral areas, 
either associated with seaweeds or with seagrasses such as Posidonia, 
Cymodocea, and Zostera. Four morphs/subspecies of T. pullus sensu lato, 
all with an average size of 5–10 mm, are recognized across the whole 
geographic range (sensu Gofas, 1982): 1) T. pullus pullus (Linnaeus, 
1758); 2) T. pullus picta (da Costa, 1778); 3) T. pullus azorica (Dautzen
berg, 1889); 4) T. pullus canarica (Nordsieck, 1973). Other species are 
recorded in the Eastern Atlantic Ocean: T. algoidea (Pallary, 1920), 
T. miniata (Monterossato, 1884), and T. petiti (Craven, 1882). In the 
Mediterranean Sea, the number of recognised Tricolia species is higher 
(Gofas, 1982, 1993): T. tenuis (Michaud, 1829), T. speciosa (Muhlfeldt, 
1824), T. tingitana Gofas, 1982 , T. deschampsi Gofas, 1993, 

T. entomocheila Gofas, 1993, T. nordsiecki (Talavera, 1978), and 
T. punctura Gofas, 1993. Bogi and Campani (2007) described yet another 
Mediterranean species from the shallow rocky shores of Sicily – 
T. landinii – later re-described by Scuderi and Reitano (2012). The larger 
sized species – T. pullus sensu lato, T. miniata, T. petiti, T. speciosa, and 
T. tenuis – constitute a stable taxonomic group of well-known species 
easily recognized. Yet, the taxonomic status of some subspecies and 
morphs (e.g. T. pullus azorica and T. pullus canarica) is still regarded as 
dubious (Scuderi and Reitano, 2012). 

Recently, T. pullus was included in large-scale molecular phylogenies 
of Vetigastropoda to ascertain the systematic position of the family 
Phasianellidae (Williams and Ozawa, 2006; Williams et al., 2008). 
Nangammbi et al. (2016) conducted a phylogenetic analysis of South 
African taxa, producing sequence data for several Tricolia species 
occurring in that region. Nonetheless, despite the early interest for Tri
colia, a thorough systematic review of the genus on the NE Atlantic and 
Mediterranean coasts based on molecular markers is still lacking. 
Therefore, we hereby propose a molecular phylogenetic analysis of the 
large sized species of Tricolia in the NE Atlantic and Mediterranean 
waters, aiming to characterize the molecular diversity among morpho
species, assess the taxonomic status of currently accepted species and 
subspecies, and to check the informativeness of morphological charac
ters as diagnostic features in the genus. 

2. Material and methods 

2.1. Sample collection 

A total of 135 specimens of the genus Tricolia were included in this 
study, assigned to a nominal morphospecies based on the most recent 
taxonomy of the group (Gofas, 1982, 1986, 1993), relying on characters 
of the teleoconch, as follows:  

- Twenty-four specimens from six islands of the Azores, identified as 
T. pullus azorica (Dautzenberg, 1889);  

- Five specimens (two from Madeira, two from Selvagens, one from the 
Canaries), identified as T. pullus canarica (Nordsieck, 1973);  

- Seventeen specimens (eleven from Northern Portugal and six from 
Brittany, France), identified as T. pullus picta (da Costa, 1778);  

- Nine specimens (two from the Mediterranean coasts of Spain, two 
from Tunisia, five from Corsica) identified as T. pullus pullus (Lin
naeus, 1758);  

- Seven specimens (one from the Mediterranean coasts of Spain, six 
from Corsica) identified as T. miniata (Monterossato, 1884);  

- Twenty-two specimens (two from the Mediterranean coasts of Spain, 
20 from Corsica) identified as T. tenuis (Michaud, 1829);  

- Twenty-seven specimens (16 from Tunisia, two from Italy, nine from 
Corsica) identified as T. speciosa (Muhlfeldt, 1824). 

Then, 34 additional specimens (from Brittany, Portugal, Mediterra
nean Spain, Corsica, Italy, Tunisia, Greece, Cyprus) were not identified 
with certainty to the species level either because they were juveniles, 
due to their equivocal morphology or because the very small voucher 
shell was broken during tissue extraction (see Table S1 for details). 

Fresh samples of Tricolia pullus azorica were obtained by integral 
algal scrapping on subtidal habitats (15–25 m) by scuba-diving in the 
Azores in July of 2018 and 2019: specimens were preserved in 96% 
ethanol and deposited in the Marine Molluscs Collection of the 
Department of Biology of the University of the Azores (DBUA). Samples 
of T. pullus azorica from additional Azorean locations and of Tricolia spp. 
from the Iberian Peninsula and Western Mediterranean Sea were ob
tained after a thorough search in DBUA and CIBIO-InBIO mollusc col
lections. Tricolia pullus pullus, T. miniata, and T. tenuis individuals were 
retrieved from the collection constituted by Serge Gofas at the Univer
sity of Malaga. Tricolia specimens from the North Atlantic and Central 
Mediterranean Sea were made available by the malacological collection 

Table 1 
Distribution range of Tricolia species occurring in the Eastern Atlantic Ocean and 
Mediterranean Sea, following Gofas (1982, 1993).   

Species Distribution range 

Large 
sized 

T. pullus pullus (Linnaeus, 
1758) 

Mediterranean basin 

T. pullus picta (da Costa, 1778) British Isles to Morocco 
T. pullus azorica (Dautzenberg, 
1889) 

Azores 

T. pullus canarica (Nordsieck, 
1973) 

Madeira, Canaries 

T. miniata (Monterossato, 
1884) 

Morocco, Algeria, Mediterranean 
Southern Spain 

T. petiti (Craven, 1882) Gulf of Guinea 
T. tenuis (Michaud, 1829) Mediterranean Sea 
T. speciosa (Muhlfeldt, 1824) Mediterranean Sea, Black Sea 

Small 
sized 

T. algoidea (Pallary, 1920) Atlantic Moroccan coast 
T. tingitana Gofas, 1982 Strait of Gibraltar 
T. deschampsi Gofas, 1993 Strait of Gibraltar and Alboran 

platform 
T. entomocheila Gofas, 1993 Strait of Gibraltar and Canary Islands 
T. nordsiecki (Talavera, 1978) Strait of Gibraltar and Selvagens 

Islands 
T. punctura Gofas, 1993 Corsica, Mediterranean coast of 

France 
T. landinii Bogi and Campani, 
2007 

Sicily and SE Spain  
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of the Department of Biology and Biotechnologies “Charles Darwin”, 
Sapienza University of Rome (BAU), as well as by the Molluscs Collec
tion of the Muséum National d’Histoire Naturelle, Paris (MNHN-IM). 
Details regarding the samples used in this study are provided in Fig. 1 
and Table S1. 

2.2. Laboratory procedures 

DNA extraction was performed with tissue retrieved from the foot or 
entire animal with the commercial EasySpin® Genomic DNA Tissue Kit 
(Citomed, Lisbon, Portugal), following the manufacturer’s protocol or 
following a ‘salting-out’ protocol (Aljanabi and Martinez, 1997). PCR 
reactions were performed in 25 μl volumes, entailing 3 μl of DNA, − 10 
× buffer MgCl2 free, 2.5 mM MgCl2, 0.2 mM dNTP, 10 μM of each 
primer, 0.1 μg μl − 1 bovine serum albumin (BSA, Promega) and 0.3 U 
Platinum Taq DNA polymerase or of BIOTAQ DNA polymerase. PCR 
amplifications were conducted using primers sets and cycling conditions 
presented in Table 2. Successful PCR products were purified and bidi
rectionally sequenced at GENEWIZ’s Sanger Sequencing Service, Azenta 
Life Sciences company (Leipzig, Germany). A total of 56 cox1 sequences 
were produced at the Service de Systématique Moléculaire (UMS 2700 
2AD, MNHN, CNRS). 

2.3. Analyses of molecular datasets 

A manual check of misreads in chromatograms was performed with 
BioEdit v.7.0.5.3 (Hall, 1999). Sequences of the mitochondrial coding 
cox1 gene were translated into amino acids with ExPASy Translate Tool 
to detect stop codons and pseudogenes. GenBank accession numbers for 
newly generated sequences are listed in Table S1, as well as those for 
publicly available cox1 and 28S sequences of T. pullus and T. pullus 
azorica included in the datasets. Representatives of the family Phasia
nellidae were chosen as outgroups for the phylogenetic reconstructions: 
Hiloa variabilis (Pease, 1861) (AB365219, AM048723) for the analysis 
with cox1, 28S, and concatenated dataset; Agathistoma viridulum (Gme
lin, 1791) (AY68209) for the ITS2 phylogeny. 

The cox1 dataset was aligned with Clustal Omega (Sievers et al., 
2011), whereas the 28S and ITS2 datasets were aligned with MAFFT v7 
online server (Kuraku et al., 2013; Katoh et al., 2019). Default settings 
were used to align the 28S dataset, whilst the Q-INS-I iterative method 
was set for ITS2 to account for secondary structures. Datasets were 
reduced to haplotypes using the web-based software ALTER (Glez-Peña 
et al., 2010). GBlocks Server v0.91b (Castresana, 2000) was used to 
eliminate poorly aligned positions and divergent regions of the 28S and 
ITS2, as these often hinder the phylogenetic signal (Talavera and Cas
tresana, 2007). Estimates of the raw (p) distances (i.e., proportion of 

Fig. 1. Study area in the Northeast Atlantic and Mediterranean Sea. Sampled archipelagos are delimited by orange circles, whereas sampled coastal sites are 
indicated by red stars. Coastline delimitation according to available data from the Portuguese Hydrographic Institute and bathymetry derived from GEBCO 2020. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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fixed differences between two sequences) among Tricolia species were 
performed in MEGA11 (Tamura et al., 2021), with one representative of 
each species per locality sampled. The analysis was performed consid
ering all codon positions after exclusion of positions containing gaps 
and/or missing data for each sequence pair analyzed. Parsimony infor
mative sites in the nuclear datasets were checked with MEGA11. 

2.4. Species delimitation and phylogenetic analyses 

An iterative approach to species delimitation was used (Yeates et al. 
2011), where species are considered as hypotheses to be subsequently 
tested by independent evidences (Puillandre et al. 2009, 2012a,b). 
Morphological identification of the specimens represented the starting 
point to identify putative morpho(sub)species. These morphology-based 
Preliminary Species Hypotheses (PSH) were contrasted with the results 
of a series of analyses of the molecular datasets. 

Haplotype subnetworks at the 95% connection limit often coincide 
with Linnaean species-level names, constituting a useful tool to delin
eate putative species-boundaries using nucleotide datasets in poorly 
known groups (Hart and Sunday, 2007; Chen et al., 2010). Therefore, 
statistical parsimony haplotype networks based on individual cox1 se
quences were generated with the software TCS v1.21 (Clement et al., 
2000), regardless of species category, to enlighten the relationships 
among samples. The program tcsBU (Santos et al., 2016) was used to 
annotate the resulting haplotype networks, facilitating the visualization 
of intricate relationships. One sample arbitrarily chosen from each 
haplotype subnetwork was used in a search for matching sequences in 
the Barcode of Life Data System v3 database (BOLD; Ratnasingham and 
Hebert, 2007), in February 2023. 

Then, PSH were tested against a molecular approach, with two 
methods based on pairwise genetic distance on the cox1 dataset: Auto
matic Barcode Gap Discovery (ABGD; Puillandre et al., 2012a) and 
Assemble Species by Automatic Partitioning (ASAP; Puillandre et al., 
2021). The ABGD approach sorts sequences into hypothetical species 
based on the barcode gap, which is modelled based on the pairwise 
genetic distance of the dataset in test and priors of intraspecific diver
gence (Puillandre et al., 2012a); the latter was adjusted to 0.2 in this 

analysis. The ASAP method follows a hierarchical clustering algorithm 
based solely on pairwise genetic distances and species hypothesis are 
proposed without biological prior information of intraspecific diversity, 
thus providing unbiased estimates (Puillandre et al., 2021). 

Two tree-based approaches to species delimitation were also 
employed: the Bayesian implementation of the Poisson Tree Process 
model (bPTP; Zhang et al., 2013) and the multi-rate PTP (mPTP; Kapli 
et al., 2017). In PTP approaches, speciation events are inferred based on 
the number of substitutions (Zhang et al., 2013). As a recent improve
ment, the mPTP process incorporates intraspecific divergence caused by 
different evolutionary histories or uneven sampling of the species (Kapli 
et al., 2017). The bPTP analysis was conducted for 105 MCMC genera
tions, a thinning of 100, and 25% burn-in. Default settings were applied 
to the mPTP approach. 

Finally, species hypotheses retained after the ABGD analysis were 
tested for their reciprocal monophyly by performing phylogenetic ana
lyses on single-gene alignments (cox1, ITS2, and 28S) and on a concat
enated dataset (cox1 + ITS2 + 28S). The determination of the best-fit 
partitioning schemes and models of molecular evolution, using 
Akaike’s Information Criterion (Akaike, 1973), was conducted with 
PartitionFinder v1.1.1 (Lanfear et al., 2017). To minimize the saturation 
effect and allow for heterogeneous rates of evolution in the cox1 marker 
(Pond et al., 2009; Salemi, 2009), data partitioning by codon was 
defined as follows: GTR-G (1st partition), GTR + I + G (2nd partition), 
and GTR + I (3rd partition) in the dataset including H. variabilis; GTR + G 
(1st and 2nd partitions), GTR + I (3rd partitions) for the analyses 
without the outgroup. For the 28S dataset, the GTR model was set with 
the outgroup H. variabilis. The model HKY + I was set for the ITS2 
dataset with Agathistoma viridulum as the outgroup, and GTR + I for ITS2 
partition in the concatenated dataset. Bayesian Inference (BI) and 
Maximum Likelihood (ML) methodologies were used to reconstruct the 
phylogenies, using MrBayes v3.2.7 (Ronquist et al., 2012) and W-IQ- 
Tree web server (Trifinopoulos et al., 2016), respectively. For the BI, two 
independent runs with four chains each for 2 × 107 generations, sam
pling of trees and parameters every 1000 generations, and heating 
parameter of 0.25 were set. When the average standard deviation of split 
frequencies was lower than 0.01, stationarity was considered to have 
been reached. Both runs were used to estimate majority-rule consensus 
trees, with a 25% burn-in. ML analyses were run for 1000 ultrafast 
bootstraps (UFBoot; Hoang et al., 2018), SH-aLRT branch tests (Guindon 
et al., 2010) for 1000 replicates, and partitioned models (Chernomor 
et al., 2016) for the cox1. The final trees were visualized with FigTree 
v1.4.3, setting the outgroup or rooting according to the ancestral split of 
lineages. 

3. Results 

The alignment of the cox1 dataset comprised 137 sequences with a 
total length of 658 bp. The 28S dataset comprised 39 sequences with a 
maximum of 809 bp, after quality control and trimming to match in size, 
whereas the ITS2 dataset included 24 sequences with lengths ranging 
from 407 to 426 bp. 

3.1. Species delimitation and phylogenetic analyses 

The TCS network of the cox1 dataset (Fig. 2) distinguished a total of 
11 haplotype networks at 95% confidence level. Samples morphologi
cally assigned to T. miniata, T. tenuis, and T. speciosa, formed individual 
clusters as expected for each nominal species. Tricolia miniata was, 
however, separated in four subclusters, according to the geographic 
origin of the samples (Corsica, Malaga, Benidorm, and Alboran Island). 
Individuals from the Atlantic archipelagos, morphologically assigned to 
the nominal groups T. pullus azorica (Azores) and T. pullus canarica 
(Madeira, Selvagens, and Canaries), could not be distinguished, with 
most of the Azorean haplotypes displayed in a star-like shape. Samples 
from the Northern Portugal were assigned to two genetic lineages: 

Table 2 
Marker, primer name and direction, sequence (5′-3′), reference and cycling 
conditions used (temperature, time, and the number of cycles).  

Marker/ 
Primer 

Sequence (5′-3′) Reference Cycling 
conditions 

cox1    
LCO1490 

(F) 
GGTCAACAAATCATAAAGATATTGG (Folmer 

et al., 
1994) 

94 ◦C 4′; 
[x35] 
94 ◦C 40′’, 
55 ◦C 1′, 
72 ◦C 1′; 
72 ◦C 4′

COR722b 
(R) 

TAAACTTCAGGGTGACCAAAAAATYA (Wilke and 
Davis, 
2000) 

jgLCO1490 
(F) 

TITCIACIAAYCAYAARGAYATTGG (Geller 
et al., 
2013) jgHCO2198 

(R) 
TAIACYTCIGGRTGICCRAARAAYCA 

28S    
C1′ (F) ACCCGCTGAATTTAAGCAT (Hassouna 

et al., 
1984) 

94 ◦C 4′; 
[x35] 
94 ◦C 30′’, 
58–60 ◦C 
30′’, 72 ◦C 
50′’; 72 ◦C 
4′

D2 (R) TCCGTGTTTCAAGACGG 

ITS2    
ITS-3d (F) GCATCGATGAAGAACGCAG (Oliverio 

and 
Mariottini, 
2001) 

94 ◦C 4′; 
[x35] 
94 ◦C 30′’, 
60 ◦C 40′’, 
72 ◦C 45′’; 
72 ◦C 4′

ITS-4r (R) AGTTTCTTTTCCTCCGCTTA  
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Tricolia sp. 1 together with samples from Northern France, and T. pullus 
picta with samples from the UK. Tricolia pullus pullus was divided into 
two distinct haplotype networks. 

In a BOLD search, as of February 2023, all queries were assigned to 
Tricolia BINs. Our search revealed the existence of three distinct BINs of 
Tricolia taxa: 1) T. pullus azorica, from the Azores (BOLD:AAY7593); 2) 
T. pullus sensu lato from UK (BOLD:AAW8158) and private sequences 
identified as ‘T. pullus canarica’ from Galicia, Spain; 3) private sequences 
identified as ‘T. pullus azorica’ from Galicia, Spain. Tricolia sequences 
from the Azores and Northern Portugal (SMA3582, MIN4645, and 
MIN4651) were assigned to different BINs with similarity levels > 98%. 
The results of these searches in relation to the three recognized BINs 
were summarized in Table 3. 

In the species delimitation analyses (Figs. 3-4), ABGD and ASAP 
estimated ten species hypotheses, as also did bPTP, whilst mPTP esti
mated nine. For the distance-based approaches, the number of subsets 
identified prior to the recursive analyses was six in the ABGD and nine in 
the ASAP. The species hypothesis were concordant in the four ap
proaches, with the following exceptions: bPTP and mPTP failed to 
distinguish Tricolia sp. 1 as a putative species but it was consistently 
retrieved with ABGD and ASAP; bPTP and mPTP separated T. pullus 
pullus from the Western (Tunisia, Greece, Cyprus) and Eastern Medi
terranean (Malaga, Corsica); mPTP clustered T. miniata from Malaga and 
Benidorm as the same taxon whereas the other three methodologies 
distinguished each of the four Spanish localities as unique taxa. 

We obtained phylogenetic reconstructions based on individual 
markers (Fig. 3, Fig. S1-3) and on the concatenated datasets (Fig. 4). For 
each individual marker, BI and ML inferences produced comparable 
topologies for all the major splits. Ultrafast bootstrap values are more 

unbiased than the traditional bootstraps, and thus we have considered a 
clade to likely be real when SH-aLRT >= 80% and Ufboot >= 95%, as 
suggested by IQ-TREE authors (Minh et al., 2013). 

The relationships inferred with the cox1 phylogeny (see Fig. 3, 
Fig. S1) confirmed as reciprocally monophyletic almost all species hy
potheses emerged from the distance-based and tree-based delimitation 

Fig. 2. Eleven haplotype networks of cox1, at 95% parsimony connection limit, for 137 sequences/86 haplotypes of the Tricolia dataset. If the samples were 
identified to the species level, the cluster is labelled accordingly. Color code according to the geographical origin of the samples. The size of the circles is proportional 
to the frequency of each haplotype; small uncolored circles represent non-observed haplotypes; each line connecting haplotypes represents a single mutational 
change. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
BOLD matches of Tricolia azorica (SMA3582, Azores), T. picta (MIN4645, 
Portugal) and Tricolia sp. 1 (MIN4651, Portugal) to three Tricolia BINs in the 
database, as of February 2023. The highest similarity match for each query is 
highlighted in bold.  

Query Taxon match BOLD BIN % similarity 

Tricolia azorica 
(SMA352) 

Tricolia pullus azorica BOLD: 
AAY7593 

98.46–98.77  

‘Tricolia pullus azorica’ 
(private) 

– 92.78–93.08  

Tricolia pullus+‘Tricolia 
pullus canarica’ (private) 

BOLD: 
AAW8158- 

83.7783.46–83.77 

Tricolia picta 
(MIN4645) 

Tricolia pullus azorica BOLD: 
AAY7593 

84–85.5  

‘Tricolia pullus azorica’ 
(private) 

– 84–85.5  

Tricolia pullus+‘Tricolia 
pullus canarica’ (private) 

BOLD: 
AAW8158- 

99.0899.24–99.39 

Tricolia sp. 1 
(MIN4651) 

Tricolia pullus azorica BOLD: 
AAY7593 

94.73–95.24  

‘Tricolia pullus azorica’ 
(private) 

– 99.2–99.39  

Tricolia pullus+‘Tricolia 
pullus canarica’ (private) 

BOLD: 
AAW8158- 

85.47–85.78  
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methods. The only exception was represented by the insular Atlantic 
specimens that did not show as a monophyletic T. pullus azorica/canarica 
clade (sequences were paraphyletic in a major clade along with a sub
clade T. sp. 1). 

With the nuclear markers (Fig. S2-3) support values at relevant nodes 
were often lower and polytomies arose, shadowing detailed intraspecific 
relationships. In particular, insular Tricolia and Tricolia sp. 1 were not 
distinguished as reciprocally monophyletic. Moreover, T. pullus pullus 
and T. pullus picta were positioned as sister taxa in the 28S reconstruc
tion, but undistinguishable with the ITS2 marker. Nevertheless, there 
was concordance between the major genetic groups inferred with 
mitochondrial (Fig. 3, Fig. S1) and nuclear (Fig. S2-3) markers. 

Overall, relationships in the concatenated phylogeny (Fig. 4) were 

well-resolved and strongly supported by both ML and BI methodologies. 
Tricolia specimens from the Azores, Madeira, Selvagens, and Canaries 
were pooled as a single taxon, with moderate phylogenetic support. 
Insular Tricolia and continental Atlantic Tricolia sp. 1 from the Portu
guese and French Atlantic coasts form a clade as sister-taxa, well sup
ported by ML but not in the BI phylogeny. The second major clade 
showed intricate relationships among the Mediterranean and Atlantic 
T. pullus (sensu lato), together with the Mediterranean T. miniata. Within 
T. pullus, two clades (Western Mediterranean and Central-East Medi
terranean) were distinguished. Tricolia pullus picta was represented by 
individuals from Portugal and the UK. Tricolia miniata included three 
lineages spread across the sampled Spanish localities. The resulting 
concatenated tree demonstrated that NE Atlantic taxa as currently 

Fig. 3. Maximum Likelihood tree and species delimitation approaches based on the mitochondrial cox1 gene. Values at the nodes correspond to branch tests (SH- 
aLTR), ultrafast bootstrap support (Ufboot), and posterior probability (PP). Hyphen (-) indicates nodes absent in one of the phylogenetic reconstructions; asterisk (*) 
indicates nodes supported by both ML and BI analyses (SH-aLTR>= 80%, Ufboot >= 95%, PP >= 95%); dollar ($) indicates nodes supported only in the ML 
reconstruction (SH-aLTR>= 80%, Ufboot >= 95%). The histograms graph portrays the distribution of the pairwise genetic divergence among the assayed specimens. 
Mean divergence levels among Tricolia terminals are depicted at the nodes in blue. Tricolia species are indicated with different colored shading. Geographical origins 
and identification of the specimen representing each Tricolia haplotype are given as terminal labels. Scale bar represents substitutions per site. Haplotype network 
and distance-based species delimitation results are depicted by black rectangles. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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conceived are not monophyletic, with the occurrence of two genetic 
lineages on the northern shores of Portugal. Finally, the Mediterranean 
T. speciosa and T. tenuis branch earlier, although their position was 
poorly supported. 

3.2. Sequence data 

Raw (p) distances between 22 cox1 haplotypes, selected to represent 
every locality sampled by species (Table S2a), revealed a mean diver
gence level of 15.5% (9.4 – 18.8%) among Tricolia species from the 
Atlantic and the Mediterranean Sea. On average, Tricolia specimens from 
the Azores, Madeira, Selvagens and the Canaries diverged by less than 
1.5%. Two genetic lineages diverging 14.3% nucleotide differences were 
detected in the North of Portugal: i) one closely related to T. pullus sensu 
lato from the United Kingdom, and referred to as T. pullus picta; ii) the 
other one, more closely related to samples from France, designated as 
Tricolia sp. 1. Two T. miniata lineages from the Western Mediterranean 
Sea and Albóran Island are distinguished with differentiation levels up 
to 7.3%. Two genetic groups – Western Mediterranean and Central-East 
Mediterranean – were present within T. pullus pullus with distances 
ranging from 0.2% to 4.6%. Finally, T. tenuis and T. speciosa diverge by 
15.1%, each forming a consistent group with low intra-specific diver
gence levels. 

The 28S dataset, reduced to 15 haplotypes (Table S2b), distinguished 
six genetic groups as follows: 1) Tricolia from the Atlantic archipelagos 
and Tricolia sp. 1; 2) T. pullus picta from Northern Portugal and the UK; 
3) T. pullus pullus from the Mediterranean; 4) T. miniata; 5) T. tenuis, and 
6) T. speciosa. Raw (p) distances ranged from intraspecific levels of 0% to 
interspecific divergence of 1.5% between T. speciosa and T. miniata. For 
the ITS2 marker, nucleotide differences between 14 haplotypes ranged 
from 0 to 6.4% (Table S2c). Insular Tricolia were undistinguishable and 
diverged from Tricolia sp. 1 by less than 0.5%. Tricolia pullus picta and 
T. pullus pullus are only differentiated by 0.5–0.8%. Tricolia tenuis holds 
the most different ITS2 sequence, diverging 5.2–6.4% from the other 
congeners. Despite the low power of the nuclear markers to distinguish 
Tricolia taxa, nine parsimony informative sites were detected along the 
809 bp 28S alignment and 32 were present in the 428 bp ITS2 dataset. 

4. Discussion 

4.1. Species assignment and marker performance 

The specimens assayed genetically were initially assigned to five 
morphospecies, of which one not corresponding to a known nominal 
taxon (Tricolia sp. 1), and one split into four traditional subspecies 
(Tricolia pullus pullus, T. p. azorica, T. p. canarica, and T. p. picta). The 

Fig. 4. Maximum Likelihood tree of the concatenated dataset (cox1 + 28S + ITS2). Values at the nodes correspond to branch tests (SH-aLTR) values, ultrafast 
bootstrap support (Ufboot), and posterior probability (PP). Hyphen (-) indicates nodes absent in one of the phylogenetic reconstructions; asterisk (*) indicates nodes 
supported by both ML and BI analyses (SH-aLTR>= 80%, Ufboot >= 95%, PP >= 95%). Tricolia species are indicated with different colored shading; preferred 
substrates of each species is indicated in blue between brackets. Shell images are merely illustrative, not to scale. Geographical origins and identification of the 
specimen representing each Tricolia haplotype are given as terminal labels. Scale bar represents substitutions per site. Results of species delimitation approaches are 
depicted by black rectangles; wavy-lines indicate discordance of the species hypothesis proposed by different approaches. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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species delimitation process adopted, while broadly confirmed the 
groups suggested by the morphological approach, led to significant 
redefinition of the status and relationships among them. 

The analysis of the cox1 dataset with the TCS program revealed 11 
networks (Fig. 2) across the Mediterranean and NE Atlantic samples, at 
the 95% connection limit, which may represent a starting point in the 
identification of putative species (Hart and Sunday, 2007; Chen et al., 
2010). Specimens not identified to the species level ended up in those 
haplotype networks, and their subsequent inclusion in phylogenetic 
reconstructions allowed confirmation of their identification. TCS net
works broadly corresponded to morpho(sub)species, with a few excep
tions: Tricolia samples from the Atlantic Archipelagos could not be 
distinguished as either T. pullus azorica or T. pullus canarica; conversely, 

two subnetworks of T. pullus pullus, and four of T. miniata were detected. 
Species delimitations with different methodologies (distance-based 

and tree-based) were overall concordant. Discordance in a few groups 
(e.g. distinction of Tricolia sp. 1 from insular Tricolia) can be related to 
intrinsic limitations of the methods: PTP methods are sensitive to un
even sampling of the species and non-strictly monophyletic groups, and 
do not account for divergent intraspecific variation across groups, whilst 
distance-based methods do not account for evolutionary relationships 
among the samples (Kapli et al., 2017). Whenever a species hypothesis is 
suggested by haplotype network analysis or species delimitation ap
proaches, further testing and validation with independent geographical, 
ecological, and phylogenetic data are required (Chen et al., 2010; 
Puillandre et al., 2021, 2012b). An integrative interpretation of these 

Fig. 5. Tricolia species from the NE Atlantic (A-C) and Mediterranean (D-G). A) T. azorica from Sabrina Seamount (Azores, Portugal); B) Tricolia sp. 1 from Northern 
Portugal; C) T. picta from Northern Portugal; D) T. pullus from Astypalea Island (Greece) (BAU-3110–2); E) T. miniata from Calahonda (province of Málaga, Spain); F) 
T. speciosa from Gallinara Island (Italy) (BAU-3582); G) T. tenuis from Bahía de los Genoveses (province of Almería, Spain). 
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results was conducted for each Tricolia species in the following sections 
of this study, particularly to evaluate the status of the various lineages, 
including Tricolia sp. 1. 

For most clades, similar clustering patterns were obtained in the 
cox1, 28S, and ITS2 phylogenies, suggesting the absence of processes 
potentially affecting the mitochondrial phylogeny, namely introgression 
and incomplete lineage sorting (Ballard and Whitlock, 2004; Quinteiro 
et al., 2011). Despite the low levels of nuclear divergence, recent de
mographic expansion seems to have contributed to a higher mitochon
drial differentiation (Després, 2019), as suggested by the star-like 
subnetwork inferred for the insular T. azorica. The nuclear 28S se
quences appear to be slow markers, without insertions/deletions or 
structural differences, as expected for nuclear markers (Borges et al., 
2012; Fassio et al., 2019; Vieira et al., 2019). However, distinction was 
possible among the major genetic groups and species, including between 
T. pullus pullus and T. pullus picta to some extent. The nuclear ITS2, 
despite being a faster-evolving marker than 28S and considered a 
valuable tool for mollusk phylogenetics and taxonomy (Oliverio et al., 
2002; Puillandre et al., 2011; Fassio et al., 2019,2021), had no signifi
cant resolution to differentiate T. pullus pullus and T. pullus picta, with 
overall poorly supported relationships, but revealing the expected 
insertion/deletions among different species. 

The analyses of species delimitation, haplotype network and phylo
genetic reconstructions, generally agreed with the species assignments 
previously described. In summary, a total of seven large sized taxa were 
eventually recognized in this study: T. azorica, Tricolia sp. 1, and T. pullus 
picta in the NE Atlantic (Fig. 5 A-C, respectively); T. pullus pullus, 
T. speciosa, T. tenuis, and T. miniata in the Mediterranean Sea (Fig. 5 D-G, 
respectively). Following this study, we update Gofas (1982, 1993) 
regarding the distribution ranges and main morphological characteris
tics of large sized Tricolia (except T. petiti, not included in this study), 
which are summarized in Table 4. 

4.2. The status of Tricolia species in the NE Atlantic 

In recent works dealing with NE Atlantic marine mollusks, two Tri
colia subspecies have been recognized in the archipelagos: T. pullus 
azorica endemic to the Azorean Islands, and T. pullus canarica occurring 
further south in Madeira, Selvagens, and Canaries (Gofas, 1982, 1986; 
Segers et al., 2009; Cordeiro et al., 2015; Freitas et al., 2019). Our results 
revealed a high genetic similarity between these two forms of Tricolia, 
suggesting that only one genetic lineage occurs in the NE Atlantic 

archipelagos, inhabiting seaweeds. This finding matches the biogeo
graphical expectations of species distributions in the recently defined 
Webbnesia ecoregion (Freitas et al., 2019). Inter-archipelagic connec
tivity can potentially be maintained under the current system estab
lished in the NE Atlantic as reported for other marine invertebrates (Sá- 
Pinto et al., 2008; Baptista et al., 2021a; Quinteiro et al., 2020; Vieira 
et al., 2022). The Azores and Canary Currents facilitate rafting episodes 
and thus dispersal of non-planktotrophic organisms among the Atlantic 
archipelagos, as this constitutes the primary mechanism of long-distance 
transport across deep waters in the open ocean (Ávila, 2006; Thiel and 
Haye, 2006; Ávila et al., 2019). Given the morphological and genetic 
evidence together, we demonstrate that all Tricolia from the Atlantic 
archipelagos (Fig. 5A) are not a subspecies of T. pullus and, instead, the 
nominal species Tricolia azorica (Dautzenberg, 1889) should be used for 
them. 

Our data revealed the existence of two distinct lineages of Tricolia in 
the European Atlantic coasts with a considerable degree of genetic dif
ferentiation among them [14% (cox1), 0.2% (28S), 1.4% (ITS2)]. The 
potential occurrence of two morphological variants in the NE Atlantic 
coasts had already been suggested by Monterosato, 1889, who distin
guished Eudora dubia Monterosato, 1889 and Eudora picta (da Costa, 
1778) on the coasts of Morocco. One of the two genetic lineages 
observed corresponds to the group identified as T. pullus picta. It includes 
a specimen sampled from southern UK (Wembury, Plymouth) used as 
outgroup by Williams and Ozawa (2006) in the phylogenetic study of the 
family Turbinidae. This particular specimen can be regarded as the 
representative of NE Atlantic Tricolia which was formally described as 
Turbo pictus by da Costa, 1778 from Cornwall and Exmouth (Devon
shire). According to recent reference works (Hayward and Ryland, 2017; 
Wigham and Graham, 2017) no other Tricolia species are known for the 
UK. Like for the insular species T. azorica, results from species delimi
tation analyses (bPTP, mPTP), cox1 haploytype networks, and genetic 
distances estimates with the Mediterranean T. pullus [10% (cox1), 0.1% 
(28S)] suggest that the lineages called T. pullus pullus and T. pullus picta 
should rather be regarded as distinct species, and should be named 
T. pullus (Linnaeus, 1758) and T. picta (da Costa, 1778), respectively. 
Morphologically, T. picta has whorls more flattened in their upper part 
and reddish flames under the suturewith wavy oblique patterns on a 
translucent whitish to brownish background (Fig. 5C). So far, there is no 
evidence that this species enters the Mediterranean. Although the work 
of Monterosato, 1889 registered the occurrence of two putative Tricolia 
species (listed under the genus Eudora) in Morocco, one cannot assign 
one of them to T. picta without additional information because there is at 
least another Tricolia lineage in the Atlantic coast of continental Europe. 

The new lineage, designated as Tricolia sp. 1 (Fig. 5B), shows more 
genetic affinity with the insular T. azorica than with the sympatric 
species T. picta. It was found to occur from Northern Portugal to Brittany 
(France) in seaweeds. Additional sampling is necessary to determine 
whether the species also occurs with phanerograms or if it is an obligate 
algal dweller as the sister species T. azorica. Divergence with insular 
forms reaches 5% for cox1 and less than 1% for the nuclear markers. 
While tree-based species delimitation analyses could not distinguish 
Tricolia sp. 1 from the group of T. azorica, cox1 haplotype networks and 
distance-based species delimitation analyses suggested it is a distinct 
species. Considering the morphological distinction and the allopatric 
occurrence in distinct biogeographical units (sensu Freitas et al., 2019) 
we hereby support the distinctiveness of Tricolia sp. 1 as an independent 
genetic lineage. A formal recognition as a species requires further 
characterization of its ecology and distribution. Interestingly, evidence 
for this “new” Tricolia genetic lineage had already been described but 
was probably overlooked. Borges et al. (2016) found that their Tricolia 
specimens from Azores matched with two distinct BINs in BOLD Systems 
v3 database. One of the BINs corresponded to the sequence AM049358 
from Wembury, UK (84.6% similarity), which is a representative of T. 
picta as discussed before. The other BIN contained private sequences 
from Galicia (Spain) which differed only 5% from the Azorean 

Table 4 
Distribution and habitat usage of large sized Tricolia species, updated following 
the results of this study. Dubious reports are indicated with a question mark (?).  

Species Distribution range Habitat usage 

T. pullus pullus 
(Linnaeus, 1758) 

Western and Eastern 
Mediterranean basins 

Phanerogram and algal 
dweller; infralittoral. 

T. pullus picta (da 
Costa, 1778) 

British Isles to Morocco Algal dweller; infralittoral 
in moderately sheltered to 
exposed localities. 

T. azorica 
(Dautzenberg, 
1889) 

Azores, Madeira, Canaries, Algal dweller; infralittoral 
in moderately surfed 
localities. 

T. miniata 
(Monterossato, 
1884) species 
complex 

Atlantic Moroccan coasts, 
Western Mediterranean 
basin, Alboran Sea, Corsica, 
Malta (?) 

Algal dweller; intertidal 
spring tides in the Atlantic; 
shallow infralittoral in the 
Mediterranean. 

T. tenuis (Michaud, 
1829) 

Mediterranean, Cabo Verde 
(?) 

Phanerogram dweller; 
infralittoral in sheltered 
localities. 

T. speciosa 
(Muhlfeldt, 1824) 

Mediterranean (except 
Alboran Sea), Black Sea 

Phanerogram dweller; 
lower infralittoral. 

Tricolia sp. 1 North Portugal, Brittany 
(France) 

Preferred habitat 
unknown; so far found in 
the shallow infralittoral 
associated to seaweeds.  
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specimens, a differentiation level which is compatible with the diver
gence found between T. azorica and Tricolia sp. 1 in the present work. 

As for other species with non-planktotrophic larvae, rafting should 
be the most important mechanism for long-distance dispersal in Tricolia 
(Manly, 1976; Scheltema, 1995, 1989, 1986; Winston, 2012). A possible 
scenario for the differentiation of Tricolia sp. 1 would involve an 
exceptional dispersal event of T. azorica back to Europe and subsequent 
differentiation. The complex dynamics of sea-surface circulation of the 
North Atlantic subtropical gyre (see Baptista et al., 2021a for details), 
and separation by deep waters reduce the connectivity between the 
archipelagos and continental coasts, explaining the ongoing differenti
ation of mainland and insular populations. Whatever the true status of 
Tricolia sp. 1 may be, moderate levels of genetic differentiation between 
the Atlantic archipelagos and the mainland have been observed for 
many marine species with or without planktonic larvae (e.g. Sá-Pinto 
et al., 2008; Desiderato et al., 2019; Freitas et al., 2019; Riesgo et al., 
2019; Vieira et al., 2019; Quinteiro et al., 2020; Baptista et al., 2021a,b). 

4.3. The status of Tricolia species in the Mediterranean 

Four Mediterranean species of Tricolia were included in this study – 
T. pullus, T. miniata, T. speciosa, and T. tenuis (Fig. 5D-G) – and all seem to 
co-occur around Corsica and in SE Spain. The mitochondrial differen
tiation levels probably reflect recent processes of divergence related to 
oceanographic discontinuities or sea-surface temperatures (SST) in the 
Mediterranean (Fig. 6) (Sá-Pinto et al., 2012; Marzouk et al., 2017; 
Pascual et al., 2017). These can trigger some genetic differentiation but 
are less relevant for gene flow in species with short-lived larvae and 
reduced adult mobility such as Tricolia (Manly, 1976; Pascual et al., 
2017). Continuous spatial distribution of suitable infralittoral habitat 
facilitates gene flow, as seems to occur in T. pullus and T. tenuis from the 
Southern Spanish coasts and Corsica (Ligurian Sea). These two species 
are associated with the phanerograms Posidonia oceanica (L.) Delile, 
1813 and Cymodocea nodosa (Ucria) Ascherson, 1870, respectively, 
which, despite the current declining trend, are still estimated to cover 

Fig. 6. Major oceanographical fronts and mean Sea Surface Temperatures (SST) in the Mediterranean Sea. Isotherms in Celsius degrees (◦C) in the Mediterranean Sea 
are labelled at a 1 ◦C scale; isotherms outside of the study area are not considered. Acronyms in red correspond to oceanographical fronts, whereas black to localities 
sampled; details available in the caption. Coastline delimitation according to available data from the Portuguese Hydrographic Institute, background digital elevation 
model generated from GEBCO 2020, and mean SSTs from COBE-SST2 data provided by the NOAA/OAR/ESRL PSL (Hirahara et al., 2014). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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1.2 million ha of the Mediterranean basin (Gubbay et al., 2016; Telesca 
et al., 2015). The influence of the oceanographic fronts of Almeria-Oran 
(AOF) and Ibiza Channel (IC) (Fig. 6) in the connectivity between the 
Alboran and Ligurian Seas seems to be negligible in these species. 
Taxonomic remarks and biogeographical considerations for each species 
are provided over the next paragraphs. 

Tricolia pullus is commonly found in Mediterranean infralittoral 
Posidonia meadows down to 40 m depths. With considerable levels of 
genetic differentiation from T. picta [10% (cox1), 0.1% (28S)] and 
T. azorica [14% (cox1), 0.5% (28S), 0.3% (ITS2)], plus distinct 
morphological features (see Gofas, 1982), we believe these three taxa to 
represent good species and should be distinguished as such, instead of 
subspecies of the T. pullus group (Gofas, 1982). Thus, the nominal 
T. pullus (Linnaeus, 1758) should be recovered. The differentiation be
tween the Atlantic and Mediterranean forms is not uncommon in marine 
invertebrates, associated to oceanographical breaks and/or historical 
processes (see Patarnello et al., 2007; Marzouk et al., 2017; Pascual 
et al., 2017; Riesgo et al., 2019 and references therein). The phylogeo
graphic break between the Western and Eastern Mediterranean basins 
(Fig. 3) is associated with the oceanographical phenomena located at the 
Sicily Channel (SC, Fig. 6) (Marzouk et al., 2017; Sá-Pinto et al., 2012, 
2010 and references therein), which hamper interpretations of the 
biogeographical affinities of populations in the area. In our dataset, 
Eastern Tunisian populations of T. pullus are closely related to Eastern 
Mediterranean localities (Greece and Cyprus), likely associated to local 
sea-surface circulation patterns and the potential role of the Aegean 
Front (AG; Fig. 6) (Sá-Pinto et al., 2012; Marzouk et al., 2017; Pascual 
et al., 2017). 

In the case of T. miniata (Fig. 5E), only samples from the Western 
Mediterranean area were analyzed (Fig. 6). Yet, our results suggested 
that this lineage comprises a species complex, as mitochondrial diver
gence between specimens ranged from 7 to 15% but differences were 
negligible at the nuclear level. Species complexes are common among 
gastropods and have lately been the focus of integrative taxonomic ap
proaches, as is the case of Ocinebrina aciculata (Lamarck, 1822), Talisman 
scrobilator (Linnaeus, 1758), Stramonita haemastoma (Linnaeus, 1767), 
Dendropoma petraeum (Monterosato, 1884), to name a few (Calvo et al., 
2009, 2015; Claremont et al., 2011; Barco et al., 2018; Smriglio et al., 
2019; Crocetta et al., 2020). The high levels of divergence in the cox1 
among localities within the Alboran Sea (Malaga, Benidorm, and 
Alboran Island) were striking. The formation of the AOF and two gyres 
contribute to a complex surface circulation in the basin (see Muñoz 
et al., 2015; Pascual et al., 2017 for details). Whereas the first is likely to 
explain the genetic break between Malaga and Benidorm (Patarnello 
et al., 2007; Pascual et al., 2017), the geographical location of Alboran 
Island between the West and East Alboran Gyres and deep waters 
separating it from mainland enhance the geographical and temporal 
isolation of insular populations (Urra et al., 2013). As conchological 
material from Alboran Island and Benidorm was destroyed during DNA 
extraction, we only tentatively identify these specimens as T. miniata. 
The high differentiation between Corsican and Spanish specimens 
matches the expectations for different Mediterranean ecoregions, as 
defined by Spalding et al. (2007), and the possibility that the Corsican 
lineage represents an ongoing process of cryptic speciation cannot be 
fully discarded (Calvo et al., 2009; Sá-Pinto et al., 2012; Vieira et al., 
2019). 

Tricolia miniata is reported from the Atlantic Moroccan coast and 
Strait of Gibraltar, as well as from the Mediterranean southern Spain, 
coast of Algiers, Corsica (France), Palermo (Italy), and Malta (Gofas, 
1982). With sea-surface temperatures increased by 3–4 ◦C (Fig. 6), 
Malta’s habitats are predicted to be unsuitable for Halopteris scoparia 
Sauvageau, 1904 (Gamliel et al., 2020), the preferential habitat of 
T. miniata (Gofas, 1982). In fact, the only report of T. miniata in Maltese 
waters is from Monterosato (1884) and it is unlikely to occur there 
nowadays. Unfortunately, we did not have access to Atlantic T. miniata 
specimens, although their inclusion in future works will be of utmost 

importance to confirm whether they should be assigned to different 
nominal groups. 

Tricolia speciosa inhabits infralittoral Posidonia seagrasses in the 
Mediterranean (Fig. 5F). In our dataset, it was represented by closely 
related specimens from Corsica, Italy, and Tunisia. The low levels of 
differentiation among localities matched the genetic similarity of Pos
idonia, its preferential habitat, from the Strait of Sicily and Western 
relatives (Serra et al., 2010) and can be related with the occurrence of 
rafting (Manly, 1976; Ávila, 2013). Gene flow and consequent mainte
nance of genetic similarity between Corsican and Italian populations 
benefit from the geographical proximity to the Ligurian Sea, with no 
known oceanographical discontinuities in the area (Fig. 6). 

Notwithstanding the morphological resemblance of T. tenuis 
(Fig. 5G) and T. pullus pullus and the hypothesis of incomplete speciation 
proposed by Gofas (1982), our current dataset did not support a close 
phylogenetic relationship between these two taxa. Tricolia tenuis is re
ported as the only representative of the genus Tricolia in Cabo Verde 
(Rolán, 2005: fig. 143) but the distance, higher SSTs (~23–24 ◦C), and 
recent recognition of Cabo Verde as a separate biogeographic sub
province (Freitas et al., 2019) make it unlikely that it is the same species 
as in the Mediterranean Sea. It would be interesting to include Cabo 
Verdean specimens in future studies to determine the levels of differ
entiation of this insular taxon and assess its similarity to South African 
Tricolia species recently reviewed by Nangammbi et al. (2016), which 
greatly diverge from the Atlanto-Mediterranean Tricolia taxa (data not 
shown). 

5. Conclusions 

This work is the first phylogenetic study of the genus Tricolia in the 
NE Atlantic and Mediterranean Sea, substantially advancing the 
knowledge regarding its genetic and taxonomic diversity and com
plementing previous revisions based only on morphological characters. 
Our dataset comprised seven of the currently recognized Tricolia species, 
widely distributed in the study area. A “new” Tricolia sp. 1 was found to 
occur from Northern Portugal up to Brittany (France), although the 
clarification of its status (as a distinct species or just as a differentiated 
lineage) requires future studies, namely its morphological and ecolog
ical characterization. Molecular data revealed that only one species, 
T. azorica (Dautzenberg, 1889), occurs in the NE Atlantic Archipelagos 
(Azores, Madeira, Selvagens, and Canaries). Within the remainder of the 
T. pullus group (sensu Gofas 1982), the Mediterranean and the Atlantic 
forms should instead be distinguished as valid species and the binomens 
T. pullus (Linnaeus, 1758) and T. picta (da Costa, 1778), respectively, 
should be restored to species rank. Tricolia speciosa, T. tenuis, and 
T. miniata also occur in the Mediterranean Sea. Tricolia miniata seems to 
be a complex of species in the Mediterranean, with divergence levels of 
7% within the Alboran Sea, reaching up 15% across the populations 
studied. A wider geographic and taxonomic sampling remains necessary 
for the taxonomical characterization, recognition of potential cryptic 
species, and accurate evaluation of the status of T. miniata as a species 
complex. 

The phylogenetic relationships seem to reflect the preferred sub
strates of each species reported by Gofas (1982). Among large sized 
Tricolia species, T. tenuis and T. speciosa are the only obligate phanero
gram dwellers, but their phylogenetic relationships remain unclear and 
would benefit from the inclusion of additional taxa and/or markers. 
With the current dataset, the high support of the cluster formed by 
T. miniata, T. azorica, Tricolia sp. 1, T. picta (algal dwellers), and T. pullus 
(phanerogram and algal dweller) suggests that phanerogram dwelling 
might constitute a plesiomorphic condition among large sized Tricolia in 
the NE Atlantic and Mediterranean. 

Less widespread Tricolia species were not included in this molecular 
study: T. algoidea (Pallary, 1920) and T. petiti (Craven, 1882) in the 
Atlantic, T. tingitana Gofas, 1982 , T. nordsiecki (Talavera, 1978), 
T. deschampsi Gofas, 1993, T. entomocheila Gofas, 1993, T. punctura 
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Gofas, 1993, and T. landinii Bogi and Campani, 2007 in the Mediterra
nean. In light of the present findings, we urge for the need of a full 
integrative taxonomic revision of the genus Tricolia in the NE Atlantic 
and the Mediterranean, including the currently missing taxa, to draw a 
comprehensive phylogenetic framework for this genus. 
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