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Abstract: The genus Patella (Patellogastropoda, Mollusca) is represented by a group of species
exclusive to the Northeast Atlantic Ocean (including Macaronesian archipelagos) and Mediterranean
Sea. The species Patella ulyssiponensis and Patella aspera are common in European waters, with the
first inhabiting continental coast, and the second endemic to Macaronesian archipelagos. However,
the acceptance of these two lineages as separate species is still highly debated. The red coralline
species algae Lithophyllum hibernicum, distributed from Northeast Atlantic to the Mediterranean, is
usually found as epilithic crusts or unattached forms (named rhodolith beds), although it also forms
epizoic crusts on other organisms, e.g., shell surfaces. In order to study the historic dispersal and
migration routes of the Patella ulyssiponensis-aspera complex, taxonomic, genetic and biogeographic
approaches were employed based on haplotype network analyses and estimations for the most
common recent ancestor (TMRCA), using Cytochrome Oxydase I. A synonymy for these two species
is proposed, with the presence of a shared haplotype between the continental (P. ulyssiponensis) and
insular (P. aspera) lineages, and with basis of morphological and nomenclatural data. We propose an
evolutionary scenario for its dispersal based on a high haplotype diversity for the Mediterranean
regions, indicating its possible survival during the Messinian Salinity Crisis (6–5.3 Mya), followed by
a colonization of the Proto-Macaronesian archipelagos. The epizoic association of L. hibernicum on
P. ulyssiponensis shell adult surface is recorded in this study, likewise the promotion of settlement
conditions provided by these coralline algae to P. ulyssiponensis larvae, may explain the reach of
P. ulyssiponensis distribution through rhodolith transportation.

Keywords: interspecific relationship; Lithophyllum hibernicum; Patella aspera; Macaronesia; Northeast
Atlantic; principle of priority

1. Introduction

Patella Linnaeus, 1758 is a gastropod genus with 15 valid species, i.e., Patella aspera
Röding, 1798, Patella caerulea Linnaeus, 1758, Patella candei d’Orbigny, 1840, Patella depressa
Pennant, 1777, Patella ferruginea Gmelin, 1791, Patella gomesii Drouët, 1858, Patella lugubris
Gmelin, 1791, Patella ordinaria Mabille, 1888, Patella pellucida Linnaeus, 1758, Patella rustica
Linnaeus, 1758, Patella skelettensis Massier, 2009, Patella swakopmundensis Massier, 2009,
Patella tenuis Gmelin, 1791, Patella ulyssiponensis Gmelin, 1791, and Patella vulgata Linnaeus,
1758 [1]. This group is characterized by “the coiling of the radula below the visceral mass
and gonad” and “lack of pluricuspid cusp 1” [2].

Joseph Christiaens performed the first revision study of genus Patella, proposing the
use of P. ulyssiponensis aspera for the Atlantic islands [3]. The last suggestion currently ac-
cepted was recommended by Weber and Hawkins, indicating P. ulyssiponensis for European
coast shore, and P. aspera for Macaronesian archipelagos [4]. The P. ulyssiponensis-aspera
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complex is quite common in North Atlantic waters, from Norway to Mauritania, including
the Macaronesian archipelagos, and in the Mediterranean, Black and Azov Seas [3,5,6], oc-
curring on wave-exposed lower intertidal rock pools and on mid zone coralline pools [7,8].

The species P. ulyssiponensis is less tolerant to desiccation than other Patella spp. [7,9],
and less adapted for metabolism at high temperatures [10]. This species is a protandrous
hermaphrodite with external fertilization, reaching sexual maturity around 40 mm in shell
length, being reproductively active during the winter and early spring [11,12]. Larvae
can spend from 2 to 32 days before settling on hard substrate [13]. This limpet is one of
the most valuable commercially for human consumption, with Azorean stocks decreasing
rapidly [14].

The species P. ulyssiponensis shows more similarity in shell morphology to congeneric
individuals from the same geographical area than with individuals from the same species
from different localities, pointing to a high morphological plasticity determined by envi-
ronmental conditions [15].

This gastropod has a relationship with crustose coralline red algae, with an involve-
ment of these algae for the recruitment of limpet larvae [16], serving as substratum for their
settlement, that may promote survivorship in early benthic stages, with newly settled P.
ulyssiponensis being confined to surfaces covered with crustose coralline algae for at least
3 years [17].

Red coralline algae (Corallinophycidae, Rhodophyta) have a varied range of growth-
forms [18,19], from epizoic, epiphytic (grow on other algae) and epilithic (on rocks) crusts-
type to unattached forms (i.e., rhodoliths or maërl) [18,20,21]. Structures formed by
coralline crusts and rhodolith beds provide a wide range of ecological niches and ani-
mal or plant species associations [22,23]. Occurring mostly on the intertidal area, usually
formed by calcified segments joined by non-calcified segments that provide flexibility [24],
these seaweeds have long lifespans due to their slow growth rates [25]. The species Litho-
phyllum hibernicum Foslie, 1906 is common and exclusive of North Atlantic European coast,
being sometimes in association with limpets, mainly on P. ulyssiponensis shell surface.

This study is centered on P. ulyssiponensis, seeking to understand and solve its taxo-
nomic status (using morphological and genetic data), geographic variation (actual distribu-
tion and biogeographic approach), and the hypothesis of survival in the Messinian Salinity
Crisis Event and colonization of the Macaronesian archipelagos. Additionally, the epizoic
rhodolith-forming algae L. hibernicum is reported.

2. Material and Methods
2.1. Study Area

Samples were collected on the exposed rocky shores of the mid to lower intertidal
zone from “Parque Natural do Litoral Norte” [North Littoral Natural Park], in Esposende,
Portugal: Belinho Beach (41◦34′03.8′ ′ N, 8◦47′50.8′ ′ W; on 17 May 2019), Rio de Moin-
hos Beach (41◦33′48′ ′ N, 8◦47′48′′ W; on 18 March 2021); and specimens from Âncora
Beach (41◦49′39′′ N; 8◦52′27′′ W; on 15 March 2021), close to Minho River estuary zone
(Figures 1 and 2).
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Figure 1. Study area, located on the North region of the Portuguese coast, Iberian Peninsula. Âncora Beach (yellow point), 
Belinho Beach (red), Rio de Moinhos (green). 

2.2. Data Collection 
Samples were collected using spatulas (to remove the limpets from the rocks, Figure 2) 

and stored in thermal boxes with ice. In the laboratory, photographs of the organisms 
were taken using a Nikon Digital Sight D5-L1 camera and a stereomicroscope Nikon SMZ800 
(Figures 3–7). Specimens were deposited at the Natural History Museum of the Iberian 
Peninsula (NatMIP-“Museu de História Natural da Península Ibérica”), Aquamuseu do 
Rio Minho, Vila Nova de Cerveira, Portugal. 

Figure 1. Study area, located on the North region of the Portuguese coast, Iberian Peninsula. Âncora Beach (yellow point),
Belinho Beach (red), Rio de Moinhos (green).

2.2. Data Collection

Samples were collected using spatulas (to remove the limpets from the rocks, Figure 2)
and stored in thermal boxes with ice. In the laboratory, photographs of the organisms were
taken using a Nikon Digital Sight D5-L1 camera and a stereomicroscope Nikon SMZ800
(Figures 3–7). Specimens were deposited at the Natural History Museum of the Iberian
Peninsula (NatMIP-“Museu de História Natural da Península Ibérica”), Aquamuseu do
Rio Minho, Vila Nova de Cerveira, Portugal.

2.3. Data Analyses

DNA samples were extracted from the foot of P. ulyssiponensis using an E.Z.N.A.
Mollusc DNA Kit (Omega Bio-tek). Amplification of the mitochondrial gene cytochrome c
oxidase I (COI-5P), was performed using the primer pairs LoboF1 and LoboR1 [26]. PCR
(Polymerase Chain Reaction) reactions contained 21 µL of VWR Red Taq DNA Polymerase
Master Mix, 1 µL of each primer (10 mM) and 2 µL of DNA template. The PCR cycling
conditions used were: 1 min at 94 ◦C; 5 cycles of 30 s at 94 ◦C, 1.5 min at 45 ◦C, 1 min at
72 ◦C; 35 cycles of 30 s at 94 ◦C, 1.5 min at 52 ◦C, and 1 min at 72 ◦C; 5 min at 72 ◦C. PCR
products were visualized in a 1% agarose gel and purified using ExoSap at 37 ◦C for 15 min,
followed by 15 min at 80 ◦C. These analyses above were conducted in the Interdisciplinary
Centre of Marine and Environmental Research (CIIMAR), University of Porto, Portugal.
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Figure 2. Âncora Beach intertidal overview (A); Rock pool overview (B); Patella ulyssiponensis on 
rockpool covered with Lithophyllum hibernicum (C); and highlight of rhodolith algae on limpet 
surface (D). 

 
Figure 3. Patella ulyssiponensis juvenile from Belinho Beach (NatMIP–MGPa–0002): Shell dorsal view 
(A); Shell ventral view (B); Dorsal view of limpet, without shell, with emphasis on the digestive 
system (C); Detail of anterior zone of ventral view, highlighting (by arrow) the paleal tentacles (D). 
Scales: (A–D): 0.5 cm. 

Figure 2. Âncora Beach intertidal overview (A); Rock pool overview (B); Patella ulyssiponensis
on rockpool covered with Lithophyllum hibernicum (C); and highlight of rhodolith algae on limpet
surface (D).

COI-5P sequences were edited and aligned using MEGA software [27] and verified for
the presence of stop codons, insertions or deletions. Homology searches were performed in
the BOLD database [28] and with BLAST [29] in the GenBank database [30]. Phylogenetic
analyses for the Patella ulyssiponensis-aspera complex were carried using a dataset composed
by the single sequence obtained in this study (OK465193 GenBank accession number) and
271 public sequences of Patella ulyssiponensis and Patella aspera (Table S1). The software
JModelTest [31] was used to find the best-fit model for nucleotide substitutions, being this
model Hasegawa-Kishino-Yano (HKY) with Gamma distributions. Maximum Likelihood
(ML) tree was constructed with MEGA software using HKY model with Gamma distribu-
tion. Bootstraps were performed using 10,000 replicates. Bayesian Inference analyses were
performed with Mr. Bayes software [32] using the General Time Reversible substitution
model (GTR) with Gamma distribution, running for 35 million generations sampled every
1000 generations, using two chains with a temperature setting of 0.1. After confirming
that the average standard deviation of the split frequencies was <0.01, the first 25% of
the trees were discarded as burn-in and the remaining were used to construct a majority-
rule consensus tree. Pairwise distances were calculated using the Kimura 2-parameter
model. Haplotype genealogy analyses was performed using TCS software [33] with a 95%
statistical parsimony connection limit using 226 P. ulyssiponensis and P. aspera sequences,
with 46 sequences being removed from the original dataset due to lack of precise geo-
graphical location data. The final dataset, used only for haplotype genealogy analyses,
was trimmed to a final size of 376 base pairs due to lack of resolution on the opening and
closing segments of some sequences. Genetic differentiation among populations (European
Atlantic continental, Mediterranean, Morocco, Azores and Madeira plus Canary sub-group)
was calculated using an analysis of molecular variation (AMOVA) in GenAlEx [34]. FST
Haplotype (Hd) and nucleotide (π) diversity and Tajima’s D and Fu’s FS neutrality tests
were performed using Arlequin 3.5 [35] for the populations mentioned above and for each
Mediterranean population (Alboran, Balearic, Tyrrhenian, Ionian and Aegean).

The analyses between Atlantic Patella species were carried out by the construction
of a Maximum Likelihood tree using a HKY + G substitution model, conducted with
10,000 bootstraps on MEGA software, from a dataset composed by 418 sequences of P.
candei, P. lugubris, P. caerulea, P. pellucida, P. depressa, P. ferruginea, P. vulgata, P. rustica,
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P. ulyssiponensis and P. aspera. Public sequences used for tree construction available on
Table S1.

The software BEAST v.1.7 [36] was used to estimate the most recent common ancestor
(TMRCA) from a dataset consisting of one sequence of Eoacmaea profunda as the basal
group, one sequence from one species for the genus Helcion, Cymbula and Scutellastra and
one sequence of each species of Patella, except for Patella ulyssiponensis in which were
used one sequence representing the continental basal haplotype, one sequence for the
Azores archipelagos basal haplotype and one sequence from the most represented shared
haplotype from Madeira and Canary archipelagos. The choice of these sequences was
made in order to use the Yule speciation model obtaining a bifurcating pattern, chosen
due to the usage of extant only lineages. The evolutionary model chosen was the HKY
model with a proportion of invariable sites and four Gamma categories (HKY + I + G)
chosen by JModelTest. The fossil calibration was performed by rooting the age of the
clade containing the sister group of Patella using sequences of Scutellastra exusta, Helcion
concolor and Cymbula safiana. This calibration was done through the oldest known fossil
record of this paraphyletic group, “Patella” soyaensis Kase and Shigeta, 1996 from the Upper
Cretaceous (75 Mya) of northern Japan, assigned to Scutellastra by Ridgway et al. [2]. A
relaxed clock model was used with a lognormal distribution and a substitution rate of
1.2 ± 0.1% (s.d.) per million years, based on values for other Molluscs [37]. The analyses
were performed by 20 million chains, sampling each 1000 generations with the initial
25% being discarded as burn-in. The software TRACER 1.5 [38] was used to check the
effective size sample for each parameter (at least higher than 100), as well as for checking
the confidence intervals for each TMRCA obtained from the 95% highest posterior densities
interval. The software FigTree 1.4 was used to obtain the tree visualization.

2.4. Geological Maps

Ancient satellite Earth images (i.e., Upper Cretaceous, Lower Miocene, Messinian
stage, and Lower Pliocene) were obtained by the GPlates software, version 2.2.0 [39].
Information of ocean currents old periods was obtained through Britannica website [40].

3. Results
3.1. Biogeography Patterns and Genetic Analyses

Trees obtained with Maximum Likelihood and Bayesian Inference shared a similar
topology with a separation of two different lineages, one from the Northeast Atlantic and
Mediterranean continental shelf and another from the Macaronesian archipelagos with
some Mediterranean populations (Figure 8 and Figure S1). On ML tree, bootstrap support
values for the insular and continental clades are <70 (35 for the continental and 65 for the
insular clades) (Figure S1); nonetheless, Bayesian support values of these same clades are
of 100 (Figure S2). Within lineages, genetic distance was 0.5± 0.1% (s.e.) for the continental
lineage and 0.7 ± 0.2% (s.e.) for the insular lineage. The distance between the two lineages
was 3.5 ± 0.9% (s.e.). The specimen sequenced nested within the continental grade, being
most similar to a specimen sampled in Asturias (North Spain). Interspecific distances
range between 7% and 16%, with exception of the case between P. lugubris and P. candei
which had an interspecific distance of 4% (Figure 9). Haplotype genealogy revealed
85 different haplotypes, 15 unique for the Macaronesian region, 69 for the continental
region and one shared between the Mediterranean, Madeira, Tenerife and Fuerteventura.
Of those 69 haplotypes, five are exclusive to the Iberian Atlantic, six shared between
Atlantic and Mediterranean, two exclusives to Morocco, plus one shared with Atlantic and
Mediterranean populations, with the remaining being exclusive to the Mediterranean. Of
the last ones, 36 are unique to Italy, four to Greece, two to Portugal, seven in the Spanish
Mediterranean region, three for the Spanish region of Asturias and four for the French
Mediterranean (Figures 10 and 11, Table S2). According to AMOVA, 60% of the molecular
variance was found between populations and 40% within populations.
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Haplotype (Hd) and nucleotide (π) diversity and Tajima’s D and Fu’s FS neutrality
tests for all regions are available in Table 1, and values for the Mediterranean regions are
available in Table 2. FST values show little differentiation between Atlantic and Mediter-
ranean populations (FST = 0.04) and high differentiation between Continental and Insular
populations (Table 3). Analyses of each Mediterranean population FST values shows little
differentiation, except for the Alboran Sea populations, which seem to have a moderate
differentiation in structure comparing with the remaining Mediterranean regions (Table 4).
Populations from the Balearic, Tyrrhenian and Ionian Seas seem to have gone through a
recent demographic expansion, while the Alboran and Aegean Seas populations seem to be
demographically stable (Table 2). Estimated TMRCA values and corresponding confidence
intervals are available on Table 5.

Table 1. Number of sequences (N◦ Seq.), haplotypes (Hap.), haplotype diversity (Hd) and standard deviation (SD),
nucleotide diversity (Π) and SD, and Tajima’s D and Fu’s FS neutrality tests (* p < 0.05; ** p < 0.01) per region.

Population N◦ Seq. Hap. Hd Π Tajima’s D Fu’s FS

Atlantic Continental 94 17 0.7868 ± 0.0356 0.003691 ± 0.002537 −1.9445 ** −10.5684 **
Mediterranean 117 63 0.9524 ± 0.0117 0.009806 ± 0.005530 −1.8685 ** −26.0188 **

Morocco 14 3 0.4835 ± 0.1425 0.002806 ± 0.002217 −0.5313 0.9689
Azores 14 9 0.8791 ± 0.0788 0.005465 ± 0.003655 −1.5999 * −4.7175 **

Madeira/Canarias 17 7 0.7500 ± 0.0924 0.004380 ± 0.003035 −0.7066 −2.1779 *

Table 2. Number of sequences, haplotypes, haplotype diversity and SD, nucleotide diversity (Π) and SD, and Tajima’s D
and Fu’s FS neutrality tests (** p < 0.01) per Mediterranean sub-region.

Population N◦ Seq. Hap. Hd Π Tajima’s D Fu’s FS

Alboran 15 4 0.4667 ± 0.1478 0.002128 ± 0.001822 −0.39 −0.82
Balearic 23 12 0.8933 ± 0.0495 0.007148 ± 0.004401 −1.75 ** −5.01 **

Tyrrhenian 54 34 0.9399 ± 0.0214 0.009477 ± 0.005427 −1.73 ** −26.09 **
Ionian 15 15 1.0000 ± 0.0243 0.010790 ± 0.006393 −1.24 −13.69 **

Aegean 5 5 1.0000 ±0.1265 0.012766 ± 0.00876 −0.65 −1.41

Table 3. FST values for Patella ulyssiponensis populations (* p value < 0.05; ** p value < 0.01).

Atlantic Mediterranean Morroco Azores Canary + Madeira

Atlantic
Mediterranean 0.04 **

Morocco 0.25 ** 0.12 *
Azores 0.88 ** 0.88 ** 0.73 **

Canary+Madeira 0.89 ** 0.90 ** 0.74 ** 0.40 **

Table 4. FST values for Patella ulyssiponensis Mediterranean sub-populations (** p value < 0.01).

Alboran Balearic Tyrrhenian Ionian Aegean

Alboran
Balearic 0.21 **

Tyrrhenian 0.17 ** 0.05 **
Ionian 0.23 ** 0.03 0.06

Aegean 0.40 ** 0.09 ** 0.08 −0.02
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Table 5. Estimates of TMRCA and corresponding confidence intervals (CI) (values in million
years Mya).

Clade TMRCA CI

Patellidae 96.6 64.7–143
Patella 36.1 13.6–67.6

P. vulgata + P. ulyssiponensis 18.0 6.3–33.2
P. ulyssiponensis (continental and insular lineages) 5.3 1.2–12

P. ulyssiponensis (Azores and Tenerife) 1.2 0.1–3.15

3.2. Taxonomic Account

Kingdom Animalia Linnaeus, 1758
Phylum Mollusca Cuvier, 1797
Class Gastropoda Cuvier, 1795
SubClass Patellogastropoda Lindberg, 1986
SuperFamily Patelloidea Rafinesque, 1815
Family Patellidae Rafinesque, 1815
Genus Patella Linnaeus, 1758
Patella ulyssiponensis Gmelin, 1791

Patella ulyssiponensis Gmelin, 1791: 3706 (based on pl. 2, Fig. G2 by De Favanne de
Montcervelle, 1780) [41]; Dillwyn, 1817: 1031 [42]; Blainville, 1825: 117 [43]; Christiaens,
1973: 1329–1332, pl. I (1, 2, 3), Fig. 6 [3]; Christiaens, 1974: 65 [44]; Ortea, 1980: 66–68,
Fig. 5 [45]; Titselaar, 1998: 52–58, pl. 3, Figs. 1–4, pl. 4, Figs. 1–14 [46]; Öztürk & Ergen,
1999: 516, Fig. 5 [47]; Callapez and Soares, 2000: 314, Fig. 2, pl. 2, Fig. 17 [48]; Bouchet et al.,
2001: 182 [49]; Ávila et al., 2002: 348, Fig. 32 [50]; Cabral, 2003: Figs. 3,5 [51]; Cabral and
Silva, 2003: Figs. 3b,4b [52]; Cabral, 2007: Fig. 1 [53]; Hodgson et al., 2007: Fig. 2 [54];
Dhora, 2009: 540 [55]; Sanna et al., 2012: Fig. 4b(1,3,5) [15]; Ivanov and Fateryga, 2015:
44 [56]; Borges et al., 2016: Fig. 1a [57]; Titselaar, 2019: Fig. 15 [58]; Vasconcelos et al., 2019:
Figs. 1, 5, and 6b, Tabs. 1,3 [12]; Crocetta et al., 2020: Tabs. 2,4 [59].

Patella aspera Röding, 1798: 10 (based on pl. 2, Fig. G2 by De Favanne de Montcervelle,
1780) [60]; Lamarck, 1819: 327 [61]; Blainville, 1825: 108 [43]; Reeve, 1855: 140, pl. 11,
Fig. 23a,b [62]; Servain, 1886: 44 [63]; Simroth, 1888: 215 [64]; Watson, 1897: 299 [65]; Nobre,
1930: 60 [66]; Mermod, 1950: 691, Fig. 2 [67]; Evans, 1953: 357 [68]; Evans, 1958: 131–136 [69];
Fischer-Piette and Gaillard, 1959: 145–147, 193–194, Figs. 2q–t, 3e, 8, and 14 [70]; Kolstad,
1959: 1886–1887 [71]; Morton, 1967: 30 [72]; McMillan, 1968: 25, pl. 1, Figs. 1,3–4 [73];
Nordsieck, 1968: 14 [74]; Powell, 1973: 82, pl. 63, Fig. 4, pl. 68, Figs. 3,4 [75]; Cuerda and
Galiana, 1976: 117 [76]; Nordsieck and García-Talavera, 1979: 45, pl. 6, Fig. 22 [77]; Gaffney,
1980: 566 [78]; Bowman, 1981: 652–655, Figs. 2b, 3b,d,e, and 4a–c [17]; Van Aartsen et al.,
1984: 8 [79]; Campbell, 1985: 144–145 [80]; Backeljau, 1986: 9 [81]; Bosch and Moreno, 1986:
132, 134, Fig. 3b [82]; Cervella et al., 1988: Fig. 1a [83]; Graham, 1988: 80, Fig. 21 [84];
Lindner, 1989: 116, pl. 3, Fig. 2 [85]; Bellomo, 1993: Tab. 1 [86]; Weber, 1997: Fig. 275 [87];
Nakano and Ozawa, 2007: Fig. 83, Tab. 1 [88]; Santos et al., 2010: 5–6 [89]; Borges et al.,
2016: Fig. 1b [57]; Castejón et al., 2021: Fig. 2 [90].

Patella athletica Bean, 1844: 264, Fig. 101 [91]; Forbes and Hanley, 1853: 425, pl. 61,
Figs. 7,8 [92]; Servain, 1886: 47 [63]; Dautzenberg, 1887: 13 [93]; Nobre, 1937: 491 [94];
Evans, 1947: 412–416, 418, Fig. 1 [95]; Lucas, 1954: 38–39 [96]; Nordsieck and García-
Talavera, 1979: 44–45, pl. 6, Fig. 20 [77]; Nordsieck, 1982: 9 [97]; Graham, 1988: 80 [84].

Patella aurantia Gmelin, 1791: 3703 [41].
Patella azorica Jay, 1852: 100 [98].
Patella baudonii Drouët, 1858: 41, pl. 2, Figs. 8,9 [99].
Patella bonnardii Payraudeau, 1826: 89–90, pl. 3, Figs. 9–11 [100].
Patella caerulea var. tenuistriata Weinkauff, 1880: 38 [101].
Patella donacina Anton, 1838: 26 [102].
Patella listeri Di Monterosato, 1888: 165 [103].
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Patella lowei D’Orbigny, 1840: 97–98, pl. 7, Figs. 9,10 [104]; Lecointre et al., 1967:
331,337 [105]; Nordsieck and García-Talavera, 1979: 44, pl. 5, Fig. 18 [77].

Patella paulinoi Locard, 1894: 131–132 [106].
Patella pontica Di Monterosato, 1888: 165 [103]; Milachewitch, 1916: 4–9, pl. 1, Figs.

1–3, pl. 11, Figs. 4,5 [107].
Patella repanda Gmelin, 1791: 3707 [41].
Patella spectabilis Dunker, 1853: 39–40, pl. 6 Figs. 7–9 [108]; Nordsieck and García-

Talavera, 1979: 40, pl. 2, Fig. 8 [77].
Patella spinulosa Mörch, 1852: 141 [109] (Meuschen, 1787: 244 (non-binominal work) [110]).
Patella tarentina Salis Marschlins, 1793: 359, pl. 6, Fig. 2 [111]; De Lamarck, 1819:

332 [61]; Blainville, 1825: 110 [43]; Delessert, 1841: pl. 23, Fig. 7 [112]; Servain, 1886:
37 [63]; Nordsieck, 1975: 5 [113]; Nordsieck & García-Talavera, 1979: 43, pl. 4, Fig. 14 [77];
Nordsieck, 1982: 11 [97]; Bosch and Moreno, 1986: 134, Fig. 3c [82]; Dhora, 2009: 540 [55].

Patella teneriffae Mabille, 1888: 80 [114]; Locard, 1898: 89, pl. 5, Figs. 7–9 [115];
Nordsieck, 1975: 3 [113]; Nordsieck and García-Talavera, 1979: 41–42, pl. 3, Fig. 10 [77];
Nordsieck, 1982: 10 [97].

Patella ulyssiponensis var. aspera Christiaens, 1973: 1331 [3]; Nordsieck and García-
Talavera, 1979: 43–44, pl. 5, Fig. 17 [77]; Ortea, 1980: 67 [45]; Poppe and Goto, 1991: 71 [116];
Corte-Real et al., 1992: 58–59, Fig. 4 [117].

Patella ulyssiponensis var. athletica Christiaens, 1973: 1331 [3]; Ortea, 1980: 66 [45].
Patella ulyssiponensis var. aurantia Ortea, 1980: 67 [45].
Patella ulyssiponensis var. baudonii Ortea, 1980: 67 [45].
Patella ulyssiponensis var. bonnardii Christiaens, 1973: 1331 [3]; Ortea, 1980: 66 [45];

Poppe and Goto, 1991: 71 [116].
Patella ulyssiponensis var. caerulea Ortea, 1980: 67 [45].
Patella ulyssiponensis var. deserta Christiaens, 1973: 1331 [3]; Ortea, 1980: 67 [45].
Patella ulyssiponensis var. lowei: Ortea, 1980: 67 [45].
Patella ulyssiponensis var. major Mörch, 1852: 141 [109].
Patella ulyssiponensis var. pontica Christiaens, 1973: 1331 [3].
Patella vulgata var. albula De Gregorio, 1884: 123 [118].
Patella vulgata var. cimbulata De Gregorio, 1884: 123 [118].
Patella vulgata var. comina De Gregorio, 1884: 122 [118].
Patella vulgata var. depressaspera De Gregorio, 1884: 122 [118].
Type material. Neotype. NNM (National Nordic Museum), nr. RMNH (Rijksmuseum

van Natuurlijke Historie) 59070, designated by Titselaar [46].
Type locality. “Ulyssiponem” [41], actual Lisbon, Portugal [3].
Material Examined. Portuguese samples from Parque Natural do Litoral Norte,

Esposende: (a) Belinho Beach, one adult, 32.0, 25.0, 11.0 mm (NatMIP–MGPa–0001), nine
juveniles (eight complete specimens, and one with only shell structure), 6.0–11.0, 4.0–7.0,
1.5–3.0 mm (NatMIP–MGPa–0002), (b) Rio de Moinhos Beach, four adults, 26.0–30.0,
11.0–17.0, 8.0–11.0 mm (NatMIP–RFCo–0003); and from (c) Caminha, Vila Praia de Âncora
Beach, one adult, 35.0, 28.5, 17.0 mm, (NatMIP–RFCo–0004), one juvenile, 8.9, 5.9, 1.9 mm
(NatMIP–RFCo–0005).

Diagnosis [5,84,119]: Top of shell (apex) located anteriorly to the middle (Figure 3A);
radiating ridges varying at single and triple ones (Figure 3B). Tubercles arranged over
the entire surface of the shell, in rows up to the apex (Figure 3A). Black strips lines on
surface from apex to basis. Border shell uniformly crenulate (Figure 3A,B). Posterior
margin (with lateral expansions) larger than anterior one (Figure 3A,B). Internal shell
region basally whitish with black bands (thinner in both ends), medially to upper yellow-
greenish, to orangey apically (Figure 3B). Radula with three unequal teeth: left tooth,
with two protrusions (being one like a vestigial fourth tooth), and basally larger than
central one. Yellowish to dark grey anterior cephalic tentacles basally inflated, anteriorly
tapered (Figure 4A,B). Body surface with a dark grey colour pattern (Figure 3C). Pallial
tentacles of mantle skirt whitish to translucent, organized in two series of distinct sizes
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(Figure 3D), may contain adhering eggs (Figure 4C). Uniformly yellow to orange foot with
cream coloured edge (Figures 4D and 6C).

Features in juvenile specimens. Juvenile individuals present slight distinctive morpho-
logical characteristics in relation to adult limpets: in individuals smaller than 3 mm, width
of coloured and uncoloured strips are a uniform standard; in larger ones, dark ridges are
broader, projecting somewhat beyond the shell perimeter. This change is related to the
emergence and growth of the tentacles of the mantle (for details see [17]). These juvenile
limpets may be found in pools, on red crustose algae (Figure 5A,C), close to Corallina sp.
and Mytilus sp. beds, as well as on adult shells surface. Young specimens have greyish feet,
and as they grow, feed on red algae, then their feet start to take on an orange colour, typical
of adults. Finally, mantle tentacles have a calcareous-type constitution.

Remarks. The first description for P. ulyssiponensis was performed by Lewis Dillwyn:
“shell sub-oval, depressed, thin, with nine broad rays, and striated and slightly ribbed
longitudinally; margin denticulated” [42]. Two years later, Jean-Baptiste De Lamarck made
the first description for P. aspera: “P. testâ ovato-rotundatâ, convexiusculâ, albido-rufescente;
costis radiantibus, inaequalibus, creberrimis, ultrà marginem prominulis, dorso asperis; intus
margaritaceâ; vertice obtuso”, meaning ‘Ovate-rounded shell, convex, whitish-reddish; radi-
ated ribs, unequal, ribbed, prominent posterior margins, coarse dorsum; internally pearly;
obtuse apex’ [61].
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Figure 2. Âncora Beach intertidal overview (A); Rock pool overview (B); Patella ulyssiponensis on 
rockpool covered with Lithophyllum hibernicum (C); and highlight of rhodolith algae on limpet 
surface (D). 

 
Figure 3. Patella ulyssiponensis juvenile from Belinho Beach (NatMIP–MGPa–0002): Shell dorsal view 
(A); Shell ventral view (B); Dorsal view of limpet, without shell, with emphasis on the digestive 
system (C); Detail of anterior zone of ventral view, highlighting (by arrow) the paleal tentacles (D). 
Scales: (A–D): 0.5 cm. 

Figure 3. Patella ulyssiponensis juvenile from Belinho Beach (NatMIP–MGPa–0002): Shell dorsal view
(A); Shell ventral view (B); Dorsal view of limpet, without shell, with emphasis on the digestive
system (C); Detail of anterior zone of ventral view, highlighting (by arrow) the paleal tentacles (D).
Scales: (A–D): 0.5 cm.
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Figure 4. Patella ulyssiponensis (ventral view) from Âncora Beach (NatMIP–RFCo–0004): Anterior 
end (A); Head, including cephalic tentacles (B); Mantle margin, showing eggs attached on pallial 
tentacles (C); Posterior end, ventral and marginal dorsal view of foot (D). Scales: (A,D): 0.5 cm; (B,C): 
1 mm. 

 
Figure 5. Lithophyllum hibernicum from Belinho Beach (NatMIP–RFCo–0002): rhodolith overview, 
dorsal (A), Ventral, showing the fixation zone (B); Patella ulyssiponensis juvenile between the rhod-
olith nodules (C); Rhodolith internal growth rings (D). Scales: (A,B,D): 1 cm; (C): 0.5 cm. 

Figure 4. Patella ulyssiponensis (ventral view) from Âncora Beach (NatMIP–RFCo–0004): Anterior
end (A); Head, including cephalic tentacles (B); Mantle margin, showing eggs attached on pallial
tentacles (C); Posterior end, ventral and marginal dorsal view of foot (D). Scales: (A,D): 0.5 cm; (B,C):
1 mm.
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Figure 5. Lithophyllum hibernicum from Belinho Beach (NatMIP–RFCo–0002): rhodolith overview,
dorsal (A), Ventral, showing the fixation zone (B); Patella ulyssiponensis juvenile between the rhodolith
nodules (C); Rhodolith internal growth rings (D). Scales: (A,B,D): 1 cm; (C): 0.5 cm.
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Figure 6. Lithophyllum hibernicum (NatMIP–RFCo–0001) associated with Patella ulyssiponensis 
(NatMIP–MGPa–0001): from Belinho Beach: Dorsal view (A); Side view (B); Ventral view (C). From 
Rio de Moinhos Beach (NatMIP–RFCo–0003): Dorsal view (D). Scales: (A–D): 1 cm. 

 
Figure 7. Lithophyllum hibernicum (NatMIP–RFCo–0001) structure details. Cell layers (A); Opening 
pore (B); Internal morphology of pore canal (C,D). Scales: (A): 50 µm; B-D: 250 µm. 

Figure 6. Lithophyllum hibernicum (NatMIP–RFCo–0001) associated with Patella ulyssiponensis
(NatMIP–MGPa–0001): from Belinho Beach: Dorsal view (A); Side view (B); Ventral view (C).
From Rio de Moinhos Beach (NatMIP–RFCo–0003): Dorsal view (D). Scales: (A–D): 1 cm.

Geographical distribution. Northeast Atlantic Ocean (from Norway, United Kingdom,
France, Spain, Portugal, Morocco to Mauretania), Mediterranean Sea, Aegean Sea, Marmara
Sea, Black Sea and Sea of Azov [3,5,6,46].

Ecological notes. They are found on open rocky shores at the Mean Low Water of
Neap Tides (MLWNT) intertidal zone and below, in crevices, rock pools and other patchy
habitats with low salinities [5]. Close to other organisms, e.g., red calcareous Corallina spp.
and green fleshy Ulva sp., as well as with molluscs Mytilus sp. Steromphala sp. and Gibbula
sp., and cnidarians Actinia sp. populations. Additionally, this patellid has been found with
another limpet, named Siphonaria pectinata [16].

Kingdom Plantae Haeckel, 1866
SubKingdom Biliphyta Cavalier-Smith, 1981
Phylum Rhodophyta Wettstein, 1901
Subphylum Eurhodophytina Saunders & Hommersand, 2004
Class Florideophyceae Cronquist, 1960
Subclass Corallinophycidae Le Gall & Saunders, 2007
Order Corallinales Silva & Johansen, 1986
Family Lithophyllaceae Athanasiadis, 2016
Genus Lithophyllum Philippi, 1837
Lithophyllum hibernicum Foslie, 1906

Lithophyllum hibernicum Foslie, 1906: 24 [120]; Printz, 1929: pl. 63: Figs. 11–13 [121];
Adey and Lebednik, 1967: 44 [122]; Woelkerling, 1993: 118 [123]; Irvine and Chamber-
lain, 1994: 74–75 [124]; Woelkerling et al., 2005: 191 [125]; Hall-Spencer et al., 2010:
Tab. 2 [126]; Guiry, 2012: 49 [127]; Hernandez-Kantun et al., 2015: 797–799, Figs. 6A,7 [128];
Gallardo et al., 2016: 18 [129]; Lugilde et al., 2016: 5 [130]; Vázquez-Ferreira and Peña,
2016: Figs. 1–10 [131]; Cormaci et al., 2017: 244–246 [132]; Hernandez-Kantun et al., 2017:
267 [133]; Pardo et al., 2017: 7, Fig. 4o–q [134]; Burel et al., 2019: 9 [135]; Athanasiadis, 2020:
69–74, Figs. 1, 2, and 3a [136].
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Lithothamnion fasciculatum f. subtilis Foslie, 1897: 8 [137] (revised by Foslie, 1906:
24 [120]); Foslie, 1900: 31 [138].

Type. Lectotype: TRH (Norwegian University of Science and Technology) A23-1399,
designated by Hernandez-Kantun et al. [128].

Type locality. Fahy Bay, Ballynakill Harbour, Galway, Ireland [120,127].
Material Examined. Tissue samples on surface of adults P. ulyssiponensis shells from

Parque Natural do Litoral Norte, Esposende: (a) Belinho Beach (NatMIP–RFCo–0001, 0002),
(b) Rio de Moinhos Beach (NatMIP–RFCo–0003); and from (c) Caminha, Vila Praia de
Âncora Beach (NatMIP–RFCo–0004).

Diagnosis [128,132]: Fruticose or spherical rhodoliths with up to 5 cm of diameter
densely branched with cup-shaped tips up to 6 mm in diameter, or forming smooth
crusts 1–5 mm thick, becoming irregular at the junction of the edges with contiguous
thalli (Figure 5A,B); thallus monomerous with plumose pluristratified hypothallus; in
transverse view, synapses observed between cells of the same filament and between cells
of neighbouring filaments; epithallus formed by 2 to 3 cell layers with 3–4 µm in diameter
(Figure 7A), each cell with thick upper calcified walls, sometimes triangular; lumen 3–4 µm
length and 3–4 µm width; rectangular or oblong meristematic cells between epithalus and
perithalus 12–25 µm length and 6–8 µm width; perithallus formed by ovoid cells 7–20 µm
length and 4–7 µm width; pore canal (Figure 7B) cylindrical with a diameter of 55–70 µm
and with an extension of 8–23 cells long (Figure 7C,D); bisporangia 70–87 µm length and
30–40 µm width; tetrasporangia 90–150 µm length and 40–65 µm width; colour pale to
dark pink or purple (Figure 5A,B).

Hydrobiology 2021, 1, FOR PEER REVIEW 6 
 

 

 
Figure 6. Lithophyllum hibernicum (NatMIP–RFCo–0001) associated with Patella ulyssiponensis 
(NatMIP–MGPa–0001): from Belinho Beach: Dorsal view (A); Side view (B); Ventral view (C). From 
Rio de Moinhos Beach (NatMIP–RFCo–0003): Dorsal view (D). Scales: (A–D): 1 cm. 

 
Figure 7. Lithophyllum hibernicum (NatMIP–RFCo–0001) structure details. Cell layers (A); Opening 
pore (B); Internal morphology of pore canal (C,D). Scales: (A): 50 µm; B-D: 250 µm. 

Figure 7. Lithophyllum hibernicum (NatMIP–RFCo–0001) structure details. Cell layers (A); Opening
pore (B); Internal morphology of pore canal (C,D). Scales: (A): 50 µm; B–D: 250 µm.
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Geographical distribution. Northeast Atlantic: England, Ireland, France and Iberian
Peninsula; Mediterranean: Spain and France [128].

Ecological notes. Found in epilithic crust on the mid to low intertidal zone in rock
pools, bedrock and on tidal canals, epizoic on mussels and other bivalves, such as Mytilus
sp., and as rhodolith on intertidal or subtidal zones up to 15 m on the Atlantic Ocean. On
the Mediterranean Sea, was only found subtidally as rhodolith and as epiphytic crust on
other rhodoliths like Lithophyllum incrustans [128].

3.3. Association between P. ulyssiponensis and L. hibernicum

The association was verified by the presence of rhodolith L. hibernicum on shell surface
of limpet P. ulyssiponensis populations (Figure 6). The presence of this red calcareous alga
was verified on all adult limpets, and one juvenile with 11.0 mm length from Belinho Beach
(Esposende). It is also noted that juvenile limpets settle on the rhodolith surface [16], in
a relationship similar to inquilinism or commensalism, and as the gastropods grow they
feed on these calcareous algae, acquiring a more orange colouration. At the same time,
rhodoliths begin to grow over the limpets, and may cover them completely behaving as
epizoic. In speculative way, when limpets move to other environments, it is possible that
transporting rhodoliths on your shell surface, may promote their dispersion.

4. Discussion
4.1. Genetic Relationships of Two Patella ulyssiponensis Lineages

Analyses of sequence data from the P. ulyssiponensis-aspera complex revealed strong
genetic differentiation between Atlantic continental and insular populations, however
insular populations are remarkably similar to some Italian populations (Figure 8). AMOVA
analyses showing a 60% molecular variance between populations indicates somewhat
structured populations. With 15 unique haplotypes for the Macaronesian regions, nine of
them being exclusive to the Azores archipelagos, three exclusives to Madeira, three exclu-
sives to Tenerife and one haplotype shared between Madeira, Tenerife and Fuerteventura
and Bonifacio, France (Figures 10 and 11, Table S2).

Insular haplotypes are divided in two groups, one formed between Azores archipelago
and Tenerife, and the other formed between Tenerife, Fuerteventura and Madeira islands.
The large number of exclusive haplotypes with high diversity present in Azores might
indicate this archipelago as occurring during a possible first colonization, via Tenerife for
continental P. ulyssiponensis. Madeira and Canary have smaller haplotype diversity and
share a haplotype with the continent, indicating recent gene flow (or intermittent gene
flow) or low times of genetic drift. Azores and the Canary/Madeira group present a star-
like haplotype network with a high ratio of singletons, indicating population expansion
from a small number of founders following a bottleneck [139]. Insular haplotypes are
more related to Italian haplotypes from Lo Strangolato with one minimum nucleotide
mutation (Figure 10) between populations, although unsampled haplotypes may change
the genealogy topology and solve the specific route of migration from continental to insular
habitats. Sá-Pinto et al. suggested a differentiation between continental and insular lineages
between 8.3 and 3.9 million years, with a basal haplotype for the Macaronesian Islands in
Azores [140]. Nevertheless, our analysis with a larger dataset puts Tenerife as the basal
haplotype, maintaining Azores the most differentiated group (Figure 10).

Although Mediterranean and Atlantic populations presented low differentiation indi-
cating an ongoing genetic flow between these geographic areas, Mediterranean populations
present a higher number of exclusive haplotypes, which might indicate the presence of
barriers limiting gene flow, also suggested in [141], who pinpointed these barriers at the
Almeria-Oran front and at South Italy, with the barrier at Almeria-Oran being supported
by our own FST calculations.

In the region of Agadir, Morocco (Atlantic) there are two exclusive haplotypes and
one other haplotype shared between Portuguese, French Atlantic, Spanish populations,
indicating a possible colonization from Iberian Peninsula (Figure 10). With the richest hap-
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lotype diversity on South Europe compared to northern Atlantic populations, the Western
Mediterranean presents itself as strong candidate to this species ancestry. Although the dif-
ferentiation between Atlantic continental and insular populations was found corroborating
the analyses from Weber and Hawkins, and Sá-Pinto et al. [4,142], interspecific distances
between Patella species range from 7 to 16% (with the exception of P. lugubris with P. candei)
(Figure 9), and compared to the 3.5% between the continental and insular lineages of the
P. ulyssiponensis-aspera complex, and the fact that Mediterranean populations are genetically
very close to insular populations, even sharing a haplotype indicates a case of ongoing
speciation process, rather than being two different species. This speciation process is also
corroborated by a large negative value of Tajima’s D and Fu’s FS for the Macaronesian
regions, indicating a recent expansion due to an excess of singletons or recent mutations.
Although Tajima’s D for Madeira and Canary is non-significative Fu’s FS is, being this
contradiction probably resolved with a higher sequence sampling for this region. Similarly,
Tajima’s D and Fu’s FS show non-significative contradictory results for Morocco, which
might indicate a recent bottleneck or may have resulted from small sample size and small
collection range, being restrained to only the Agadir region.
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Non-observed haplotypes are represented by small white circles. Most probable ancestral haplotype represented by the
largest square. Red square highlighting shared haplotype between insular and continental lineages.

4.2. Biogeographic Patterns

Nakano and Ozawa, based on the extant placement of Eoacmaea Nakano & Ozawa,
2007 at the base of Patellogastropoda, inferred by molecular data and worldwide distribu-
tion of its recent species, suggested that this group was widespread in the Tethys Sea from
the Lower Jurassic to Middle Cretaceous, with the diversification of Patellogastropoda
occurring between the Jurassic and Cretaceous periods [88]. The oldest known fossil of
Patellidae is Patella costulata Münster, 1869, found in the St. Cassian Formation in northern
Italy from the Triassic (210–230 Mya), however generic assignment was impossible due to
poor preservation [2,143].

Due to the lack of fossil registers, the origin of the genus Patella was previously esti-
mated, trough molecular divergence, to occur between the Upper Triassic and Upper Cre-
taceous, with a divergence from the rest of Patellidae estimated between 121–231 Mya [88]
and between 69–169 Mya [144] with our estimations being similar to Koufopanou et al.
results [144], ranging from 64.7–143 Mya (Figures 12 and 13A). Based on this time of origin
and the distribution of its recent members, Patella spp. may have been the first Patellogas-
tropoda to diversify in the Atlantic following its opening in the Jurassic, and may have
been present in the northern Atlantic since the Mesozoic [88]. Following the closure of the
Tethys Sea during the late Miocene, Patella may have been isolated from its sister group
Scutellastra, suggesting a vicariant speciation [2] and explaining the mostly anti-tropical
distribution of Patellidae (Figure 13B).
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images were obtained by the GPlates software, version 2.2.0. 

Although Patella spp. may have its origin between the Upper Triassic to Upper 
Cretaceous, Koufopanou et al. suggested the radiation of the genus from 5–20 Mya [144], 
with our estimations putting that radiation ranging between 13.6–67.6 Mya, possibly being 
influenced by the emergence of the Macaronesian archipelagos, the closure and reopening 
of the Mediterranean (Figure 13C) and the Plio-Pleistocene glaciations. Crame noted a bipolar 
pattern among marine molluscs, suggesting three major phases of diversification: Jurassic-
Cretaceous, Upper Palaeogene-Lower Neogene and Plio-Pleistocene-Recent [145]. 

The fossil record of the genus Patella is sparse, with only nine valid species according 
to WoRMS [1] (Table 6), although the full list of extinct species under Patella needs a revision 
due to the habit of assigning Patellidae taxa under Patella until the middle of the 19th 
century. From those nine extinct species, eight are from the Atlantic region, with three 
restricted to the Canary archipelagos and one from the Mediterranean, with extant dates 
ranging from the Oligocene to the Pleistocene. The disappearance of most of those species 
during the Miocene-Pliocene boundary might shed some light on the radiation of the ex-
tant species of Patella and its connection with the climactic change occurring within the 
Mediterranean and Macaronesian regions during this period. 

Table 6. Known Patella fossil records according to MolluscaBase [146]. †, Extant/extinct species. 

Species Period Locality Reference 
Patella alternicostata Sandberger, 1859 † Oligocene Paris Basin, France [147] 

Patella estotiensis Lozouet, 1999 † Upper Oligocene Saint-Paul-lès-Dax, France [148] 

Patella protea Doderlein, 1862 † 
Upper Miocene 

(Tortonian) 
St-Clément-de-la-Place, France [149] 

Patella mahamensis Martín-González & Vera-Peláez, 2018 † 
Upper Miocene 

(Tortonian) 
Fuerteventura, Spain [150] 

Patella maxoratensis Martín-González & Vera-Peláez, 2018 † 
Upper Miocene 

(Tortonian) 
Fuerteventura; Lanzarote;  

Gran Canaria, Spain 
[150] 

Patella tintina Martín-González & Vera-Peláez, 2018 † 
Upper Miocene 

(Tortonian) 
Fuerteventura; Lanzarote;  

Gran Canaria, Spain 
[150] 

Patella ambroggii Lecointre, 1952 † Pliocene Mogador, Atlantic Morocco [151] 
Patella alessiae Forli, Dell’Angelo, Montagna & Taviani, 2004 † Pliocene Tuscany, Italy [151] 

Patella hebertiana (d’Orbigny, 1850) † - Vigny, France [152] 

Figure 13. (A) Late Cretaceous (90 Mya): Post Pangea breakup; (B) Lower Miocene (20 Mya): Thetys
Sea closure; (C) Upper Miocene (6 Mya): Messinian Salinity Crisis; (D) Lower Pliocene (4 Mya): Closure
of the Isthmus of Panama. Red arrows: warm currents; Blue arrows: cold currents. Hypotheses for
ocean currents (warm and cold) adapted from Britannica website [40]. Ancient satellite Earth images
were obtained by the GPlates software, version 2.2.0.

Although Patella spp. may have its origin between the Upper Triassic to Upper
Cretaceous, Koufopanou et al. suggested the radiation of the genus from 5–20 Mya [144],
with our estimations putting that radiation ranging between 13.6–67.6 Mya, possibly being
influenced by the emergence of the Macaronesian archipelagos, the closure and reopening
of the Mediterranean (Figure 13C) and the Plio-Pleistocene glaciations. Crame noted a
bipolar pattern among marine molluscs, suggesting three major phases of diversification:
Jurassic-Cretaceous, Upper Palaeogene-Lower Neogene and Plio-Pleistocene-Recent [145].

The fossil record of the genus Patella is sparse, with only nine valid species according
to WoRMS [1] (Table 6), although the full list of extinct species under Patella needs a
revision due to the habit of assigning Patellidae taxa under Patella until the middle of the
19th century. From those nine extinct species, eight are from the Atlantic region, with
three restricted to the Canary archipelagos and one from the Mediterranean, with extant
dates ranging from the Oligocene to the Pleistocene. The disappearance of most of those
species during the Miocene-Pliocene boundary might shed some light on the radiation of
the extant species of Patella and its connection with the climactic change occurring within
the Mediterranean and Macaronesian regions during this period.

Table 6. Known Patella fossil records according to MolluscaBase [146]. †, Extant/extinct species.

Species Period Locality Reference

Patella alternicostata Sandberger, 1859 † Oligocene Paris Basin, France [147]
Patella estotiensis Lozouet, 1999 † Upper Oligocene Saint-Paul-lès-Dax, France [148]
Patella protea Doderlein, 1862 † Upper Miocene (Tortonian) St-Clément-de-la-Place, France [149]

Patella mahamensis Martín-González &
Vera-Peláez, 2018 † Upper Miocene (Tortonian) Fuerteventura, Spain [150]

Patella maxoratensis Martín-González &
Vera-Peláez, 2018 † Upper Miocene (Tortonian) Fuerteventura; Lanzarote;

Gran Canaria, Spain [150]

Patella tintina Martín-González &
Vera-Peláez, 2018 † Upper Miocene (Tortonian) Fuerteventura; Lanzarote;

Gran Canaria, Spain [150]

Patella ambroggii Lecointre, 1952 † Pliocene Mogador, Atlantic Morocco [151]
Patella alessiae Forli, Dell’Angelo,

Montagna & Taviani, 2004 † Pliocene Tuscany, Italy [151]

Patella hebertiana (d’Orbigny, 1850) † - Vigny, France [152]
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Regarding the known fossils of P. ulyssiponensis, the oldest one was found in the
Contrada Case Alte region in Italy, dating from the Lower Pleistocene (2.6–0.8 Mya) [86],
with two more from the Upper Pleistocene from Santa Maria, Azores [48,50] and from the
Canary islands Gran Canaria and Lanzarote [105].

Assuming the Jurassic-Cretaceous vicariance scenario as the origin of Patella, with the
separation from its sister taxa (Scutellastra) through the breakup of Pangea and the Atlantic
Ocean formation, followed by the closure of the Tethys seaway and successive closure
of the connection between Indian and Atlantic Oceans during the Lower Miocene, the
emergence of the Proto-Macaronesia archipelagos, the closure (before) and reopening (after
this period) of the Mediterranean Sea during the Messinian Salinity Crisis and the closure
of the passage on Isthmus of Panama (Table 7) as the radiation events for the genus Patella
we propose the following scenarios for the origin and biogeography of Patella ulyssiponensis:

1. Possible origin of Patellogastropoda in Tethys Ocean (Figure 13A).
2. Vicariant speciation event during the breakup of the supercontinent of Pangea, orig-

inating two lineages that eventually led to the radiation of the genus Patella on the
Northeast Atlantic Ocean and Scutellastra, Helcion and Cymbula on Southwest Africa
(Figure 13B).

3. Radiation of the recent species of the genus Patella followed by the closure of the Tethys
Sea with Patella ulyssiponensis appearing somewhere between the Upper Oligocene
and the Lower Miocene (6.3–33.2 Mya) (Figure 13B).

4. Since from this event period, three hypotheses are proposed:

Hypothesis A—Separation of the Atlantic Iberian and Mediterranean populations
during the Messinian Salinity Crisis, with isolation in refuges during the desiccation of
the Mediterranean Sea, followed by a colonization of the Macaronesian archipelagos
after the Zanclean Flood (Figure 13C). Supported by the higher number of exclusive
haplotypes for the Mediterranean, including the basal one, by the proximity of insular
and Mediterranean lineages and the divergence date between continental and insular
lineages occurring after the Zanclean Flood (5.35 Mya). Followed by a colonization of
the Northern Atlantic promoted by the deglaciations after the Last Glacial Maximum.
Hypothesis B—Entrapment of Patella ulyssiponensis in the Mediterranean during the
Messinian Salinity Crisis (Figure 13C), with the survival of some populations in
refuges during the desiccation of the Sea and a posterior expansion in the Northeast
Atlantic Ocean. Followed by a colonization of the Iberian and Northern Atlantic
promoted by the deglaciations after the Last Glacial Maximum.
Hypothesis C—Entrapment in the Iberian Atlantic with the almost extinction in the
Mediterranean during the Messinian Salinity Crisis (Figure 13C) followed by a rapid
population and genetic expansion in the Mediterranean after the Zanclean Flood. This
hypothesis is mainly proposed due to the lack of fossil evidence and lack of haplotype
sampling for some locations which could resolve the non-observed haplotypes in the
haplotype network tree.
Among the presented hypothesis we agree with hypothesis A, due to the presence of
many exclusive haplotypes (including the most frequent one) in the Mediterranean,
contrasting with the low haplotype diversity for the Northeast Atlantic, and the
divergence date between continental and archipelago lineages occurring after the
Zanclean Flood, according to TMRCA calculations

5. Interruption of the gene flow between the populations from Azores and the popula-
tions from Madeira/Canary, possibly due to the global rise of sea level, consequence
of the interglacial events during the Plio-Pleistocene (3.15–0.1 Mya), submerging the
Proto-Madeira and Proto-Canary archipelagos. The disappearance of these islands
may have cut the pathways of dispersal trough the entirety of the Macaronesian
archipelagos (Figure 13D).

As for the colonization of the Macaronesian archipelagos by P. ulyssiponensis, two
possible pathways of dispersion are proposed:
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1. Transport by association with rhodoliths—The southeastern coasts of the Macarone-
sian archipelagos show abundant tempestite deposits that incorporate fossil rhodoliths,
belonging to the Mid Miocene to Lower Pliocene [153], transported from eastern loca-
tions by storms [154]. Contrasting with the relative scarcity of rhodoliths in Madeira
and Azores in present day [153], the Plio-Pleistocene might have rebalanced the
circulation patterns, interrupting the gene flow between islands. In the present day,
rhodolith debris is still found abundantly in Fuerteventura and seldomly found
in Selvagens [153], which may explain the haplotypes shared between Madeira,
Fuerteventura, Tenerife and Bonifacio (France).

2. Larval dispersal—Although no proof of long-range larval dispersal for Patella ulyssipo-
nensis has been demonstrated, this pathway of colonization cannot be discarded.
Contrary to other species of Patella, larvae of Patella ulyssiponensis show an opti-
mal development at higher temperatures (8–24 ◦C) and a higher larval longevity
combined with a higher longevity in substratum absence [155]. All these aspects,
associated with the presence of pathways via the Proto-Macaronesian archipelagos,
may have an impact on long range larval dispersal during the warmer Upper Miocene
(Figure 13C).

4.3. Historical Context and Morphology: Relationships between Patella ulyssiponensis Gmelin,
1791 and Patella aspera Röding, 1798

Limpet gastropods of genus Patella were first erected by Johann Friedrich Gmelin
in “Systema Naturae” [41], designating 237 species, including P. ulyssiponensis, that was
probably named for its sampling site, “Ulyssiponem”, actual Lisbon, Portugal. This species
was erected based on drawing in “La conchyliologie” (pl. 2, Figure G2, [162]). After this,
Peter Friedrich Röding established the species P. aspera likewise according to the same
image of the “La conchyliologie” book [60], as well as using this same illustration and
specific designation methodology, Jean-Baptiste de Lamarck named P. aspera [61], which
nowadays is considered as a junior homonym of P. aspera Röding, 1798 [163]. Observing
only this historical contextualization, it may be considered that both taxa belong to the same
species, with the older authority that should be the one used for the specific designation,
namely P. ulyssiponensis [45], which is in line with the “Principle of Priority”-Article 23 of
International Code of Zoological Nomenclature [164,165].

Synonymy of P. ulyssiponensis and P. aspera was primarily suggested by Joseph Chris-
tiaens [3]. This author indicated that the 1780′s work referred inaccurately to Patagonia
(South America) for limpet sampling (pl. 2, Fig. G2 [162]), which may have instead been
collected in the Azores, Portugal [3]. Christiaens suggested the use of P. ulyssiponensis
aspera for the subspecies of P. ulyssiponensis present on the Atlantic islands [3]. In the
Checklist of British Marine Mollusca, the authors also considered P. aspera as a synonym of
P. ulyssiponensis [166]. Sella, Robotti and Biglione also assumed that both species are the
same in a study about genetic divergence among Mediterranean Patella spp. [167]. Posteri-
orly, Titselaar also considered P. aspera as a synonym of P. ulyssiponensis, and designated a
neotype for a specimen of P. ulyssiponensis collected in Estoril, Portugal [46], which is 24 km
away from the type locality (Lisbon). In a morphometric analysis of northwest Portuguese
limpets, Cabral and Silva mentioned Röding and Lamarck’s P. aspera as a synonym of
P. ulyssiponensis [52]; Mauro et al. also considered both species as the same [168].
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Table 7. Summary of most significant geological events and possible geological and climatic outcomes.

Event Date Geographical Outcome Ocean Current Pattern References

Pangea breakup Lower Jurassic (145 Mya) to
Lower Cretaceous (110 Mya)

PaleoAfrica separation;
Atlantic Ocean formation

Influx of the warm current from the
Tethys Sea to the newly formed

Atlantic Ocean
[156–158]

Tethys closure Oligocene-Miocene
35 to 20 Mya

Collision of Arabian and Eurasia plates;
Atlantic and Indian Oceans

definitive separation

Influx of the warm current from the Pacific to
all the Atlantic up to the United Kingdom;
Total interruption of the current exchange

between the Indic and Atlantic Oceans

[159]

Emergence and submersal of
Proto-Madeira, Proto-Canary and

Proto-Azores archipelagos
60 to 8 Mya

Emergence of Gettysburg/Ormonde and Lars
(60 Mya); Emergence of Great Meteor (16 Mya);

Emergence of Porto Santo and Gran Canaria
(10 Mya); Emergence of Santa Maria (8 Mya)

Great influx of the warm current from the
Pacific to all the Proto-Macaronesian

archipelagos
[160,161]

Messinian Salinity Crisis 5.9 to 5.3 Mya

Closure of the Gibraltar Strait and subsequent
desiccation of the Mediterranean Sea;
Reopening of the Atlantic connection

(Zanclean Flood)

Warm tides cycling on the
North Atlantic Sea flows [159]

Isthmus of Panama
passage closure 3.2 to 2.6 Mya Formation of the land connection between

North and South America

Apearence of the cold Canarian current
(Canarian climate change from

Tropical to Mediterranean)
[159,160]

Plio-Pleistocene glaciations 2.7 Mya to 18 kyr Multiple interglacial periods
Loss of land mass on Macaronesian

archipelagos,
with each island becoming more isolated

[159,160]
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In relation to rhodolith-forming algae species, in 1897, Mikael Heggelund Foslie erected
a variety for species Lithothamnion fasciculatum (Lamarck) Areschoug, 1852, identified as L.
fasciculatum f. subtilis, with the remarkable characteristic of ramifications shorter than other
varieties established in the same work (i.e., L. fasciculatum f. incrassata, f. gyrosa, and f. dilatata),
and narrowed (1 to 1.5 mm width) compared to L. fasciculatum f. incrassata [137]. In 1906, the
same author revised this identification and replaced the genus with Lithophyllum, re-naming
for Lithophyllum hibernicum [120]. This last designation was, therefore, established and used
in other subsequent studies (see Section 3.2 Taxonomic Account -Lithophyllum hibernicum).

4.4. Limpets and Rhodoliths

The existence of epizoic algae on the hard shell of molluscs is a small, sparse and
poorly understood research topic; thus, the ecological importance of this relationship
is sometimes overlooked [169]. Calcareous red algae are able to grow on stone shores
(epilithic forms), as well as on biological structures, i.e., epiphytic types growing on other
algae, and epizoic carbonate algae on alive and dead animals: on shell fragments, gas-
tropods, bivalves, barnacles [170], sponges, corals, or sea urchins [171,172]. In relation
to genus Lithophyllum, associations between Lithophyllum incrustans Philippi, 1837 and a
snail shell [173], or between Lithophyllum hibernicum Foslie, 1906 and the bivalve Mytilus
galloprovincialis Lamarck, 1819 [174] have already been observed (Figure 2B,C). The as-
sociation between P. ulyssiponensis and L. hibernicum is described for the first time. An
ecological relationship between the two species, benefiting the limpet at a certain stage of
its life cycle (settlement) and even as camouflage to protect it from predation should be
further investigated.

Haplotype’s network of this limpet indicates that the distribution and historical disper-
sion originated from Mediterranean Sea, until arrival to European Atlantic and Macarone-
sian islands (Figures 10 and 11). For L. hibernicum, the actual distribution ranges from the
Mediterranean Sea to European Atlantic, but there are no records for the Atlantic islands.
Nonetheless, fossil registers may help to understand the rhodolith-limpet relationship.
For example, Johnson et al. identified many Pleistocene stratigraphic profiles containing
rhodoliths (including Lithophyllum sp.) at the Cape Verde Islands [175]. They also verified
the presence of Patella sp. (and other molluscs) in same strata of rhodoliths [175], similarly
to the first work performed in the same study area by Charles Darwin, that found many
shells fossils, including limpet specimens, with rhodoliths formation [176].

5. Conclusions

According to morphological and genetic analyses, both P. ulyssiponensis and P. aspera
are the same species, existing in continental and insular shore environments, influenced
by the Northeast Atlantic Ocean and Mediterranean Sea, and probably surviving the
Messinian Salinity Crisis event. The current distribution and ecological release may be
associated with the Atlantic Ocean tides after the opening of the Strait of Gibraltar (end of
Messinian Crisis). In this context, among the presented hypothesis, we agree with the first
hypothesis, due to the many exclusive haplotypes (including the most frequent one) for
the Mediterranean, contrasting with the low haplotype diversity for the Northeast Atlantic,
and their divergence date between continental and archipelago lineages occurring after
the Zanclean Flood, according to TMRCA calculations. Therefore, it is very possible that
limpets survived the Messinian event, following susceptible dispersions on Atlantic islands.

Rhodolith-forming algae L. hibernicum may influence the settlement and dispersal of
limpet larvae, but on the other hand possesses an epizoic relationship on the adult shell
surface of P. ulyssiponensis. This probable association can currently be considered as a
profitable case of co-evolution of both species.

The fossil record of Patellogastropoda is poorly known, due to the rarity of their fossils,
mostly because of their occurrence on wave exposed rocky shores in which conditions for
preservation are limited. This scarce knowledge is also compounded by a lack of shell
microstructure examination, causing genera and family misplacements. Consequently, the
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divergence time estimated from genetic distances and calibrations based on a small number
of fossil records can result in its underestimation or overestimation. Concerning the origin
and lineages divergence times of P. ulyssiponensis, an expansion of sampling locations might
provide some insights and solve some patterns, especially by having a higher sampling
effort in the Iberian Atlantic, Macaronesia archipelagos and Moroccan coast, and by the
inclusion of sequences from the African Mediterranean, Black Sea and Northern Atlantic
Regions, combined with a compilation of datasets based on multiple genes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/hydrobiology1010003/s1, Figure S1: Maximum Likelihood tree obtained for COI-5P se-
quences of Patella ulyssiponensis, using HKY + G substitution model. Value of nodes corresponds
to bootstrap support. Figure S2: Bayesian consensus tree of COI-5P for Patella ulyssiponensis. Node
values correspond to Bayesian posterior probabilities. Table S1: List of COI-5P sequences for Patel-
logastropoda with GenBank accession numbers. Table S2: Haplotype frequencies for COI-5P Patella
ulyssiponensis sequences.
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