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ABSTRACT

Marine mollusks constitute one of the most species-rich and ecologically significant invertebrate phyla in benthic and

pelagic ecosystems, yet their taxonomic diversity remains substantially undercharacterised due to cryptic species

complexes, widespread shell polymorphism, and inadequate reference sequence coverage in public databases. This

study applied integrative barcoding -- combining COI, 16S rRNA, and H3 nuclear markers -- to 1,642 marine mollusk

specimens from 28 genera representing six classes (Gastropoda, Bivalvia, Cephalopoda, Polyplacophora, Scaphopoda,

Aplacophora) sampled from 32 sites across the North Sea, Mediterranean Sea, and northeastern Atlantic (Sweden,

Spain, Italy). COI barcoding resolved 94.2% of morphologically identified species (n = 218), with barcode gaps confirmed

in 89.4% of species pairs. Integrative analysis combining all three markers identified 34 candidate cryptic species across

22 genera, of which 12 were corroborated by shell morphometric analysis (MANOVA: Wilks' λ < 0.58, p < 0.05 in all 12

cases). COI identification success was significantly lower for Bivalvia (88.4%) than Gastropoda (96.8%) due to reference

database gaps, particularly in deepwater families. Network-based biogeographic analysis revealed significant genetic

breaks at the Strait of Gibraltar (Φ■ST = 0.28-0.62 across 14 species) and between the North Sea and Atlantic (Φ■ST =

0.14-0.38 across 9 species), consistent with known oceanographic barriers. Database contribution of 3,284 new COI

sequences substantially improves BOLD coverage for Mediterranean and Nordic mollusks. These results advance the

molecular reference framework essential for eDNA-based bioassessment and biodiversity monitoring of European

coastal marine ecosystems.
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1. Introduction
1.1 Marine Mollusks: Diversity and
Taxonomic Challenges
Mollusca is the second most species-rich animal
phylum after Arthropoda, with approximately
85,000 described extant species and estimated
total diversity of 200,000-500,000 species when
cryptic taxa are accounted for (Chapman 2009).
Marine mollusks dominate benthic invertebrate
communities in coastal and deep-sea ecosystems,
contributing disproportionately to sediment
bioturbation, filter feeding, predator-prey
dynamics, and carbonate cycling. Their shells
provide the most abundant hard-part fossil record
of any animal group, making accurate species
identification essential for both ecological
monitoring and palaeontological calibration.
Despite this ecological and scientific importance,
mollusk taxonomy faces persistent challenges from
convergent shell morphology that makes
morphological species identification unreliable in
many families, juvenile-adult morphological
discontinuities, and extensive shell phenotypic
plasticity in response to substrate and salinity
variation (Gofas 2007).

1.2 DNA Barcoding and Integrative Taxonomy
in Marine Invertebrates
The Barcode of Life initiative, using the COI gene
as a universal animal barcode locus, has
transformed species identification in marine
invertebrates, enabling rapid assignment of
morphologically ambiguous specimens to
reference species and the detection of cryptic
diversity invisible to morphological approaches
(Hebert et al. 2003). For marine mollusks
specifically, COI barcoding has revealed cryptic
species complexes in economically important
genera including Mytilus, Ostrea, Crassostrea, and
Littorina, with taxonomic and aquaculture
management implications (Astanei et al. 2005).
The integration of additional markers --
particularly mitochondrial 16S rRNA for deeper
phylogenetic resolution and nuclear histone H3 for
detecting hybridisation -- provides the
multi-evidence framework needed to distinguish
genuine cryptic species from intraspecific
variation (Padial et al. 2010).

1.3 Biogeographic Barriers in European Seas
European coastal seas are separated by a series of
oceanographic barriers that restrict larval
dispersal and gene flow among marine
invertebrate populations: the Strait of Gibraltar
(Atlantic-Mediterranean transition), the

Almeria-Oran front (western Mediterranean), the
Ligurian Sea thermal front, and the Skagerrak
(North Sea-Atlantic junction). These barriers
generate phylogeographic structure in many
mobile marine species and stronger structure in
species with short pelagic larval durations or
direct development (Perez-Losada et al. 2007).
Quantifying the strength of these barriers across
multiple mollusk species with contrasting life
histories provides a comparative framework for
understanding European marine biogeography.

1.4 Study Objectives
This study aimed to: (i) build a multi-locus
molecular reference library for 218 marine
mollusk species from European waters; (ii)
evaluate COI barcode identification success across
six mollusk classes; (iii) identify candidate cryptic
species by integrating molecular and
morphometric evidence; (iv) quantify the strength
of known oceanographic barriers to gene flow
across multiple species; and (v) contribute new
COI sequences to BOLD to improve database
coverage for European mollusk biodiversity
monitoring.

2. Literature Review
2.1 COI Barcoding Efficacy in Mollusca
COI barcoding performance in marine mollusks is
broadly comparable to other invertebrate groups
but shows class-specific variation: Gastropoda
typically show clear barcode gaps with
intraspecific divergence < 2% and interspecific >
3%, while Bivalvia show more variable patterns,
partly because some bivalve lineages have
atypically slow COI substitution rates that reduce
the barcode gap at recently diverged species pairs
(Astanei et al. 2005). BOLD System v5.0 contains
COI reference sequences for approximately 22,000
mollusk species (26% of described diversity), with
best coverage for economically important species
and worst coverage for deepwater, tropical, and
taxonomically obscure families.

2.2 Cryptic Species in Marine Gastropods and
Bivalves
Cryptic species complexes are particularly
prevalent in morphologically conservative
gastropod families including Cerithiidae,
Turritellidae, and Nassariidae, and in mytilid and
ostreoid bivalves, where shell shape is strongly
influenced by environmental factors (wave
exposure, substrate type, salinity) that confound
morphological species identification. The Mytilus
edulis species complex, comprising M. edulis, M.
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galloprovincialis, and M. trossulus, is the
best-characterised European marine mollusk
cryptic complex, with hybrid zones documented at
multiple Atlantic-Mediterranean transition
localities (Rawson & Hilbish 1995). The discovery
of analogous cryptic complexes in non-commercial
species carries important implications for
biodiversity assessments and eDNA monitoring
programme design.

2.3 Oceanographic Barriers and Mollusk
Phylogeography
The Strait of Gibraltar is the most studied
European marine biogeographic barrier,
generating Atlantic-Mediterranean genetic
discontinuities in dozens of benthic invertebrate
species with pelagic larval durations ranging from
days (direct developers) to months (planktotrophic
larvae). Perez-Losada et al. (2007) demonstrated
that the barrier's effect on gene flow scales
inversely with pelagic larval duration across
barnacle species, a relationship potentially
generalizable to mollusks. The Almeria-Oran front,
separating Atlantic-influenced waters from the
warmer Mediterranean interior, generates
additional genetic discontinuities in species with
limited dispersal, creating a two-step barrier effect
for north-south Mediterranean comparisons.

2.4 eDNA Applications in Marine Mollusk
Monitoring
eDNA metabarcoding of seawater and sediment
samples using COI primers is increasingly applied
for rapid biodiversity assessment of benthic
invertebrate communities, including mollusks, in
estuarine, coastal, and deep-sea environments
(Stat et al. 2019). The accuracy of eDNA-based
species detection is critically dependent on the
completeness and accuracy of the COI reference
database, making the systematic addition of
verified reference sequences from morphologically
identified voucher specimens -- as conducted in
this study -- a direct contribution to the
infrastructure enabling regulatory eDNA
monitoring under the EU Water Framework
Directive and Marine Strategy Framework
Directive.

Table 1. Study Taxa: Classes, Genera, Species,
and Sample Sizes

Class Gen
era
(n)

Spe
cies
(n)

Speci
mens
(n)

BOLD
Coverage

Before
(%)

New Seq
uences
Added

Gastropo
da

14 108 742 72.4 1,484

Class Gen
era
(n)

Spe
cies
(n)

Speci
mens
(n)

BOLD
Coverage

Before
(%)

New Seq
uences
Added

Bivalvia 8 72 496 64.8 1,024

Cephalop
oda

3 18 124 88.2 248

Polyplac
ophora

1 12 82 44.6 164

Scaphop
oda

1 6 42 38.4 84

Aplacoph
ora

1 2 20 22.8 40

Total 28 218 1,642 68.6 3,044
BOLD coverage = percentage of species with >= 1 COI
reference sequence in BOLD v5.0 before this study. New
sequences = COI sequences added to BOLD from this
study. All new sequences assigned GenBank accessions
OQ960401-OQ963444.

3. Materials and Methods
3.1 Specimen Collection and Voucher
Deposition
Marine mollusks were collected from 32 sites
across three sea regions: North Sea (n = 10 sites;
Swedish west coast, Skagerrak, Kattegat),
northeastern Atlantic (n = 8 sites; Bay of Biscay,
Portuguese coast, Canary Islands), and
Mediterranean Sea (n = 14 sites; Spanish
Levantine coast, Ligurian Sea, Tyrrhenian Sea,
Sardinia). Collection methods included
hand-sorting of sieved subtidal sediment (SCUBA,
5-30 m), intertidal rocky shore transects (0.5 m2
quadrats), and beam trawling in soft sediment
(10-minute tow, 0.5 m beam). All specimens were
identified to species level by morphological
examination using regional keys (Gofas et al. 2011;
Hayward & Ryland 1995), photographed, and
voucher-deposited at the Swedish Museum of
Natural History (NRM), Museo Nacional de
Ciencias Naturales Madrid (MNCN), and Museo di
Zoologia dell'Universita di Roma La Sapienza
(MZUR).

3.2 DNA Extraction and Multi-Locus
Amplification
Tissue samples (foot muscle for gastropods and
bivalves; arm muscle for cephalopods; mantle for
polyplacophorans) were excised and preserved in
95% ethanol. DNA was extracted using the Qiagen
DNeasy Blood & Tissue Kit. Three loci were
amplified per specimen: COI (658 bp;
LCO1490/HCO2198; Folmer et al. 1994),
mitochondrial 16S rRNA (∼540 bp; 16Sar/16Sbr;
Palumbi 1996), and nuclear histone H3 (327 bp;
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H3aF/H3aR; Colgan et al. 1998). Amplification
success was 96.8% for COI, 94.2% for 16S, and
91.6% for H3. All sequences were deposited in
NCBI GenBank (OQ960401-OQ963444) and BOLD
under project code EURMOL22.

3.3 Barcode Analysis and Cryptic Species
Detection
Barcode gap analysis was performed using the R
package spider v1.5. Candidate cryptic species
were identified by: (i) bimodal intraspecific K2P
distributions with the minor mode exceeding 3%;
(ii) reciprocal monophyly in gene trees for all three
loci; and (iii) congruence between COI and 16S
species delimitation under BIN (BOLD's Barcode
Index Number system). Shell morphometrics were
measured for 6-12 individuals per candidate
cryptic lineage and compared by MANOVA
(geomorph v4.0.3).

3.4 Biogeographic Barrier Analysis
Population genetic structure across the Strait of
Gibraltar and North Sea-Atlantic barrier was
quantified by pairwise ΦₚST (Arlequin v3.5.2;
10,000 permutations) for 14 species with >= 10
individuals sampled on both sides of the Gibraltar
barrier, and 9 species sampled on both sides of the
Skagerrak barrier. Mantel tests assessed
isolation-by-distance within sea regions. All
analyses performed in R v4.1.2.

Table 2. COI Barcode Performance by Mollusk
Class
Class Spe

cies
(n)

ID Su
ccess
(%)

Barco
de

Gap
(%)

Mean In
traspec.
K2P (%)

Min Int
erspec.

K2P
(%)

Gastrop
oda

108 96.8 94.4 1.08 +-
0.42

3.28 +-
0.84

Bivalvia 72 88.4 82.6 1.42 +-
0.58

2.64 +-
0.96

Cephalo
poda

18 97.2 97.2 0.84 +-
0.32

4.12 +-
0.88

Polypla
cophora

12 91.8 88.4 1.18 +-
0.46

3.04 +-
0.82

Scapho
poda

6 93.4 91.6 0.96 +-
0.38

3.46 +-
0.92

Aplacop
hora

2 92.0 90.0 1.02 +-
0.44

3.22 +-
0.86

Overall 218 94.2 89.4 1.12 +-
0.48

3.14 +-
0.88

ID success = % species correctly identified to species
level at 98% COI identity threshold against BOLD v5.0.
Barcode gap = % species with minimum interspecific >
maximum intraspecific K2P. K2P = Kimura 2-parameter

distance.

4. Results
4.1 Barcode Performance and Database
Enhancement
Overall COI identification success was 94.2%, with
Cephalopoda showing the highest success (97.2%)
and Bivalvia the lowest (88.4%). The 3,044 new
COI sequences contributed to BOLD increased
mean class-level database coverage from 68.6% to
84.2% across the 218 study species, with the
largest absolute improvement in Polyplacophora
(44.6% to 76.8%), Scaphopoda (38.4% to 72.6%),
and Aplacophora (22.8% to 60.4%). Sixteen
species failed to produce clean bidirectional COI
sequences after three PCR attempts
(predominantly deepwater scaphopods and
aplacophorans with degraded tissue preservation
from trawl collections), and were assigned to
genus level only. Results shown in Table 2 and
Figure 1.

4.2 Cryptic Species Diversity
Integrative analysis identified 34 candidate cryptic
species across 22 genera, of which 12 were
corroborated by shell morphometric MANOVA
(Wilks' λ range 0.38-0.58, all p < 0.05). The
highest cryptic diversity was detected in
Gastropoda (22 candidates in 14 genera), followed
by Bivalvia (10 candidates in 6 genera). The most
significant cryptic complexes were: Nassarius
reticulatus s.l. (3 lineages; Atlantic, western
Mediterranean, eastern Mediterranean),
Cerithium vulgatum s.l. (2 lineages), Mytilus
galloprovincialis s.l. (3 lineages at
Atlantic-Mediterranean transition), and Chlamys
varia s.l. (2 lineages; north-south Atlantic split).
Results in Tables 3-4 and Figures 2-4.

4.3 Biogeographic Barrier Strength
The Strait of Gibraltar generated significant
genetic breaks in all 14 species with adequate
sampling on both sides (pairwise ΦₚST =
0.28-0.62; all p < 0.001). Barrier strength
correlated negatively with pelagic larval duration
(rₛ = -0.68, p = 0.008), confirming that
planktotrophic larvae with longer dispersal
windows are more effectively penetrating the
Gibraltar barrier. The North Sea-Atlantic
Skagerrak barrier showed weaker but still
significant differentiation in 7 of 9 species (ΦₚST =
0.14-0.38). Isolation-by-distance was significant
within the Mediterranean for 8 of 14 species
(Mantel r = 0.42-0.74, p < 0.05), indicating that
within-sea dispersal limitation also shapes genetic
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structure independently of the major
oceanographic barriers.

Table 3. Selected Cryptic Species Complexes:
Genetic Divergence and Morphometric
Evidence
Nominal
Species

Lin
ea
ges
(n)

COI K2P
Between
Lineages

(%)

16S
K2P
(%)

Shell
Morp
h. MA
NOVA

p

Geogr
aphic
Patter

n

Nassarius
reticulatus
s.l.

3 4.8-6.2 2.4-
3.6

<
0.001

Atlanti
c /
W.Med
/
E.Med

Mytilus gall
oprovinciali
s s.l.

3 3.2-4.4 1.8-
2.4

0.012 Atlanti
c / Gib
raltar /
Med

Cerithium
vulgatum
s.l.

2 5.4-6.8 2.8-
3.4

<
0.001

Atlanti
c-Med
split

Chlamys
varia s.l.

2 3.8-4.6 2.0-
2.6

0.024 N Atla
ntic / S
Atlanti
c

Littorina
saxatilis s.l.

2 4.2-5.4 2.2-
2.8

0.018 North
Sea / A
tlantic

Patella
vulgata s.l.

2 3.6-4.8 1.8-
2.4

0.032 Northe
rn / So
uthern
Atlanti
c

s.l. = sensu lato. K2P = Kimura 2-parameter distance.
Shell morph. MANOVA p-value from one-way MANOVA
on 6-12 shell measurements between lineages.
Geographic pattern = distribution of genetically distinct
lineages.

Table 4. Biogeographic Barrier Strength:
Pairwise ΦₚST Across the Strait of Gibraltar
(Selected Species)

Species Class ΦₚST
(Atl vs.
Med)

p-va
lue

PLD
(day
s)

Larva
l

Type

Nassarius
reticulatus

Gastro
poda

0.62 < 0.
001

7 Lecit
hotro
phic

Cerithium
vulgatum

Gastro
poda

0.54 < 0.
001

14 Plank
totro
phic

Patella
vulgata

Gastro
poda

0.48 < 0.
001

0 Direc
t deve
loper

Species Class ΦₚST
(Atl vs.
Med)

p-va
lue

PLD
(day
s)

Larva
l

Type

Chlamys
varia

Bivalvi
a

0.44 < 0.
001

21 Plank
totro
phic

Mytilus gall
oprovincialis

Bivalvi
a

0.38 < 0.
001

28 Plank
totro
phic

Littorina
saxatilis

Gastro
poda

0.34 < 0.
001

0 Direc
t deve
loper

Solen
marginatus

Bivalvi
a

0.28 < 0.
001

35 Plank
totro
phic

Sepia
officinalis

Cephal
opoda

0.14 0.04
2

0 Direc
t deve
loper

PLD = pelagic larval duration. Barrier strength (ΦₚST)
negatively correlated with PLD (rₛ = -0.68, p = 0.008).
Cephalopoda generally showed weaker barrier effects
consistent with greater adult mobility.

Figure 1. COI Identification Success (%) and BOLD
Coverage Before/After by Mollusk Class

Figure 2. Cryptic Species Candidates Detected by
Class and Morphometric Corroboration
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Figure 3. Gibraltar Barrier Strength (ΦₚST) by
Species, Ranked by PLD

Figure 4. Integrative Barcoding Evidence Profile by
Mollusk Class (Normalised 0-1)

5. Discussion
5.1 Bivalvia COI Performance and Database
Gaps
The lower COI identification success in Bivalvia
(88.4%) relative to Gastropoda (96.8%) reflects
two factors: (i) systematically slower COI
substitution rates in some bivalve lineages
(particularly Ostreidae and Pectinidae) that reduce
barcode gap widths at recently diverged species
pairs; and (ii) substantially lower BOLD reference
coverage for deepwater and sediment-dwelling
bivalve families that are difficult to collect and
rarely included in barcoding programmes. The
1,024 new bivalve COI sequences contributed by
this study represent a 27% increase in BOLD
coverage for the study genera, directly addressing
the most significant database gap identified.
Future barcoding efforts should prioritise
deepwater Bivalvia, particularly deposit-feeding
nuculanids and solemyids that dominate
low-oxygen benthic environments targeted by
eDNA monitoring.

5.2 Cryptic Diversity and Its Ecological
Significance
The 34 candidate cryptic species identified across
22 genera represent a 15.6% increase in the

effective species count relative to the 218
morphospecies in the study, consistent with the
10-20% cryptic diversity estimates from
comparable marine invertebrate barcoding
programmes. The Nassarius reticulatus complex,
with three Atlantic-Mediterranean lineages, is the
most ecologically significant case: N. reticulatus is
a major predatory scavenger in intertidal and
shallow subtidal habitats whose population
dynamics differ substantially between Atlantic and
Mediterranean lineages, with Mediterranean
lineages showing shorter spawning seasons and
smaller clutch sizes than their Atlantic
counterparts. Treating these as a single species in
population dynamic models and fisheries
assessments (N. reticulatus is commercially
harvested in some Mediterranean countries)
introduces systematic errors that could undermine
sustainable harvesting assessments.

5.3 Biogeographic Barriers and Conservation
Unit Delineation
The significant ΦₚST values across the Strait of
Gibraltar in all 14 tested species (range 0.14-0.62)
confirm the generality of this barrier for benthic
marine invertebrate population structure, while
the inverse correlation with PLD demonstrates
that larval dispersal biology modulates barrier
permeability in a predictable manner. This pattern
has direct implications for marine protected area
network design: Atlantic and Mediterranean
populations of multiple mollusk species represent
distinct management units that cannot be
expected to replenish each other across the
Gibraltar barrier on management-relevant
timescales. EU Marine Strategy Framework
Directive assessments and MPA network design
should treat these as separate population units.

6. Conclusion
6.1 Summary
Integrative COI + 16S + H3 barcoding of 1,642
marine mollusk specimens from 218 species across
three European seas achieved 94.2% identification
success and contributed 3,044 new COI sequences
to BOLD, increasing database coverage from
68.6% to 84.2%. Thirty-four candidate cryptic
species were identified, 12 corroborated by
morphometrics. The Strait of Gibraltar generated
significant genetic breaks in all 14 tested species
(ΦₚST = 0.28-0.62), with barrier strength inversely
correlated with PLD (rₛ = -0.68). These results
advance the molecular reference infrastructure for
eDNA-based monitoring of European coastal
biodiversity.
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6.2 Future Directions
Formal taxonomic description of the 12
morphometrically corroborated cryptic species
represents the most immediate priority, requiring
type specimen designation, diagnostic character
documentation, and ecological profile
characterisation for each lineage. Expansion of
sampling to deepwater soft-sediment communities
(200-1,000 m) would address the most significant
remaining gap in European mollusk barcode
reference coverage. Integration of the COI library
with metabarcoding pipelines for WFD benthic
quality assessments should be validated against
parallel morphological assessments at a subset of
sites to confirm the reliability of eDNA-based
mollusk diversity metrics for regulatory use.
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Appendix A
Cryptic Species Candidates and

Recommended Taxonomic Actions

Summary of 34 candidate cryptic species identified by
integrative barcoding, grouped by class. The 12 cases
with morphometric corroboration are highlighted as
priority targets for formal taxonomic description.

Priority Cryptic Species for Formal
Description (12 morphometrically
corroborated)
Nassarius reticulatus s.l. Lineage B (W. Med.):
COI K2P 5.4% from Atlantic; 3 shell characters
diagnostic; recommended designation as N.
occidentalis sp. nov.

Nassarius reticulatus s.l. Lineage C (E. Med.): COI
K2P 6.2% from Atlantic; shell significantly narrower
(DFA 88.4%); recommended as N. levantinus sp. nov.

Cerithium vulgatum s.l. Lineage B (Atlantic): COI
K2P 5.4%; shell wider with fewer spiral cords;
recommended reinstatement of C. atlanticum
Monterosato

Mytilus galloprovincialis s.l. Lineage C (E. Med.):
COI K2P 3.2%; nuclear H3 fixed differences at 2 sites;
requires further sampling before formal description

Littorina saxatilis s.l. Lineage B (North Sea
smooth ecotype): COI K2P 4.2%; shell smooth vs.
ribbed; consistent with prior morphological treatment
as L. neglecta Bean

Patella vulgata s.l. Lineage B (Southern Atlantic):
COI K2P 3.6%; lower shell with broader aperture;
consistent with P. ulyssiponensis Gmelin
reinstatement

Primer Sequences for Three Loci
COI LCO1490:
5'-GGTCAACAAATCATAAAGATATTGG-3' | HCO2198:
5'-TAAACTTCAGGGTGACCAAAAAATCA-3'

16S 16Sar: 5'-CGCCTGTTTAUCAAAAACAT-3' |
16Sbr: 5'-CCGGTCTGAACTCAGATCACGT-3'

H3 H3aF: 5'-ATGGCTCGTACCAAGCAGACVGC-3' |
H3aR: 5'-ATATCCTTRGGCATRATRGTGAC-3'




