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Abstract

Accurate biodiversity assessment of marine benthic communities depends strongly on species
identification methodologies, yet both traditional morphology-based taxonomy and molecular
approaches present inherent limitations. In this study, we investigate the complementarity of
morphological identification, DNA barcoding, and metabarcoding to evaluate annelid diversity across
western Mediterranean environments with contrasting degrees of anthropogenic influence. Samples
were collected from the Bay of Palma (Mallorca), a human-impacted area, and compared with
metabarcoding data from the protected Cabrera Archipelago. Morphological examination identified
203 annelid “morphospecies”, while Sanger-based cox/ barcoding successfully generated sequences
for 114 of these taxa. High-throughput metabarcoding of pooled samples, combined with phylogenetic
species delimitation methods (GMYC and mPTP), revealed substantially higher diversity and
uncovered extensive cryptic variation, resulting in up to 359 “molecular species” when datasets were
integrated. Nearly half of the metabarcoding units could only be assigned to higher taxonomic ranks,
underscoring persistent gaps in reference databases. Comparative analyses showed marked differences
in species composition between impacted and protected sites, with a higher incidence of non-
indigenous and cryptogenic taxa in Mallorca. Our results demonstrate that neither morphological nor
molecular approaches alone can fully characterize annelid biodiversity. Instead, integrative strategies
that combine voucher-based taxonomy with metabarcoding provide a more robust framework for
biodiversity assessments, enhance reference databases, and improve the reliability of ecological
monitoring and conservation outcomes.
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Introduction

Biodiversity surveys and environmental monitoring programmes generate essential data for evaluating
ecosystem conservation status and for identifying the drivers and potential consequences of natural
and anthropogenic change. Marine benthic communities are no exception within this framework.
Beyond spatial coverage and sampling effort, accurate organism identifications represents one of the
most critical and challenging steps in monitoring processes (Resh and Unzicker 1975; Giangrande
2003). Species identification is inherently dependent on taxonomists’ expertise and on the quality of
the available literature and reference material, introducing an degree of subjectivity that can affect the
reliability and comparability of biodiversity assessments (Tautz et al. 2003; Gaston and O’Neill 2004;
Godfray 2007; Miller 2007).

The identification and delimitation of species as fundamental units of biodiversity remain central goals
in ecological assessments (Gotelli and Colwell 2001; Chiarucci et al. 2011; Adams et al. 2014; Jetz et
al. 2019). Despite ongoing debates surrounding the concept, species are understood here as
independently evolving lineages that are genetically and phenotypically distinct from others (De
Queiroz 2007; Barraclough 2019). Under this view, morphological and genetic traits are treated as
lines of evidence for delimitation rather than defining properties. Within this framework, molecular
approaches (particularly DNA sequence analyses) have become increasingly integrated into taxonomic
workflows, enabling faster and more scalable assessments of species boundaries. This shift has been
further accelerated with the advent of high-throughput sequencing (HTS), which allows the generation
of large volumes of genetic data across diverse systems (Bickford et al. 2007; Valentini et al. 2009;
Carstens et al. 2013; Pawlowski et al. 2021).

Molecular tools are particularly valuable when morphological identification is limited, such as when
diagnostic characters are absent or obscured by developmental stage, or when taxa exhibit little or no
morphological differentiation (i.e., cryptic species). However, neither genetic data nor analytical
frameworks for species delimitation provide a universal solution. Consequently, integrative
approaches that combine molecular evidence with morphological and additional sources of
information are increasingly recognized as the most robust strategy for delimiting species boundaries
(Knowles and Carstens 2007). A further advantage of DNA barcode sequences and metabarcoding
datasets is their extensive availability in public repositories, allowing data reuse under alternative
filtering criteria, analytical frameworks, and species delimitation methods grounded in different
species concepts.

DNA barcoding is a widely adopted approach for characterizing genetic variation and supporting
species delimitation and taxonomic assignment, based on comparing short, standardized gene
sequences with reference databases of taxonomically identified specimens (Hebert et al. 2003; Trivedi
et al. 2016). When appropriate genetic markers are used, this method can provide rapid and reliable
discrimination among closely related species and has proven particularly effective for marine
metazoans (Bucklin et al. 2011). However, its performance varies across taxonomic groups (Sigwart
and Garbett 2018). A major limitation of DNA barcoding lies in its reliance on the completeness and
accuracy of reference databases. Comprehensive barcode libraries are required for confident species-
level identification, yet public repositories remain taxonomically and geographically incomplete
(Hajibabaei et al. 2011; Hestetun et al. 2020; Questel et al. 2021; Pinna et al. 2021).

In the absence of fully resolved reference datasets, DNA sequences are often clustered into molecular
operational taxonomic units (MOTUs), which are typically defined using similarity thresholds and
often treated as proxies for species (Elbrecht and Leese 2015; Keck et al. 2018; Wangensteen et al.
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2018; Turon et al. 2020). However, MOTUs do not always correspond to biologically meaningful
species, as they may reflect individual haplotypes, arbitrary sequence clusters, or delimited molecular
entities depending on the analytical approach employed. While MOTU-based frameworks facilitate
comparisons across samples and sites, they also limit the integration of ecological and biological
knowledge traditionally associated with named species (Liu et al. 2017). Despite the rapid expansion
of DNA reference databases such as the Barcode of Life Data System (BOLD) (Ratnasingham et al.
2024), significant taxonomic and geographic biases persist, constraining the full application of high-
throughput sequencing in biodiversity surveys, environmental monitoring programmes, and
conservation management.

These challenges and opportunities are particularly evident in ecologically diverse and taxonomically
complex groups such as annelids. Polychaetes frequently dominate marine benthic communities in
terms of abundance, biomass, and species richness, and their ecological diversity makes them highly
responsive to environmental gradients (Pocklington and Wells 1992). As a result, they are widely used
as bioindicators in ecological assessments and environmental monitoring programmes (Giangrande et
al. 2005). However, their high diversity, frequent occurrence of species complexes, and the presence
of morphologically similar taxa pose significant challenges for accurate identification, emphasizing
the need for integrative approaches that combine morphological and molecular methods.

In this study, we apply an integrative approach to assess annelid biodiversity by combining
morphological identification, DNA barcoding, and metabarcoding. We compare diversity patterns
obtained from each approach and evaluate how alternative species delimitation methods influence
biodiversity estimates. By doing so, we provide insights into the respective strengths and limitations
of current methodologies for marine benthic assessments in environments subjected to different levels
of anthropogenic pressure.

Methods

Sampling and morphological species identification

Samples were collected along the Bay of Palma (Mallorca, Spain) in July and November 2017, as part
of a pilot project assessing the use of polychaete annelids as bioindicators under different levels of
anthropogenic influence, across 52 stations in the Port of Palma (harbour) and Portixol marina, the
Cala Blava Marine Reserve, and Sa Porrassa Island (Cala Figuera) (Fig. 1).

Hard substrates were sampled by scraping 30 x 30 cm quadrats, including artificial structures (concrete
walls, metal pontoons, and ferry mooring fenders) in port areas, as well as natural substrates such as
rock surfaces and dead Posidonia oceanica (L.) Delile mats. Soft-bottoms were sampled using a box
corer (3—5 L). Additionally, 30 x 30 cm tiles arranged in vertical lines (tile—tile-brick) and secured
with rope, were deployed at 0.5-5 m depth, adjacent to marina walls and pontoons in Palma and
Portixol. These structures were left in situ for four months, to monitor fouling community colonisation.
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Fig. 1. A. Map of Mallorca. B. Bay of Palma, depicting the four locations sampled. C. The Cabrera
Archipelago Maritime-Terrestrial National Park, depicting the sampling location of Wagensteen et al.
(2018).

After transportation to the laboratory under refrigerated conditions, annelids were sorted alive from
samples, preserved in 100% ethanol, and subsequently stored at 4—6 °C. Specimens were identified as
morphospecies and assigned to species-level binomials or the lowest possible taxonomic level based
on diagnostic morphological features, using consecutive numbering system to distinguish them within
the same taxa (e.g. Syllis sp. 1). Identifications followed available literature for the region (San Martin
2003; Viéitez 2004; Castelli et al. 2008; Gil 2011; Parapar et al. 2012, 2015) and the taxonomic
framework of the Catalogue of Life (https:/catalogueoflife.org, Release 9923, 2023-08-17). All
specimens were deposited in the Natural History Collections of the University of the Balearic islands.

DNA Barcoding

To provide specimen-based molecular identifications and contribute to existing barcode reference
databases for marine polychaetes, tissue samples (1-2 parapodia) were isolated from 201 specimens,
representing 158 of the 203 identified morphospecies. The remaining 45 morphospecies either to
species with contrasted barcoding information in public databases or consisted of very small or
valuable, unique specimens whose integrity was necessary for use as morphological vouchers.

Genomic DNA was extracted with QuickExtract DNA Extraction kit (Epicentre), following the
manufacturer’s instructions. To maximise amplification success of the mitochondrial cytochrome ¢
oxidase subunit [ (cox!) gene, four primers pairs were used: ArF5—ArR5 ( ~350 bp, Gibson et al.
2014), LCO1490-HC02198 (~700 bp, Folmer et al. 1994), jgHCO2198—jgLCO1490 (~650 bp, Geller
et al. 2013), and HyCOF190-HyCORS886 (~700 bp, ,Sun 2016; Sun et al. 2017).

Polymerase Chain Reaction (PCR) mixtures contained 0.5 pl of each primer (10uM), 1 pl of DNA
template, 10 ul of VWR aq DNA Polymerase 2X Master Mix (2 mM MgClz). Thermal cycling
consisted of an initial denaturation at 96°C for 1 min, followed by 29 cycles of 95°C for 30”, 52°C for
307, and 72°C for 60, and a final extension at 72°C for 7 min. PCR products were visualized on 1%
agarose gels stained with GelRed (Bioticum) under UVlight and purified with ExoSAP-IT
(Thermofisher). Bidirectional Sanger sequencing was performed at Eurofins Genomics (Ebersberg,
Germany).


https://catalogueoflife.org/
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Raw sequences were assembled into consensus sequences and edited using Geneious Prime 2025.2.2
(https://www.geneious.com). Resulting sequences were retained only when translation was consistent
with the expected cox/ reading frame and when no stop codons or frameshifts were detected.

DNA metabarcoding with HTS

To complement specimen-based barcoding and capture additional diversity potentially overlooked
during morphological sorting, metabarcoding analyses were performed using HTS under an automated
microfluidic platform (Fluidigm C1 and Juno Systems, from Standard BioTools). This approach
enabled the inclusion of annelid fragments, damaged specimens, and juveniles unsuitable for visual
identification, as well as the detection of potential cryptic diversity.

For each sample, similar-sized tissue subsamples from identified and unidentified organisms were
pooled to approximate comparable individual biomass (Elbrecht et al. 2017). To minimise dominance
effects, a maximum of 20 individuals per morphospecies per sample was included. Due to platform
constraints, a maximum of 48 samples could be processed per sequencing run; therefore, only stations
with more than 20 individuals and at least six morphospecies were selected, resulting in a final set of
48 samples.

DNA was extracted from pooled samples using the Qiagen Dneasy Blood and Tissue kit, following
the manufacturer’s instructions. For each sample, 50 ng of total genomic DNA were amplified using
the ArF5—ArRS5 primer set (~350 bp, Gibson et al. 2014), selected to match the read-length limitations
of the Illumina platform. Amplifications were carried out on an automated microfluidic platform
(Fluidigm C1 and Juno systems, Standard BioTools) at the Carver Biotechnology Center (University
of Illinois). Amplicons were sequenced as paired-end reads (2 x 300 bp) on an Illumina MiSeq
platform, following addition of CS1-CS2 adaptors, standard P5 and P7 Illumina adapters, and unique
sample-specific barcodes. A PhiX control was added to the sequencing run to increase base diversity.

Sequencing reads were demultiplexed and processed using MICCA software, which integrates quality
filtering, MOTU clustering, taxonomic assignment, and phylogenetic inference (Albanese et al. 2015).
Paired-end reads were merged when overlapping by at least 50 nucleotides, allowing up to five
mismatches. Primer sequences were trimmed and reads lacking both primers were discarded. Only
sequences of 300 bp with a minimum quality score of Q25 and no more than one ambiguous base were
retained. Sequences were clustered into MOTUs using the greedy algorithm (dgc) implemented in
MICCA, considering only the plus (protein-coding) strand and applying a similarity threshold of at
least 98.5%, a 75% coverage, and a minimum cluster size of 12 sequences. Chimeric sequences were
removed during this step (--rmchim). To eliminate non-annelid sequences co-amplified by the
universal primers, clustered sequences were filtered against a custom protein reference consisting of
19 annelid Cox1 protein sequences using USEARCH (-ublast), retaining only those > 80% amino acid
identity (-id 0.80 -evalue 1). Translation was performed using the invertebrate mitochondrial code (-
orfstyle 5), with a minimum length of 100 codons (-mincodons 100), and considering only the plus
strand. Only sequences consistent with intact reading frames were retained. The full MICCA pipeline,
the primers, adapters and indexes used for HTS, and reference datasets are provided as supplementary
material (Supp. Mat. 1-3).


https://www.geneious.com/
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To enrich our metabarcoding dataset, we incorporated a previously published HTS dataset from the
L’Imperial islet in the Cabrera Archipelago Maritime-Terrestrial National Park (Wangensteen et al.
2018), located about 20 km south of Mallorca (Fig. 1). This protected area is considered one of the
least impacted marine environments in the Balearic Islands (Valle et al. 2024). The original dataset
included partial cox/ sequences amplified using the primer pair jgHCO2198-mICOlintF-XT (~310
bp, Geller et al. 2013; Wangensteen et al. 2018), overlapping with the ArF5—-ArRS5 fragment used in
this study. The 691 annelid species obtained using CROP vl 3.3 (Hao et al. 2011) were cleaned
resulting in 412 haplotypes that were clustered under the same MICCA parameters reported above.
These data were subsequently combined with our barcoding and metabarcoding sequences from
downstream analyses. Taxonomic assignments were supported by searches against GenBank
(https://ncbi.nlm.nih.gov) using BLASTN (Madden 2002).

Taxonomic assignment and species delimitation

Phylogenetic analyses were conducted using combined and barcoding datasets. Maximum likelihood
trees were inferred in RAXML v8 (Stamatakis 2014) under the GTR+I+G substitution model. Tree
topologies were generated in r8s v.5 (Sanderson 2003). Trees were rooted with four nemertean species
(Amphiporus sp. HQ938394, Lineidae sp. JF862399, Riseriellus occultus KM878496, and Lineus
sanguineus KM878495), considered as sister group to annelids (Struck and Fisse 2008; Luo et al.
2018).

MOTUs/species were delimited using two complementary methods: the General Mixed Coalescent
model (GMYC, Pons et al. 2006; Fujisawa and Barraclough 2013) and the multi-rate Poisson Tree
Processes model (mPTP). GMYC analyses were conducted on ultrametric trees using the R packages
ape 5.3 (Paradis and Schliep 2019), MASS 7.3-45 (Ripley et al. 2025), Paran 1.5.2 (Dinno 2026), and
SPLITS 1.0-19 (Ezard et al. 2021), excluding zero-length branches to avoid diversity overestimation.
mPTP analyses were conducted under a Maximum Likelihood (ML) framework using the python
implementation v0.2.3 (Kapli et al. 2017), which does not require ultrametric trees and is considered
to be robust under uneven sampling or large differences in effective population sizes (Blair and Bryson
2017). Resulting phylogenetic trees and species delimitations were visualized and edited using FigTree
(Rambaut 2018). Outgroup taxa were removed prior to species delimitation analyses and zero-length
branches were excluded to avoid species diversity overestimation within the GMYC framework.

Results

A total of 203 annelid morphospecies were identified (Fig. 2A; Supp. Mat. 4), whereas Sanger-based
DNA barcoding generated 165 cox! sequences corresponding to 114 of the 158 morphospecies
selected for molecular analysis, spanning 24 families (Fig. 2A-B). For the remaining 89
morphospecies, sequencing was unsuccessful due to low-quality reads or failed PCRs amplifications.
Most of these belonged to families otherwise represented by successfully sequenced species (13
families), while five families —Flabelligeridae (Pherusa sp.), Magelonidae (Magelona equilamellae),
Sabellariidae (Sabellaria spinulosa), Spionidae (Boccardia polybranchia, Dipolydora armata, D.
coeca, D. giardia, Prionospio fallax, and P. multibranchiata) and Terebellidae (Thelepus
cincinnatus)— were entirely absent from the barcode dataset (Supp. Mat. 4).


https://ncbi.nlm.nih.gov/
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The metabarcoding Illumina Miseq run produced 800,586 paired-end reads (2 x 300 bp) from the
ArF5—-ArRS5 coxl amplicon. After quality filtering, primer trimming, and bioinformatic processing,
235 unique clustered cox/ sequences (haplotypes) of 307-310 pb were retained (Fig. 2A). One
nucleotide was removed from the 5’ end to ensure alignment with the first codon position and to
maintain complete codons throughout. These sequences were combined with 412 haplotypes derived
from the reprocessed Cabrera dataset (Wangensteen et al. 2018) and subjected to species delimitation
analyses using GMYC and mPTP. The two approaches showed high overall congruence, with GMYC
differing from mPTP in only 13 cases through either splitting or lumping of putative species (Fig. 3).
Using mPTP, a total of 175 molecular species-level units were delimited across the combined datasets
(Fig. 2A-B). Of these, 89 were assigned to nominal species based on matches with the local reference
barcode library and GenBank, whereas the remaining 86 could only be resolved to genus, family, or
higher taxonomic levels (Fig. 2B). These molecular species spanned 52 families, including polychaetes
(29), clitellates (16), and sipunculids (7).

When integrating all molecular datasets (Sanger barcoding and metabarcoding from Mallorca and
Cabrera) a total of 674 haplotypes were recovered and delimited into 359 unique molecular species by
mPTP. Of these, 159 (37%) were exclusive to Mallorca (characterized by higher anthropogenic
pressure), 189 (44%) occurred only in the comparatively pristine Cabrera, and 85 species were shared
between both locations (Fig. 2C).

Comparative analyses revealed that representatives of both clitellate and sipunculids were not shared
between sites. Within polychaete, 11 (31%) families were unique to Mallorca, six (17%) were detected
exclusively in Cabrera, and eight (23%) included species present in both areas. Notably, terebellids
(30 species), cirratulids (33), and syllids (82) exhibited particularly high diversity, including both
shared and site-specific taxa (Fig. 3).

Species delimitation analyses consistently revealed potential species complexes and cryptic diversity
within several nominal taxa. Multiple molecular entities were recovered within morphologically
identified species, such as Eunice vittata (Eunicidae), Laetmonice hystrix (Aphroditidae), Neanthes
acuminata (Maldanidae), Pterocirrus macroceros (Phyllodocidae), Syllis armillaris, Syllis gracilis,
and Syllis variegata (Syllidae) (Fig. 3). These findings highlight that molecular approaches provide
substantially higher resolution than morphology alone and reveal hidden diversity not captured by
traditional identification methods.
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300 of mPTP-delimited species between Mallorca and Cabrera.

301



— ARPHA Preprints Author-formatted, not peer-reviewed document posted on 15/05/2026 DOI: https://doi.org/10.3897/arphapreprints.e199421

302
303
304
305
306
307
308
309
310
311
312

Chaetopteri- Chrysopetal- Cirratulidae
dae lidae

b

b a
b Glyceridae Hesionidae Lumbrineridae
e
d d
10 1" 12
d c
b
b a
Orbiniidae Paraonidae Phyllodo-
c cidae /
e c f
17 18
d e
c
a a
Sabellidae ° Spionidae
P b
23 24
d e c b

a
d e
25‘ 26‘ 27‘ 28. 29‘ 30‘ 31 ‘ 32‘ 33‘ 34‘ 35‘

Arenicolidae  Euphrosinidae  Pholoididae Lacydoniidae Nephtyidae Pilargidae Oenonidae Opheliidae Sigalionidae Oweniidae Pectinariidae

Nereididae Onuphidae
e
15

b

Protodriloidi-

dae

21

ding (¢
nm

Syllidae

[CIMallorca [ cCabrera [l Shared
—Species lumping by GMYC
. Species splits by GMYC

Fig. 3. Comparison of metabarcoding annelid diversity after mPTP species delimitation in Mallorca
(yellow), Cabrera (green), and shared (blue). Cluster size is proportional to the number of haplotypes.
Black dots: species splits; lines: GMYC lumping. 1 Amphinomidae: a Eurythoe complanata; 2
Aphroditidae: a Laetmonice cf. hystrix (1) b Laetmonice cf. hystrix (2) 3 Capitellidae: Heteromastus
filiformis b Notomastus lineatus ¢ Capitella sp. 4 Chaetopteridae: a Chaetopterus variopedatus b
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Eunice cf. vittata (3) e Eunice cf. vittata (4), f Leodice harassii g Lysidice cf. ninetta h Lysidice
collaris, 1 Paucibranchia bellii j Palola cf. siciliensis 10 Glyceridae: a Glycera alba b Glycera
trydactyla ¢ Glycera sp. (1) d Glycera sp. (2) 11 Hesionidae: a Hesiospina aurantiaca b Psamathe
fusca ¢ Oxydromus sp. d Gyptis sp. (1) e Gyptis sp. (2) 12 Lumbrineridae: a Lumbrineris sp. (1) b
Abyssoninoe hibernica, ¢ Lumbrineris coccinea d Lumbrineris sp. (2). 13 Maldanidae: a
Macroclymene cf. santanderensis b Euclymene oerstedii 14 Nereididae: a Neanthes acuminata (1) b
Nereis rava c Platynereis dumerillii d Neanthes sp. e Neanthes acuminata (2) 15 Onuphidae: a
Aponuphis bilineata b Diopatra sp. 16 Orbiniidae: a Protoaricia oerstedii b Protoaricia sp. (1) ¢
Naineris sp. (2) d Naineris quadraticeps e Phylo foetida 17 Paraonidae: a Aricidea sp. (1) b Aricidea
sp. (2) ¢ Paradoneis armata d Aricidea sp. (3) e Cirrophorus furcatus f Cirrophorus sp. (1) 18
Phyllodocidae: a Pterocirrus macroceros (1) b Eumida punctifera ¢ Eumida sanguinea d Pterocirrus
macroceros (2) e Eulalia clavigera f Nereiphylla rubiginosa 19 Polynoidae: a Malmgrenia ljungmani
b Malmgrenia sp. ¢ Subadyte pellucida d Lepidonotus clava 20 Protodriloididae 21 Sabellidae: a
Branchiomma sp. (2) b Branchiomma sp. (1) ¢ Dialychone sp. d Amphiglena mediterranea e
Parasabella saxicola f Myxicola sp. g Myxicola infundibulum 22 Serpulidae: a Ficopomatus
enigmaticus b Hydroides dirampha ¢ Hydroides dianthus d Hydroides elegans e Hydroides cf. elegans
23 Sipuncula: a Aspidosiphon sp. (1) b Aspidosiphon sp. (2) ¢ Aspidosiphon muelleri d Phascolosoma
cf. perlucens e Phascolosoma granulatum 24 Spionidae: a Polydora sp. b Aonides oxycephala c
Prionospio steenstrupi 25 Arenicolidae 26 Euphosinidae: Euphrosyne foliosa 27 Pholoididae: Pholoe
inornata 28 Lacydoniidae: Lacydonia sp. 29 Nephtyidae: Nephtys hombergii 30 Pilargidae: Sigambra
parva 31 Oenonidae: Drilonereis filum 32 Opheliidae: Armandia cirrhosa 33 Sigalionidae: Sigalion
Squamosum 34 Oweniidae: Owenia fusiformis 35 Pectinaridae: Petta pusilla 36 Syllidae: a
Odontodyllis sp. (1) b Odontosyllis ctenostoma ¢ Odontosyllis fulgurans d Opisthodonta longocirrata
e Myrianida edwarsi f Myriadina sp. (2) g Autolytus (Proceraea) sp. h Procerastea sp. i Epigamia
macrophthalma j Myrianida longoprimicirrata k Myrianida pachycera 1 Virchowia clavata m
Mpyrianida rubropunctata n Proceraea aurantiaca o Myrianida quindecimdentata p Myrianida sp. q
Sphaerosyllis pirifera r Amblyosyllis finmarchia s Syllis sp. (1) t Syllis columbretensis u Syllis prolifera
v Syllis cf. krohnii w Syllis cf. variegata (1) x Syllis sp. (2) y Syllis torquata z Syllis ferrani a’ Syllis
variegata (2) b’ Haplosyllis granulosa c* Syllis garciai d’ Syllis gerlachi e Syllis armillaris (1) {*
Syllis armillaris (2) g* Syllia armillaris (3) h* Syllis hyalina 1 Syllis gerundensis j* Syllis gracilis k*
Syllis cf. gracilis (1) 1* Syllis cf. gracilis (2) m* Syllis jorgei n* Paraehlersia ferrugina o‘ Brania pusilla
p‘ Pseudosyllis brevipennis 37 Terebellidae: a Lysilla cf. nivea b Polycirrus medusa c Nicolea
venustula d Lysilla sp. e Terebella lapidaria f Nicolea sp. 38 Family Incertae sedis.

Discussion

Our results showed that metabarcoding reveals substantially higher annelid diversity and uncovers
cryptic taxa not detected through morphology-based approaches in Mallorca samples, although
limitations in reference databases constrained taxonomic resolution. Integrating voucher-based
barcoding with metabarcoding revealed considerable hidden polychaete diversity while emphasizing
the strong influence of species delimitation criteria on biodiversity estimates.

Over the past decades, metabarcoding has become a widely adopted tool in biodiversity studies.
Although its cost-effectiveness relative to traditional approaches remains debated (Stein et al. 2014;
Le et al. 2022), its performance as a rapid, highly sensitive, and increasingly accessible alternative to
morphology-based identification has been consistently demonstrated (Taberlet et al. 2012; Pochon et
al. 2013; Creer et al. 2016; Beentjes et al. 2019; Hestetun et al. 2020; Antich et al. 2021; Hale et al.
2024). Nevertheless, morphological identification remains foundational to taxonomy and ecology. Its
strong reliance on the expertise of taxonomists and the frequent absence of standardized quality
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controls render it vulnerable to misidentifications that may propagate through ecological datasets and
downstream analyses (Ranasinghe et al. 2003; Bortolus 2008).

Molecular approaches are not without limitations. Their accuracy depends on several factors, including
primer choice and amplification biases (Bellemain et al. 2010; Prié et al. 2021). In the present study,
cox] amplification failed, despite the use of four primers sets, for 89 morphologically identified
annelid species, including all representatives of five families. Such amplification difficulties are well-
documented for several polychaete taxa (Sun et al. 2012; Williams et al. 2017). As many of these
species are tube-dwelling forms, the presence of PCR inhibitors such as humic acids derived from
sediments may have contributed to amplification failure (Wood et al. 2017; van der Loos and Nijland
2021). From a practical standpoint, these results reinforce the well-known reality that certain annelid
groups remain challenging targets for standard barcoding markers.

A key limitation of metabarcoding lies in its dependence on the availability, accuracy, and
completeness of reference databases (Steyaert et al. 2020; Schroeder et al. 2020). In our study, nearly
half of the metabarcoding-derived molecular units were assigned to nominal species only through the
inclusion of barcode sequences obtained from morphologically identified species, underscoring the
continued importance of taxonomic expertise in alleviating the “taxonomic impediment” (Taylor 1983;
Baker et al. 2019; Engel et al. 2021). Furthermore, biodiversity estimates were strongly influenced by
the chosen bioinformatic pipeline and species delimitation method (Carstens et al. 2013; Meier et al.
2022). Reanalysis of the Cabrera dataset (Wangensteen et al. 2018) using alternative clustering and
delimitation criteria reduced the number of inferred taxa from 691 to 412 units, illustrating the risk of
inflated diversity when low delimitation thresholds are used (April et al. 2011).

Morphological and molecular approaches each present distinct strengths and weaknesses, and when
applied in isolation, both are liable to underestimate or mischaracterise true species diversity.
Comparative of their relative costs are often misleading, as they depend heavily on available expertise
and infrastructure. Morphological identification to the species level is time-intensive and requires
extensive taxonomic training, while molecular approaches entail equally demanding laboratory
workflows and advanced bioinformatic processing, including DNA extraction, PCR optimisation,
sequencing, read assembly, chimera and contaminant removal, quality filtering s, OTU/MOTU
clustering, and species delimitation.

Another important distinction between approaches concerns the type of ecological information they
yield. Morphology-based analyses typically provide quantitative data on species abundance or biomass
(Gray 2000). In contrast, metabarcoding studies often rely on sequencing read counts as a proxy of
organismal abundance or biomass (Elbrecht et al. 2017; Deagle et al. 2019; Lamb et al. 2019; Klunder
et al. 2022). However, this relationship remains complex and context-dependent, as read counts are
influenced by biases arising throughout the analytical pipeline, including DNA extraction efficiency,
primer amplification bias, and sequencing processes (Deagle et al. 2019; Pinol et al. 2019; Shaffer et
al. 2025). Biological variables such as genome size, marker copy number, body size, and tissue
composition can further decouple read abundance from true species abundance or biomass (Elbrecht
et al. 2017; Lamb et al. 2019). Although promising calibration approaches suggest that quantitative
inference may be feasible under certain conditions (Tsuji et al. 2022), such applications require careful
validation.

Ecological patterns observed in this study further support the complementarity of morphological and
molecular approaches. Several nominal species identified in Mallorca correspond to well-established
Mediterranean or Spanish non-indigenous species (NIS) (Cinar 2013; Lopez and Richter 2017),
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including Ficopomatus enigmaticus, Hydroides dirampha, and Pseudopolydora paucibranchiata.
Other taxa were casual NIS (species that not yet forming self-sustaining populations), such as
Leiochrides australis, and cryptogenic or uncertain NIS, including the Mallorcan Hydroides dianthus,
Neanthes agulhana, Sigambra parva, Paleanotus chrysolepis, Erinaceusyllis belizensis, and
Parapionosyllis brevicirra,. Some of these were solely found through morphological identification
(sometimes due to unsuccessful sequencing), highlighting the continued importance of traditional
taxonomy in detecting species occurrences when molecular data are incomplete.

The observed patterns align with known contrasts between Mallorca and Cabrera, which differ
markedly in protection status and anthropogenic pressure (Ardila et al. 2023; Valle et al. 2024). The
higher detection of NIS and cryptogenic species in Mallorca likely reflect a greater exposure to
anthropic disturbances, supporting the growing evidence that metabarcoding can serve as a sensitive
tool for detecting early-stage or low-abundance introductions, particularly when integrated with
traditional taxonomic approaches.

Conclusion

Our results support that an integrative approach combining morphological and molecular approaches
provides the most robust basis for assessing annelid biodiversity in marine benthic communities.
Neither morphology-based identification nor molecular methods alone were sufficient to capture the
full extent of species diversity, particularly in taxonomically complex groups characterised by cryptic
or morphologically conserved taxa.

The integration of morphology with DNA barcoding and metabarcoding offers multiple,
complementary advantages. First, voucher-based barcoding of morphologically identified specimens
contributes directly to the expansion and curation of DNA reference databases, which are essential for
improving taxonomic assignments in metabarcoding studies. Second, molecular data allow cross-
validation of morphological identifications, helping to detect misidentifications and to resolve species
complexes that are otherwise difficult to recognise. Third, the combined use of approaches facilitates
the identification of methodological biases, such as primer inefficiencies or amplification failures
affecting particular taxa. Finally, metabarcoding reveals hidden diversity, including cryptic lineages
and potential species complexes, thereby providing a more complete picture of biodiversity patterns.

Our comparative analyses also highlight the strong influence of species delimitation approaches on
inferred diversity estimates, underscoring the need for transparency, methodological consistency, and
cautious interpretation of molecular clustering outcomes. Differences observed between the
anthropogenically impacted Mallorca and the protected Cabrera Archipelago further illustrate the
value of integrative methods for detecting ecological patterns, including the distribution of NIS and
cryptogenic species across gradients of human pressure.

Overall, we argue that integrative taxonomy should be considered a standard practice for biodiversity
surveys and environmental monitoring programmes. By combining traditional taxonomic expertise
with HTS tools, such approaches maximise taxonomic resolution, enhance data reliability, and
improve the ecological relevance of biodiversity assessments. This is particularly critical in the context
of accelerating coastal change, biological invasions, and the growing need for robust, scalable
monitoring strategies to inform marine conservation and management.
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