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A B S T R A C T

Eunicid polychaetes are often found in association with Cold Water Corals (CWCs), even establishing symbiotic 
relationships, such as those described between Desmophyllum pertusum and Eunice norvegica. While genetic 
connectivity of CWCs across the North Atlantic has been widely studied, little is known about their associated 
fauna in this regard. Here, we present a study combining a focused analysis of the genetic and genomic con
nectivity of E. norvegica with a regional assessment of the distribution and evolutionary relationships of three 
CWC-associated eunicid species from the Cantabrian Sea and the North of the United Kingdom (190–1,230 m 
depth). An integrative approach using genetic (16S, COI and 18S), morphological and ecological data allowed the 
identification of the eunicids studied, with new records of Eunice cf. nicidioformis and Leodice cf. antarctica in the 
Cantabrian Sea, as well as previously undocumented associations with CWC species. In addition, RADseq data 
contributed to the delimitation of the closely related species E. norvegica and Eunice philocorallia. Moreover, the 
genetic connectivity of E. norvegica was studied trough a RADseq (1,067 neutral SNPs) approach. Our results 
indicate a single panmictic population across approximately 2,000 km, suggesting that oceanographic currents 
facilitate passive dispersal of E. norvegica lecithotrophic larvae, aided by coral host stepping-stones. The con
nectivity patterns observed for E. norvegica mirror those of D. pertusum, on which the worm is ecologically 
dependent. Our study highlights the importance of using integrated genetic, morphological and ecological data 
to characterise and delineate understudied CWC-associated species and improve our understanding of their 
dispersal capabilities and genetic connectivity to inform future conservation recommendations.

1. Introduction

Cold Water Corals (CWCs) are abundant in the deep-sea and 
constitute one of the most significant ecosystem engineers on conti
nental shelves, slopes, canyons, seamounts and ridge systems across the 
globe (Roberts et al., 2009; Cairns, 2007). Reef structures formed by 
CWCs offer key ecosystem services including nutrient recycling, and 
providing nursery grounds for other species (Cathalot et al., 2015). 

Because of the high ecological importance of these habitats, they are 
described as biodiversity hotspots (Kazanidis et al., 2021). CWCs are 
increasingly threatened by current and imminent human activities such 
as bottom trawling, hydrocarbon exploitation, ocean acidification, and 
deep-sea mining (Buhl-Mortensen, 2017; Fosså et al., 2002; Orr et al., 
2005; Reed et al., 2007). For this reason, some regions harbouring CWCs 
have implemented measures for their protection, such as the Habitats 
Areas of Particular Concern (HAPC) in Florida (Reed, 2002), or the 
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Marine Protected Areas (MPAs) established in the NE Atlantic through 
the EU Habitats Directive (De Santo and Jones, 2007). Importantly, 
during the United Nations General Assembly (UNGA) Resolution 61/105 
(2006), CWCs were defined as Vulnerable Marine Ecosystems (VMEs) 
with the aim of protecting them from the damage caused by destructive 
bottom fishing methods (Grehan et al., 2004).

Conservation efforts aimed at protecting deep-sea VMEs increasingly 
rely on genetic connectivity studies to evaluate population structure, 
dispersal capacity, and species resilience within these ecosystems 
(Cowen et al., 2007; Wang et al., 2024). Although genetic connectivity 
studies in the deep sea are relatively limited, most of the studies con
ducted to date have focused on Crustacea, followed by Echinodermata, 
Mollusca and Cnidaria (see Taylor and Roterman, 2017). One of the 
most studied coral species to this regard is Desmophyllum pertusum 
(Linnaeus, 1758), a relatively common CWC in the North Atlantic 
providing important ecological functions and habitat for other species 
including commercial fish (Roberts et al., 2003; Arnaud-Haond et al., 
2017; Costello et al., 2005; Wilson, 1979). For instance, microsatellite- 
based connectivity studies of D. pertusum across its North Atlantic dis
tribution revealed a clear separation between eastern and western 
populations, likely driven by oceanographic currents limiting larval 
dispersal, regional differences in primary productivity, and historical 
vicariant processes associated with postglacial recolonization (Morrison 
et al., 2011). However, microsatellites and techniques providing broader 
genomic coverage and depth like Restriction-site Associated DNA 
Sequencing (RADseq) also revealed high connectivity at the regional 
and basin scale, likely owing to the dispersal of planktotrophic larvae 
with an extensive pelagic larval duration (PLD) in excess of three months 
along regional currents and gyres (Dahl et al., 2012; Morrison et al., 
2011; Strömberg and Larsson, 2017; Weinnig et al., 2024; Capel et al., 
2025). Despite high levels of genetic connectivity at the regional scale, 
asexual reproduction and inbreeding in this partially clonal species can 
result in populations with reduced levels of heterozygosity (Dahl et al., 
2012; Goff-Vitry et al., 2004). Depth can also play an important role in 
the genetic differentiation of deep-sea bathyal fauna in general 
(Quattrini et al., 2015; Rex and Etter, 2010) and for D. pertusum in 
particular, in which possible vertical genetic structure has been detected 
in the Western North Atlantic between depths of ~ 300 m to ~ 1600 m 
(Morrison et al., 2011). Additionally, the use of biophysical modelling in 
connectivity and conservation planning provides predictive insight into 
larval dispersal and has revealed possible connections among 
D. pertusum populations across the Atlantic and Mediterranean (Matos 
et al., 2024; Guy et al., 2025).

The habitats formed by CWCs are structurally complex reefs of coral 
skeletons, which provide physical niches for an array of marine species 
and are characterized by high biomass and biodiversity (Roberts and 
Cairns, 2014; Rogers, 1999). The species inhabiting these CWC habitats 
have different reproductive systems, larval development, duration, 
survival and behaviour, as well as adult mobility, which directly affect 
dispersal capabilities (Becker et al., 2007; Montgomery et al., 2019). 
Therefore, a comprehensive assessment of connectivity in CWC reefs 
requires the inclusion of multiple co-occurring species, as connectivity 
patterns may vary among taxa (Jenkins and Stevens, 2018). Members of 
the family Eunicidae are commonly found living in association with 
coral reefs, with examples of species inhabiting coralline rock–coral 
rubbles, coralline sand, and dead corals (De León-González and Díaz, 
2006; Hernández-Alcántara et al., 2019). Some eunicid species are even 
involved in coral reef formation, colonizing branches of living CWCs, 
mainly in species like Desmophyllum pertusum (Linnaeus, 1758) and 
Madrepora oculata Linnaeus, 1758 (Buhl-Mortensen and Mortensen, 
2004; Mortensen, 2001; Roberts, 2005). Such is the case of the associ
ation between D. pertusum and Eunice norvegica (Linnaeus, 1767), 
described as a mutualistic symbiosis (Mueller et al., 2013). In this case, 
parchment-like tubes are built on the coral framework by the worm, 
with subsequent calcification of these structures by the coral host. The 
stability of the coral framework may be facilitated by connecting 

branches produced by the eunicid, thus generating a larger structure 
that possibly confers on the polyps a better positioning in the water 
column enhancing the feeding activity (Mueller et al., 2013; Rex and 
Etter, 2010). The worm also defends the coral framework from potential 
predators. In turn, the worms gain protection and food living inside the 
coral (Mueller et al., 2013).

Knowledge about the genetic connectivity in the deep-sea coral 
D. pertusum contrasts with the limited availability of connectivity studies 
for its symbiont E. norvegica. To our knowledge, there is only one brief 
note in a study that addressed its genetic connectivity in an analysis of 
individuals found in association with populations of D. pertusum along 
the NE Atlantic and the Mediterranean Sea (Boavida et al., 2019). Using 
an indeterminate number of RADseq-derived Single Nucleotide Poly
morphisms (SNPs), limited gene flow was found between populations 
from the Atlantic and the Mediterranean Sea, also supported by infor
mation derived from the mitochondrial cytochrome c oxidase subunit I 
(COI). Boavida et al. (2019) also detected long-distance genetic con
nectivity between samples collected from the Bay of Biscay and Iceland. 
However, there is still a lack of information about the general genetic 
connectivity patterns of E. norvegica across the NE Atlantic, where both 
the worm and its host are widely distributed (Buhl-Mortensen et al., 
2010; Mueller et al., 2013; Arnaud-Haond et al., 2017). Given the 
paucity of information, we investigated the genetic diversity and con
nectivity patterns of E. norvegica along the Northeast Atlantic Ocean 
using RADseq with the aim of informing the design of spatial conser
vation measures. Additionally, we examined the power of this genomic 
approach to separate E. norvegica from the closely related Eunice phil
ocorallia Buchanan (1893), which is also associated with reef-forming 
CWCs (Buchanan, 1893). Phylogenetic analyses using mitochondrial 
(COI and 16S) and nuclear (18S) genetic markers were also performed 
across a broader range of species, while morphological comparisons 
were limited to a subset of taxa. Together with ecological information, 
these approaches provided insights into the evolutionary relationships 
of eunicid species living in association with CWCs.

2. Materials and methods

2.1. Sample collection, preservation and morphological identification

Eunicidae specimens living in association predominantly with Des
mophyllum pertusum, Madrepora oculata, and Solenosmilia variabilis 
Duncan (1873) were collected from the Northeast of the Atlantic on 
board RRS James Cook (JC136) during May and June 2016 by the 
remotely operated vehicle (ROV) Isis, as part of the NERC-funded 
DeepLinks project (NE/K011855/1 and NE/K013513/1), and from the 
Cantabrian Sea using a rock dredge on board Spanish R/V Ángeles 
Alvariño, in June 2017, as part of the SponGES0617 cruise, along a depth 
gradient between 200–1200 m (Fig. 1; Table 1; Supplementary Data 1). 
The 230 samples collected were preserved in 96% EtOH and kept at 
− 20◦C for subsequent molecular and morphological studies.

Taxonomic identification of the worms was undertaken following the 
original description of different Eunicidae species and additional liter
ature (Fauchald, 1992; Gil, 2011), with a Zeiss Stemi 2000 stereoscope 
and an Olympus BX43 compound microscope (Olympus Corporation, 
Japan). For comparative purposes, in-detail morphological analyses 
were performed for parapodia of the segments 61, 59, and 72 only for 
E. norvegica, E. philocorallia, and Eunice cf. nicidioformis Treadwell 
(1906), respectively. Morphological details of Leodice cf. antarctica 
Baird (1869) could not be included due to the poor preservation of the 
specimens. Each parapodium was extracted from the right side of the 
worm. Pictures of the parapodia were taken under a Leica M125 ste
reoscope followed by more detailed pictures of the chaetae of each 
parapodium under an Olympus BX43 light microscope. The same 
parapodia of each specimen were dehydrated in an ascending ethanol 
series, critical-point-dried, mounted on pins and coated with gold using 
a sputter coater (Edwards S150B Gold Sputter Coater). Samples were 
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later examined in a Scanning Electron Microscope (FEI INSPECTTM) at 
the Museo Nacional de Ciencias Naturales in Madrid, Spain.

2.2. DNA extraction, amplification and sequencing

Genomic DNA was extracted from 8 to 12 midbody parapodia 
(depending on the size of the specimen) in order to avoid the digestive 
tract. This was done for a total of 230 eunicids using the DNeasy® Blood 
and Tissue kit (QIAGEN, Germany), following the manufacturer’s pro
tocol. DNA concentration was quantified using NanoDropTM 8000 
(Thermo Fisher Scientific, USA).

Gene fragments of COI, 16S rRNA (16S), and 18S rRNA (18S) were 
amplified through polymerase chain reaction (PCR) (see Supplementary 
Data 1). 16S amplicons were sequenced for 223 samples, while COI and 
18S were only amplified and sequenced for 14 specimens belonging to 
different phylogenetic clades. Amplified sequence data is deposited at 
NCBI (see Supplementary Data 1 for details). Primer pairs and PCR 
programs were as follows: for COI the primer pair consisted of ACOI-F 
(CWAATCAYAAAGATATTGGAAC) and COIEU-R (AATATA
WACTTCWGGG TGACC) (Colgan et al., 2001; Zanol et al., 2010), and 
the PCR program was 94◦C/5 min – (94◦C/30 s – 60◦C/30 s – 72◦C/30 s) 
x 35 cycles – 72◦C/5 min; 16S was amplified using the arL 
(CGCCTGTTTATCAAAAACAT) and brH (CCGGTCTGAACTCAGATCA 
CGT) primer pair (Palumbi, 1996), and the PCR program was 95◦C/5 
min – (95◦C/30 s, 58◦C/30 s, 68◦C/45 s) x 30 cycles – 68◦C/10 min; and 
the 18S was sequenced through three overlapping fragments, with the 
primer pairs 1F (TACCTGGTTGATCCTGCCAGT AG), 5R 
(CTTGGCAAATGCTTTCGC); 4F (CCAGCAGCCGCGCTAATTC), 7R 
(GCATCACAGACCTGTTATTGC); and a2.0 (GATCCTTCCGCAGGTT
CACCTAC), 9R (ATGGTTGCAAAGCTGAAAC) (Giribet et al., 2002; 
Whiting et al., 1997), and the PCR program was 94◦C/5 min – (94◦C/30 
s, 64◦C/30 s, 72◦C/1 min) x 30 cycles – 72◦C/10 min.

All DNA markers were amplified in 13 μL reactions using 10 μL of 
VWR Red Taq DNA Polymerase 1.1x Master Mix (VWR International 
bvba/sprl, Belgium), 1 μL of the forward and reverse primers (totalling 
2 µL), and 1 μL of DNA template. PCR products, stained with GelRed® 
(Biotium, USA), were visualized in a 1.5% agarose gel electrophoresis, 
run at 90 V for 40 min. Amplification products were purified with 
ExoSAP-IT (Thermo Fisher Scientific) and sequenced using the forward 
and reverse primers described above by MacroGen Ltd. (South Korea). 
Amplified sequence data is deposited at NCBI (see Supplementary Data 1

for details).

2.3. Phylogenetic and haplotype network analyses

To check the phylogenetic relationship of our specimens, consensus 
sequences from 14 individuals for the three different markers were 
generated by assembling and trimming overlapping sequence fragments 
using the software Geneious v.11.0.20.1 + 1 (Kearse et al., 2012). The 
resulting sequences were combined with Genbank-derived sequences 
from 22 different eunicid taxa, together with four outgroup polychaete 
species (see Supplementary Data 1). The phylogenetic analysis thus 
incorporated a total of 40 terminal taxa. After aligning with MAFFT v.7 
(Katoh et al., 2019) the sequences of the three genetic markers sepa
rately, Gblocks v.0.91b (Castresana, 2000) was run for the non-coding 
genes (16S and 18S) to remove ambiguous regions using the following 
parameters: minimum length of a block after gap cleaning: 10; no gap 
positions were allowed in the final alignment; all segments with 
contiguous non-conserved positions bigger than 8 were rejected; mini
mum number of sequences for a flank position: 85%. The resulting 
alignments were manually trimmed in Geneious, producing the following 
alignment lengths: 554 bp for COI containing 34 taxa, 385 bp for 16S 
containing 39 taxa, and 1,131 bp for 18S containing 39 taxa. The se
lection of the evolutionary models for each marker was performed using 
the Akaike information criterion (AIC) in JModeltest v.2.1.7 (Darriba 
et al., 2012). The best model for the three different alignments was 
the general time reversible (GTR) with gamma-distributed rates across 
sites and a proportion of invariable sites (GTR + G + I). In addition, 
interspecific mean pairwise genetic distances were calculated for the 
16S and COI alignments in R using the packages ape (Paradis and 
Schliep, 2019) and spider (Brown et al., 2012) (see supplementary 
Data 2). The concatenated alignment was run in raxmlGUI v.2.0 (Edler 
et al., 2021), which uses maximum-likelihood (ML) optimality crite
rion, with 10 runs and 1,000 repetitions, using GTR + I + G as evolu
tionary model, with partitions distinguishing between coding (COI) and 
non-coding genes (16S and 18S). The COI gene was treated as a single 
coding partition without further partitioning by codon position. The 
resulting tree was visualized and edited in FigTree v.1.4.4 (Rambaut, 
2018). In addition, a second tree was generated following the same 
procedure only with an alignment of 495 bp for 16S sequences for our 
223 eunicids together with 25 species from GenBank (248 individuals in 
total) (see Supplementary Data 1).
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Fig. 1. (A). Map of the sampling locations where specimens of the family Eunicidae were collected; each color represents a different sampling location. (B). Detail of 
the sampling locations North of the United Kingdom.
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For the haplotype network analyses, the 16S sequence alignment was 
manually trimmed in Geneious for 181 E. norvegica specimens (553 bp) 
and 36 E. cf. nicidioformis individuals (547 bp). The remaining species 
were excluded from these analyses due to insufficient sample sizes (see 
Supplementary Data 1). The software PopART v.1.7.2 (Leigh and Bryant, 
2015) was used for building haplotype networks for each species sepa
rately, using the TCS algorithm (Clement et al., 2000). Eunice norvegica 
specimens were grouped by sampling station and by depth ranges 
(<530 m, 530–780 m and > 780 m), while E. cf. nicidioformis was 
grouped by sampling station only. Polymorphic sites and levels of DNA 
polymorphism were calculated for the 16S in E. norvegica and E. cf. 
nicidioformis for the different sampling stations using the DNASP 
v.6.12.03 (Rozas et al., 2017) and included number of haplotypes (H), 
private haplotypes (Hp), haplotype diversity (Hd), polymorphic sites 

(Np), and nucleotide diversity (π) (Table 2). To infer historical de
mographic processes, Tajima’s D neutrality test (Tajima, 1989) was 
calculated for the different sampling stations, in which more than three 
individuals were available, for both species in RStudio v.4.4.1 (R Core 
Team, 2024) using the ape package (Paradis and Schliep, 2019) and 
the pegas package (Paradis, 2010) (Table 2).

2.4. Radseq library preparation and sequencing

RADseq libraries were constructed for a total of 119 individuals, 
including 115 E. norvegica specimens from the Cantabrian Sea and the 
United Kingdom and four specimens of E. philocorallia from the United 
Kingdom. Genomic (g) DNA was quantified with the Qubit dsDNA BR 
Assay Kit (Thermo Fisher), and the presence of high molecular weight 

Table 1 
List of the Eunicidae specimens collected in each sampling site ordered by species.

Sampling station N Location Latitud Longitud Depth (m) Coral Host

Eunice norvegica ​ ​ ​ ​ ​ ​
CS-DR6 5 Cantabrian Sea 43◦46.565′N 6◦12.266′W 1150 Desmophyllum pertusum
CS-DR11 1 Cantabrian Sea 43◦46.3200′N 6◦12.0400′W 1177 Desmophyllum pertusum
CS-DR12 5 Cantabrian Sea 43◦46.4148′N 6◦11.901′W 1151 Desmophyllum pertusum
CS-DR16 7 Cantabrian Sea 43◦46.622′N 6◦12.012′W 1018 Desmophyllum pertusum
AD-ROV269 1 Anton Dohrn 57◦36.848′N 11◦14.906′W 1219 Solenosmilia variabilis
AD-ROV270 11 Anton Dohrn 57◦36.253′N 11◦13.814′W 778–822 Desmophyllum pertusum 

Solenosmilia variabilis 
Madrepora oculata

AD-ROV271 11 Anton Dohrn 57◦36.756′N 11◦14.126′W 1046–1095 Desmophyllum pertusum 
Solenosmilia variabilis 
Madrepora oculata

AD-ROV272 17 Anton Dohrn 57◦27.823′N 11◦7.155′W 564 Desmophyllum pertusum 
Madrepora oculata

AD-ROV296 9 Anton Dohrn 57◦36.823′N 11◦13.353′W 1007–1115 Desmophyllum pertusum 
Madrepora oculata

NRB-ROV274 3 North Rockall Bank 57◦51.084′N 13◦59.885′W 191 Desmophyllum pertusum
NRB-ROV275 7 North Rockall Bank 58◦18.343′N 13◦39.365′W 852 Desmophyllum pertusum 

Madrepora oculata
NRB-ROV277 18 North Rockall Bank 58◦18.262′N 13◦44.342′W 532–557 Desmophyllum pertusum 

Madrepora oculata
NRB-ROV278 6 North Rockall Bank 58◦18.416′N 13◦41.248′W 839–864 Desmophyllum pertusum
NRB-ROV279 21 North Rockall Bank 58◦21.11′N 13◦42.673′W 931–1008 Desmophyllum pertusum 

Solenosmilia variabilis 
Madrepora oculata

NRB-ROV280 3 North Rockall Bank 58◦15.592′N 13◦35.924′W 570–590 Desmophyllum pertusum 
Madrepora oculata

WTR-ROV283 6 Wyville Thomson Ridge 59◦51.129′N 6◦22.492′W 507–519 Desmophyllum pertusum 
Madrepora oculata

RB-ROV286 5 Rosemary Bank 59◦10.693′N 10◦27.926′W 575–584 Desmophyllum pertusum 
Madrepora oculata

RB-ROV287 14 Rosemary Bank 59◦6.005′N 10◦39.309′W 902–1238 Desmophyllum pertusum 
Madrepora oculata

RB-ROV288 19 Rosemary Bank 59◦07.200′N 10◦30.432′W 819–870 Desmophyllum pertusum 
Madrepora oculata

RB-ROV289 1 Rosemary Bank 59◦04.892′N 10◦27.074′W 830 Madrepora oculata
RB-ROV290 3 Rosemary Bank 59◦18.392′N 9◦40.502′W 1053–1085 Desmophyllum pertusum
GBB-ROV281 2 George Bligh Bank 58◦43.131′N 13◦50.36′W 767–828 Desmophyllum pertusum 

Madrepora oculata
GBB-ROV291 3 George Bligh Bank 58◦55.454′N 13◦35.642′W 548–564 Desmophyllum pertusum
GBB-ROV293 7 George Bligh Bank 58◦54.859′N 13◦30.593′W 783–845 Desmophyllum pertusum 

Madrepora oculata
GBB-ROV295 3 George Bligh Bank 58◦51.321′N 13◦23.959′W 1050–1052 Madrepora oculata
Eunice philocorallia ​ ​ ​ ​ ​ ​
AD-ROV271 2 Anton Dohrn 57◦36.985′N 11◦14.292′W 1258–1260 Solenosmilia variabilis
AD-ROV296 2 Anton Dohrn 57◦36.884′N 11◦14.911′W 1202–1280 Solenosmilia variabilis
Eunice cf. nicidioformis ​ ​ ​ ​ ​ ​
CS-DR5 1 Cantabrian Sea 43◦46.631′N 6◦12.204′W 1036 Desmophyllum pertusum
CS-DR6 5 Cantabrian Sea 43◦46.565′N 6◦12.266′W 1150 Desmophyllum pertusum
CS-DR11 2 Cantabrian Sea 43◦46.3200′N 6◦12.0400′W 1177 Desmophyllum pertusum
CS-DR12 8 Cantabrian Sea 43◦46.4148′N 6◦11.901′W 1151 Desmophyllum pertusum
CS-DR16 20 Cantabrian Sea 43◦46.622′N 6◦12.012′W 1018 Desmophyllum pertusum
Leodice cf. antarctica ​ ​ ​ ​ ​ ​
CS-DR11 1 Cantabrian Sea 43◦46.3200′N 6◦12.0400′W 1177 Desmophyllum pertusum
CS-DR12 1 Cantabrian Sea 43◦46.4148′N 6◦11.901′W 1151 Desmophyllum pertusum
Total 230 ​ ​ ​ ​ ​
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DNA was confirmed with 0.8% agarose gel electrophoresis. The gDNA 
was normalized to 20 ng/μl in 50 μl volumes and sent to Floragenex 
(Beaverton, OR). DNA libraries were constructed using the 6-cutter PstI 
enzyme, followed by sequencing 100 bp single-end reads across four 
lanes of an Illumina HiSeq2500 (University of Oregon’s Genomics and 
Cell Characterization Core Facility lab). The Illumina short reads 
(sequenced RAD sites) were deposited at the NCBI Short Read Archive 
(SUB16085733).

2.5. Radseq locus assembly and filtering

Quality filtering and locus assembly was conducted with the Stacks 
pipeline v.2.55 (Catchen et al., 2013). The filtering and locus assembly 
was first conducted for the 119 individuals including specimens from 
E. norvegica and E. philocorallia for species delimitation analysis and then 
removing the four individuals of E. philocorallia for population genomics 
analysis within E. norvegica. Using process_radtags, raw sequenced reads 
were de-multiplexed and quality-trimmed to remove reads of low 
quality, reads with uncalled bases and reads without complete barcode 
or restriction cut site. After demultiplexing and filtering, a total of 
611,211,705 reads were retained from the total 697,954,163 raw reads, 
representing 87.6% of the initial dataset. Read losses were primarily due 
to unrecognized barcodes (8.55%), low-quality reads (0.56%), and the 
absence of the expected RAD cut site (3.30%).

We conducted optimization tests for the Stacks parameters following 
the same approach described in Taboada et al. (2023), and based on 
suggestions by Jeffries et al. (2016) and Paris et al. (2017). This 
parameter optimization resulted in selecting the parameters m (mini
mum stack depth) = 3, M (maximum distance within individuals) = 2, 
and n (number of mismatches between catalog stacks) = 1. The output of 
the Stacks denovo_map.pl module recovered a mean locus coverage of 
78.1% ± 16.1%, ranging from 33% to 124.8%. The Stacks populations 

module was run to filter data with r (minimum per population propor
tion of individuals per population with a locus for it to be included) =
0.6 for the species delimitation analyses and r = 0.7 for the population 
genomics of E. norvegica. Only one putative SNP (–write_single_SNP) was 
used per locus to minimize the influence of linkage disequilibrium 
(Catchen et al., 2013). SNPs with a minor allele frequency (MAF) < 0.05 
(–min_maf < 0.05) within two populations were discarded in order to 
diminish errors in the estimation of SNPs showing signatures of selection 
(Benestan et al., 2015; Roesti et al., 2012; Xu et al., 2017). SNPs showing 
an excess of heterozygosity (Ho > 0.5) were removed as well (Benestan 
et al., 2015; Hohenlohe et al., 2011). Finally, markers departing Hardy- 
Weinberg equilibrium (p-value = 0.05) were removed when present in 
at least two different locations for the population genomics dataset of 
E. norvegica. The dataset used for species delimitation retained 1,886 
SNPs, as the removal of SNPs under selection, applied in the population 
genomics dataset, was not performed.

2.6. Detection of SNPs under selection

To assess population connectivity within E. norvegica, SNPs poten
tially under selection were removed using two different selection 
detection approaches to ensure that analyses reflect neutral de
mographic processes (Beaumont and Nichols, 1996; Luikart et al., 
2003). ARLEQUIN v.3.5.2 (Excoffier and Lischer, 2010) creates coales
cent simulations to compare observed data with theoretical expectations 
under a given model (Schneider et al., 2000). The ‘Allowed missing level 
per site’ was set to 0.05, and the ‘Non-hierarchical Island model’ was 
employed. 100,000 simulations and 100 demes per group were per
formed; p-values obtained were corrected using the p.adjust function in R 
with the fdr method, corresponding to the ‘BH’ procedure (Benjamini & 
Hochberg, 1995). In contrast, BAYESCAN v.2.1 (Foll and Gaggiotti, 
2008) is based on a logistic regression model to decompose locus- 
population Fst coefficients into a population-specific (beta) and a 
locus-specific (alpha) component for outlier detection. SNPs under se
lection were selected when having a q-value > 0.05, which is the FDR 
analogue of the p-value. Both ARLEQUIN or BAYESCAN identify SNPs 
with high Fst values to be potentially under divergent selection, while 
those being close to zero, are candidates for balancing selection. 1,067 
neutral SNPs were finally retained after the removal of two SNPs under 
selection.

2.7. Species delimitation and population genomics analyses using SNPs

We assessed population structure using three different methods: 
STRUCTURE v.2.3 (Pritchard et al., 2000), the discriminant analysis of 
principal components (DAPC) as implemented in the adegenet R package 
(Jombart et al., 2010), and fineRADstructure (Malinsky et al., 2018). The 
STRUCTURE software implements a Bayesian clustering method to 
determine the most likely number of populations (k) (Pritchard et al., 
2000) and was used to establish the genetic divergence between the 
two sister species (E. norvegica and E. philocorallia) using 119 specimens, 
and to define the population structure among locations of E. norvegica. 
The software was run with 200,000 Markov chain Monte Carlo (MCMC) 
iterations using the admixture model, with a burn-in of 100,000 itera
tions, setting a putative k from 1 to 6, with 15 replicates for each run. 
STRUCTURE HARVESTER (Earl and vonHoldt, 2012) and CLUMPP 
v.1.1.2 (Jakobsson and Rosenberg, 2007) were used to determine the 
most likely number of clusters and to average each individual’s mem
bership coefficient across the k value replicates, respectively.

DAPC analyses were performed on both the E. norvegica dataset and 
the combined E. norvegica and E. philocorallia datasets and were assessed 
by the function snapclust using the genetic clustering mode snapclust 
choose k. This was done using the Akaike Information Criterion (AIC) 
function with the k-means algorithm (pop.ini = “kmeans”), allowing a 
maximum k (number of clusters) of 16 (max = 16), and a maximum 
number of iterations of 100 (max.iter = 100). K-means was run 

Table 2 
Haplotype diversity metrics for the 16S in Eunice norvegica and Eunice cf. nici
dioformis. N number of individuals; H number of haplotypes; Hp private haplo
types; Np number of polymorphic sites; Hd haplotype diversity; π nucleotide 
diversity. Significant values (p > 0.05) of Tajima’s D in bold.

N H Hp Np Hd π Tajima’s 
D

Eunice 
norvegica

​ ​ ​ ​ ​ ​ ​

Anton Dohrn 48 8 7 11 0.598 ±
0.080

0.002 ±
0.000

¡1.840

Cantabrian Sea 16 2 0 1 0.400 ±
0.012

0.001 ±
0.000

¡2.544

George Bligh 
Bank

15 3 3 4 0.448 ±
0.134

0.002 ±
0.001

− 1.071

North Rockall 
Bank

57 4 2 4 0.634 ±
0.032

0.002 ±
0.000

− 0.176

Rosemary Bank 39 4 3 4 0.279 ±
0.089

0.001 ±
0.000

¡1.824

Wyville 
Thomson 
Ridge

6 2 1 1 0.333 ±
0.215

0.001 ±
0.000

− 0.933

Total 181 9 − 7 0.524 ±
0.039

0.002 ±
0.000

−

Eunice cf. 
nicidioformis

​ ​ ​ ​ ​ ​ ​

CS-DR5 1 − − 0 − − −

CS-DR6 5 2 1 1 0.400 ±
0.237

0.001 ±
0.001

¡5.311

CS-DR11 2 2 0 0 0.000 ±
0.000

0.000 ±
0.000

−

CS-DR12 8 1 0 0 0.000 ±
0.000

0.000 ±
0.000

¡2.862

CS-DR16 20 2 1 1 0.100 ±
0.088

0.000 ±
0.000

¡3.089

Total 36 2 1 1 0.056 ±
0.052

0.000 ±
0.000

−
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sequentially with increasing values of k to assess the optimal number of 
clusters (the lowest AIC value). The DAPC analyses involved grouping 
samples based on their geographical location. As no structure was found 
for the E. norvegica dataset, we considered each sample location as a 
separate population. The optimal number of principal component axes 
were selected using cross-validation with the xvalDapc function from the 
adegenet R package with 1,000 replicates (n.rep = 1000). The DAPC 
function scatter plot was used to produce scatterplots of PCs with eigen 
values as inset and assignplot function employed to plot the probabilities 
of assignment of the different individuals to the different clusters.

fineRADstructure v.0.3.2 was used to both support the species de
limitation of E. norvegica and E. philocorallia and also to investigate the 
shared coancestry within E. norvegica and to provide further support to 
the previous STRUCTURE and DAPC analyses. The SNP dataset used in 
fineRADstructure was obtained after running populations on the com
bined dataset of both species (i.e. 1,886 neutral SNPs) deselecting the 
–write_single_SNP option, which allowed for the inclusion of linked SNPs 
in the different RAD-tags, resulting in a total of 19,834 SNPs. fineR
ADstructure was run with the default values: − x (number of MCMC burn- 
in iterations) = 100,000, − y (number of sampling iterations) = 100,000, 
− z (thinning interval) = 1,000 to assign individuals to populations, and 
− x 10,000 for the tree building. Output figures were generated using the 
Finestructure R Library and the fineRADstructurePlot.R script, both 
provided in the fineRADstructure package.

Genetic diversity and demographic statistics were calculated only for 
the E. norvegica dataset for a total of six different locations (Table 3). 
Expected (He) and observed (Ho) heterozygosity, and inbreeding co
efficients (FST) were calculated per location and globally using Stacks.

2.8. Migration and population assignment

Gene flow patterns were investigated for all the individuals of 
E. norvegica used in the RADseq analyses, grouped by location. This was 
done using the divMigrate function of the diveRsity R package (Keenan 
et al., 2013), under the Nm method (Alcala et al., 2014) with no boot
strap support. In addition, we performed a population assignment 
analysis in order to predict the origin of the individuals. Likelihood ratio 
thresholds were calculated based on the Monte Carlo Likelihood ratio 
test with zero frequencies replaced by 0.005, an ⍺ of 0.002, and 5,000 
replicated datasets using Genodive v.3.02 (Meirmans and Van Tienderen, 
2004). Schematic pathways for Eastern North Atlantic Central Water 
(ENACW) and Mediterranean Water (MW) were adapted following cir
culation models (Jia et al., 2007; Liu and Tanhua, 2021). Sampling 
stations were plotted using their geographic coordinates.

3. Results

3.1. Phylogenetic and morphological analyses of Eunicidae

The 230 eunicids collected belonged to four different species from 
two genera. The diversity of eunicids was mostly evident in the Canta
brian location, where we detected three different taxa: E. norvegica, E. cf. 
nicidioformis, and L. cf. antarctica. Near the United Kingdom only two 
different species were identified: E. norvegica and E. philocorallia 
(Table 1).

Our Maximum-likelihood phylogenetic tree built with a concate
nated alignment of 16S, COI, and 18S recovered Eunicidae as mono
phyletic although with no bootstrap support (Fig. 2). Representatives of 
the family Eunicidae were recovered in two well-supported clades 
including different genera. The first clade included representatives of 
the genus Nicidion Kinberg (1865), recovered as monophyletic, being 
sister with another Eunice clade, comprising Eunice filamentosa Grube 
(1856), E. philocorallia, and E. norvegica. All our E. norvegica specimens 
clustered together in a well-supported clade including the only 
E. norvegica specimen from GenBank included in the analysis, originally 
collected from Norway. The E. norvegica clade was sister to our four 
specimens identified morphologically as E. philocorallia, with a good 
support value; a topology also recovered with the 16S phylogenetic tree 
(see Supplementary Data 3). The other well-supported clade identified 
in Eunicidae included samples from the genus Leodice Lamarck (1818)
and Eunice, with Eunice being retrieved as polyphyletic. The specimens 
sequenced in our study clustered in three different clades: Leodice cf. 
antarctica clustered together with Leodice antarctica collected from 
Antarctica and formed a well-supported clade with Leodice americana 
(Hartman, 1944); specimens identified as E. cf. nicidioformis appeared in 
a fully-supported clade as sister to Leodice torquata (Quatrefages, 1866), 
Leodice thomasiana (Augener, 1922), and Leodice marcusi (Zanol et al., 
2000) (Fig. 2).

We studied the morphological external features of specimens of 
E. norvegica, E. philocorallia, and E. cf. nicidioformis, which align with 
previous reported morphological data described by Fauchald in 1992. 
Due to the poor preservation state of the L. cf. antarctica specimens from 
the Cantabrian Sea, morphological characterization was not possible. 
Consequently, specimen identification relied exclusively on molecular 
data, supported by their phylogenetic placement (Fig. 2) and the low 
genetic divergence from L. antarctica in mitochondrial markers (0.4% for 
16S and 1.5% for COI; see Supplementary Data 2). The three Eunice 
species presented biramous parapodia with developed notopodia and 
neuropodia with differences in the shape and structure of lobes and cirri 
(Fig. 3A-C). Generally, aciculae were emerging at the top or at the 
middle of the lobe. Neurochaetae morphotypes characteristic of Eunice 
specimens were observed for the three species including, dark brown 
aciculae (Fig. 3A-C), dark brown and bidentate subacicular hooks 
(Fig. 3A-C), bidentate compound falcigers (Fig. 3D-I), heterodont 
pectinate chaetae (Fig. 3J-L) and distally serrated limbate chaetae 
(Fig. 3M-O).

3.2. Population genetic structure using 16S

The 16S haplotype network for E. norvegica was generated with 553 
bp sequence alignment with 181 individuals across six different loca
tions (Fig. 4A) and three different depth ranges (Fig. 4B). A total of nine 
haplotypes were identified and defined by seven polymorphic sites 
(Fig. 4A-B, Table 2). The number of haplotypes differed among loca
tions, ranging between two at the Wyville Thomson Ridge and 11 at the 
Anton Dohrn seamount. Among these haplotypes, H1 was the predom
inant (120 individuals), followed by H2 (26 individuals), and H3 (24 
individuals). No particular structure or clustering was observed between 
the individuals grouped by location or by depth as haplotypes were 
shared between the different locations and across all depth ranges 
(Fig. 4A, 4B). The haplotype network was star-like, with most 

Table 3 
Population genetic statistics based on SNPs obtained from RADseq for Eunice 
norvegica. Samples grouped by location. N number of samples, He expected 
heterozygosity, Ho observed heterozygosity.

Sampling 
location

N Private 
alleles

Private 
alleles/N

He Ho

Cantabrian Sea 5 29 0.3 0.049 ±
0.016

0.036 ±
0.013

Anton Dohrn 37 195 1.7 0.057 ±
0.011

0.037 ±
0.006

North Rockall 
bank

31 187 1.6 0.064 ±
0.013

0.041 ±
0.007

George Bligh 
Bank

12 81 0.7 0.059 ±
0.014

0.038 ±
0.009

Rosemary Bank 28 168 1.5 0.057 ±
0.012

0.039 ±
0.007

Wyville 
Thomson 
Ridge

2 15 0.1 0.032 ±
0.013

0.036 ±
0.024

Total 115 ​ ​ 0.062 ±
0.011

0.039 ±
0.001
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haplotypes deviating by only one or two basepairs from the common 
haplotypes (Fig. 4A).

The genetic diversity of E. norvegica was moderate, with an overall 
haplotype diversity (Hd) of 0.524 (± 0.039), with the highest value for 
North Rockall Bank (0.634 ± 0.032) and the lowest for Rosemary Bank 
(0.279 ± 0.089). Nucleotide diversity (π) was 0.002 (± 0.000) for the 
whole dataset and ranged between π = 0.002 (± 0.001) for George Bligh 
Bank to π = 0.001 (± 0.000) for the Cantabrian Sea, Rosemary Bank and 
Wyville Thomson Ridge (Table 2). Significant negative Tajima’s D 
values were detected in the Anton Dohrn (− 1.840), Cantabrian Sea 
(− 2.544), and Rosemary Bank (− 1.824) populations.

Eunice cf. nicidioformis was only found in the Cantabrian Sea and no 
genetic structure was observed among sampling stations. Only two 
haplotypes were found within the 547 bp 16S alignment, with the most 
common (H1) comprising 97% of the samples and being present in all 
the sampling locations; these two haplotypes were only separated by a 
single mutational step (Fig. 4C). Haplotype diversity (Hd) for the whole 
dataset was low (0.056 ± 0.052), with the highest value for CS-DR6 
(0.400 ± 0.237). Nucleotide diversity (π) ranged between π = 0.001 
± 0.001 for DR6 to π = 0.000 ± 0.000 for DR11, DR12 and DR16 
(Table 2). Significant negative Tajima’s D values were found in sites CS- 
DR6 (− 5.311), CS-DR12 (− 2.862), and CS-DR16 (− 3.089).

3.3. Species delimitation using SNPs

The two sister species E. norvegica and E. philocorallia occurring in 
sympatry North of the United Kingdom were analysed using the RADseq- 
derived SNPs in order to evaluate their genetic similarity. The optimal 

number of genetic clusters detected by STRUCTURE was four (k = 4) (see 
Supplementary Data 4), with E. philocorallia being fully assigned to the 
dark blue genetic cluster, thus clearly separating this species from 
E. norvegica (Fig. 5A). Eunice norvegica specimens were predominantly 
assigned to the blue genetic cluster with a consistent, but minor 
contribution from the light blue cluster and a variable and sometimes 
high (>50%) contribution from the purple cluster (Fig. 5A). Fifteen in
dividuals showing high levels of admixture with the purple cluster 
included samples from North Rockall Bank (NRB-B1042, NRB-B1043, 
NRB-B1049, NRB-B1050, NRB-B1051, NRB-B1052, NRB-B1053, NRB- 
B994, NRB-B967, NRB-B965, NRB-B1264, NRB-B1250) at 534–570 m, 
George Bligh Bank (GBB-B2059) at 781 m, and Anton Dohrn (AD-B677, 
AD-B700) at 562–564 m. Similar results were obtained in the DAPC 
analysis with samples being grouped in three different clusters (BIC = 1; 
AIC = 3) (Supplementary Data 4) (Fig. 5B). These clusters clearly 
separated specimens belonging to both species and also showed some 
degree of differentiation between 14 samples within E. norvegica, rep
resented in purple, which correspond to the same individuals that 
showed a high proportion of assignment to the purple cluster in the 
STRUCTURE analysis except for the sample AD-B677, that was assigned 
to the blue cluster in the DAPC analysis and showed a high proportion of 
assignment to the purple cluster < 25% in the STRUCTURE plot (Fig. 5A- 
B).

The fineRADstructure analysis represented in the coancestry matrix 
depicts a clear differentiation between the two species, with 
E. philocorallia samples appearing as the most divergent from the other 
specimens in this study (dark blue cluster) (see Supplementary Data 5). 
All E. norvegica samples grouped together although 3 subclusters could 

Lumbrineris mixochaeta
Glycera dibranchiata

Harmothoe imbricata
Onuphis elegans
Eunice fucata

Eunice pennata
Leodice cf. antillensis

Leodice cf. limosa
Leodice americana

Leodice antarctica
Leodice cf. antarctica CS-DR12-13
Leodice cf. antarctica CS-DR11-533-8

Leodice lucei
Leodice rubra

Leodice miurai
Eunice cf. nicidioformis CS-DR6-222-5
Eunice cf. nicidioformis CS-DR5-206-7
Eunice cf. nicidioformis CS-DR6-222-3
Eunice cf. nicidioformis CS-DR16-996-18

Leodice thomasiana
Leodice marcusi
Leodice torquata

Eunice siphoninsidiator
Eunice norvegica NRB-B1042
Eunice norvegica NRB-B967
Eunice norvegica
Eunice norvegica CS-DR16-994-4
Eunice norvegica CS-DR12-09
Eunice philocorallia AD-B003
Eunice philocorallia AD-B001
Eunice philocorallia AD-B547
Eunice philocorallia AD-B358

Eunice filamentosa
Nicidion mikeli
Nicidion notata

Nicidion amoureuxi
Nicidion mutilata
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Eunice roussaei

Eunice cf. violaceomaculata

Tree scale: 1

Bootstrap
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0.88
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1
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Fig. 2. Phylogenetic tree based on a concatenated analysis of COI, 16S and 18S using Maximum likelihood (ML). Specimens sequenced in the study are in bold. Only 
bootstrap values > 0.75 are reported with circles, where bootstrap support increases proportionally with the size of the circle and the darkness of the purple color. 
Colored squares show the sampling locations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Fig. 3. Parapodia and chaetae of Eunice norvegica (A, D, G, J, M), Eunice philocorallia (B, E, H, K, N) and Eunice cf. nicidioformis (C, F, I, L, O). A-C. Parapodia under 
stereomicroscope. Eunice norvegica parapodium 61, anterior view (A); E. philocorallia parapodium 59 posterior view (B); E. cf. nicidioformis parapodium 72, anterior 
view (C). D-F. Light microscopy images of the compound falcigers. G-I. SEM microscopy images of the compound falcigers. J-L. SEM microscopy images of pectinate 
chaetae. M¡O. SEM microscopy images of limbate chaetae. Abbreviations: aci aciculae; bra branchia; dci dorsal cirrus; neuc neurochaetae; sah: subacicular hook; vci 
ventral cirrus.
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be differentiated. Subcluster 1 grouped the 15 samples that appeared 
differentiated in the STRUCTURE plot; Subcluster 3 was formed by two 
samples from Anton Dohrn (AD-B2264, AD-B2265) at 1024 m; and 
Subcluster 2 comprised the rest of E. norvegica samples with two samples 
from Anton Dohrn showing a higher degree of coancestry with respect to 
the other subclusters (AD-B611, AD-B619) at 564 m.

3.4. Population genomic structure and connectivity using RADseq-derived 
SNPs

Statistics for the population genetics of each of the six locations 
where E. norvegica was collected are detailed in Table 3. The number of 
private alleles was quite uneven, being the highest for Anton Dohrn 
(195) and the lowest for Wyville Thomson Ridge (15). The number of 
private alleles per individual was again the highest for Anton Dohrn 
(1.7) and the lowest for Wyville Thomson Ridge (0.1).

Overall, the genetic diversity, measured with the expected hetero
zygosity (He), was relatively low (0.062 ± 0.011) for the whole dataset, 
with similar values for the different locations, with the highest values for 
North Rockall Bank (0.064 ± 0.013) and the lowest for the Cantabrian 
Sea (0.049 ± 0.016), although here we did not take into consideration 
Wyville Thomson Ridge (0.032 ± 0.013), with only two samples. 
Observed heterozygosity (Ho) presented similar values to those obtained 
for the He, with an overall value of 0.039 ± 0.001, and with values 
ranging 0.041 ± 0.007 for North Rockall Bank and 0.036 ± 0.013 for the 
Cantabrian Sea (Table 3).

The optimal number of clusters detected by STRUCTURE was three 
(k = 3) (see Supplementary Data 6), with no clear differentiation be
tween samples except for the same 15 individuals that appeared 
differentiated in the species delimitation analyses from North Rockall 
Bank (NRB-B1042, NRB-B1043, NRB-B1049, NRB-B1050, NRB-B1051, 
NRB-B1052, NRB-B1053, NRB-B994, NRB-B967, NRB-B965, NRB- 
B1264, NRB-B1250), George Bligh Bank (GBB-B2059), and Anton Dohrn 
(AD-B677, AD-B700). All these individuals showed a variable degree of 
assignment to the purple cluster (<50%) into the predominant blue 
cluster (Fig. 6A). DAPC analysis found no genetic differentiation among 

samples (BIC = 1; AIC = 1) (Supplementary Data 6). Our DAPC analysis 
grouping samples per location again showed no clear differentiation 
between locations with the exception of the 15 individuals mentioned 
above that showed a subtle genetic differentiation with respect to the 
rest of samples (Fig. 6B).

Pairwise Fst comparisons for the six locations of E. norvegica were 
relatively low, ranging from 0.004 for the comparison between Anton 
Dohrn with Rosemary Bank, to 0.100 for the comparison observed be
tween North Rockall Bank and Wyville Thomson Ridge (Table 4).

Migration analyses on the E. norvegica dataset showed bidirectional 
migration between the locations North of the United Kingdom, except 
for Wyville Thomson Ridge (Fig. 7A). The higher migration rates 
appeared from Anton Dohrn towards Rosemary Bank (1) and North 
Rockall Bank (0.95), while the lower signs of migration were observed 
from the Cantabrian Sea to the rest of locations (Fig. 7A). The population 
assignment analysis revealed that individuals from North Rockall Bank, 
Anton Dohrn, and Rosemary Bank are the major contributors for the 
remaining locations (Fig. 7B). A minor genetic contribution from George 
Bligh Bank was only observed in the Rosemary Bank location. Notably, 
individuals from Wyville Thomson Ridge appeared to originate exclu
sively from Rosemary Bank, while samples from the Cantabrian Sea 
were assigned to either Anton Dohrn or North Rockall Bank (Fig. 7B). 
These migration dynamics are affected by the regional current systems, 
predominantly mediated by the northward flow of the Mediterranean 
Water (MW) and the North Atlantic Central Water (ENACW) (Fig. 7C).

4. Discussion

4.1. Eunicid diversity and distribution

In our study we documented the diversity of deep-sea eunicids living 
in association with CWCs across different sampling locations in the NE 
Atlantic, finding four distinct species belonging to two different genera 
(Table 1). The distribution of E. norvegica has been previously reported, 
with its occurrence spanning the whole Atlantic Ocean (type locality in 
the Norwegian Sea (Linnaeus, 1767) but also being reported from South 

<530 m
530-780 m
>780 m

10
1

Cantabrian
Anton Dohrn
North Rockall Bank
Rosemary Bank
Wyville Thompson Ridge
George Bligh Bank

Samples
10
1

Samples

A BEunice norvegica Eunice norvegica Eunice cf. nicidioformisC

10

1

Samples

CS-DR5
CS-DR6
CS-DR12
CS-DR11
CS-DR16

H1

H2

H3H4

H5

H6

H7

H8

H9

H1

H2

H3H4

H5

H6

H7

H8

H9

H1

H2

Fig. 4. Haplotype network based on 16S for Eunice norvegica (A-B) and Eunice cf. nicidioformis (C). Circles are proportional to the number of individuals for each 
haplotype. Cross lines symbolize the mutational steps and missing inferred haplotypes are in black. (A). Eunice norvegica haplotype network color coded by sampling 
location (N = 181). (B). Eunice norvegica haplotype network color coded by depth ranges (N = 181). (C). Eunice cf. nicidioformis haplotype network color coded by 
sampling stations within the Cantabrian Sea (N = 36).
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Africa and the Mediterranean Sea deeper than 200 m depth (Carlier 
et al., 2009; Gravina et al., 2021; Sağlam and Sarieyyüpoğlu, 2008; 
Winsnes, 1989; Fauchald et al., 2009; Leland, 1998). For E. philocorallia, 
to our knowledge only a few studies have documented its distribution, 
only noting its presence from the coasts of Ireland up to Norway at 
depths around 300 m (Haddon, 1895; Hickson, 1907; M’Intosh, 1903). 
Thus, we documented here the deepest records for E. philocorallia, 
extending its bathymetric range to 1,280 m. In our study we also re
ported the presence of E. cf. nicidioformis and L. cf. antarctica in the 
Cantabrian Sea, both of them recorded, to our knowledge, for the first 
time in this location, at depths deeper than 1,000 m. Eunice cf. nicidio
formis was originally described from the Pacific Ocean (Treadwell, 
1906), so the assumption that these individuals belong to this species 
is based, on the one hand, on later records from the Azores archipelago 
(Central Atlantic Ocean) at depths of around 400 m (Gillet and Dauvin, 
2003), and on the similarity of their morphological characters. How
ever, this species has only been reported from depths of less than 500 m, 
whereas our individuals were collected at around 1000 m depth. 
Therefore, this identification should be treated with caution. Interest
ingly, although our Leodice cf. antarctica specimens clustered together 
with Leodice antarctica collected from Antarctic waters in a fully sup
ported clade in our phylogenetic analysis, their assignment to this spe
cies remains uncertain considering that L. antarctica appears to have a 
documented distribution in the Southern Ocean, the SubAntarctic Ker
guelen Islands, and Indonesia (Baird, 1869; Zanol et al., 2010; Liline 
et al., 2017). However, wide distributions are not uncommon in the deep 

sea, with several marine invertebrates, particularly annelids, occurring 
across distant basins, including shared species between the Antarctic 
and other remote deep-sea areas (Eilertsen et al., 2018). Nevertheless, 
since our Leodice cf. antarctica individuals could not be morphologically 
studied, the identification to species level should be considered 
tentative.

All of the eunicids sampled in this study were predominantly found 
in close association with the branches of scleractinian corals from deep- 
water coral reefs (see Supplementary Data 1). The symbioses of Eunice 
worms with scleractinian corals has been studied before, particularly 
regarding Desmophyllum pertusum and E. norvegica, where the possible 
mutual benefits of the interaction have been well explored (De Clippele 
et al., 2015; Mortensen, 2001; Mueller et al., 2013). The three different 
coral species associated with the worms included in the present study 
were D. pertusum, Solenosmilia variabilis, and Madrepora oculata. Speci
mens of E. norvegica were found in all three species (Table 1), consis
tently with previous reports (Mortensen, 2001; Roberts, 2005; Almón 
et al., 2014). Notably, E. cf. nicidioformis and Leodice cf. antarctica, two 
eunicids never previously reported living in association with any coral, 
were also recovered in close association with D. pertusum. In this study 
we also found E. philocorallia living in association with S. variabilis, but 
not D. pertusum − and only at depths greater than 1000 m, whereas in 
the original description of the worm it was reported inside the branches 
of D. pertusum collected from depths of around 200 fathoms (~366 m) 
50 miles off the Southwestern coast of Ireland (Buchanan, 1893). The 
discrepancy between the depth and species association reported for 
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E. philocorallia by Buchanan (1893) and this study, despite being a 
relatively short distance apart geographically, raises questions on 
whether E. philocorallia is a facultative or obligate symbiont with deep- 
water corals, the extent of niche overlap with E. norvegica, and the 
constancy of depth distribution and host associations over time. Further 
sampling across the Atlantic and across a broader depth range may help 
resolve this in the future.

4.2. Integrative species delimitation

A combined approach using three genetic markers (16S, 18S and 
COI) and morphological characters was sufficient to resolve the different 

species studied here. As a result of past inconsistencies of molecular and 
morphological data inside the genus Eunice, the genera Leodice and 
Nicidion were resurrected by Zanol et al. (2014) to resolve the poly
phyletic structure previously observed in the group (Zanol et al., 2010). 
Since we found E. cf. nicidioformis and Eunice pennata (Müller, 1776) 
within a well-supported clade with other members of the genus Leodice, 
we suggest that these two species should be transferred to Leodice. This 
possibility is further supported by previous suggestions that both Leodice 
and Nicidion may be significantly bigger genera than currently recog
nized, because of longstanding taxonomic challenges that have histori
cally grouped many divergent species under the genus Eunice (Zanol 
et al., 2020, 2021). Although there are currently no distinct characters 
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Table 4 
Pairwise Fst values based on SNPs obtained from RADseq for samples of Eunice norvegica grouped in six locations. Significant values (p > 0.05) in bold.

Anton 
Dohrn

Cantabrian 
Sea

George Bligh Bank North Rockall Bank Rosemary Bank Wyville Thomson Ridge

Anton 
Dohrn

− 0.008 0.009 0.018 0.004 0.071

Cantabrian 
Sea

0.008 − 0.018 0.029 0.022 0.065

George Bligh Bank 0.009 0.018 − 0.028 0.005 0.077
North Rockall Bank 0.018 0.029 0.028 − 0.022 0.100
Rosemary 

Bank
0.004 0.022 0.005 0.022 − 0.065

Wyville Thomson Ridge 0.071 0.065 0.077 0.100 0.065 −
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that uniquely define the morphology of the genus Leodice, Zanol et al. 
(2014) proposed several distinguishing morphological traits, suggest
ing that the presence of just one of these characteristics may be enough 
for the inclusion in this genus. These features are consistent with several 
morphological characters reported for E. cf. nicidioformis, including 
branchiae appearing as simple filaments and articulated prostomial 
appendages. In addition, the aciculae observed were dark (Fig. 3C), 
which agrees with the redescription provided by Fauchald (1992) and 
represents another character commonly associated with Leodice. This 
information together with the described phylogenetic positioning of the 
species thus provides evidence that eventually E. cf. nicidioformis should 
be transferred to the genus Leodice. A more detailed review of broader 
morphological features, which could not be assessed in the present 
study, is necessary to confirm the change of genus of this species.

Eunice norvegica and E. philocorallia appeared as two closely related 
species, belonging to two different well-supported sister clades, with 
limited genetic distance between these two clades (11% COI; 4% 18S), 
suggesting a relatively recent separation of both species (Fig. 2; 
Supplementary Data 2). Given their shared distribution and morpho
logical similarities, only distinguishable by the arrangement of the teeth 
forming the compound falciger (Fig. 3D-E) and the form of the para
podial lobes (Fig. 3A-B), clarifying species boundaries between them is 
particularly relevant. Our phylogenetic results using traditional markers 
are in accordance with the RADseq analysis, confirming that 

E. philocorallia and E. norvegica are separate species, with no signs of 
hybridization between them (Fig. 5). However, due to limited sampling 
and the uniform collection depth of E. philocorallia, other evolutionary 
patterns may remain undetected between these species.

4.3. Genetic and genomic connectivity in Eunicidae

Our 16S haplotype network analysis showed no evidence of genetic 
structure in E. norvegica despite comparing individuals separated by ca. 
2,000 km (Fig. 4A). Comparable results were observed for the RADseq 
approach, where E. norvegica individuals presented a similar genetic 
signature among the different locations and no clear genetic structure 
was observed (Fig. 6), thus indicating that E. norvegica specimens 
studied here form a broadly panmictic population spanning from the 
Cantabrian Sea up to the United Kingdom. This was further corroborated 
by the low observed heterozygosity (Table 3) and low pairwise Fst values 
(Table 4), indicating similar allele frequencies across different sampling 
locations, consistent with shared common ancestry and limited genetic 
differentiation, and supporting a largely homogeneous population 
structure. Our results were similar to those observed for E. norvegica in a 
study also using a RADseq approach, revealing a genetic homogeneity 
when comparing samples from the Bay of Biscay and Iceland, and only 
detecting a genetic break when comparing samples from the Atlantic 
basin with those from the Mediterranean Sea (Boavida et al., 2019). 
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Individuals of E. cf. nicidioformis collected from the clustered sampling 
stations in the Cantabrian Sea showed almost identical haplotypes 
(Fig. 4C), and limited genetic diversity (Table 2), indicating high con
nectivity; a pattern consistent with other deep-sea species exhibiting 
limited genetic structuring at similar depths and distances (Busch et al., 
2021).

Long-distance genetic connectivity over thousands of kilometers is a 
widely reported phenomenon in deep-sea invertebrate fauna inhabiting 
similar depths or water masses (Taylor and Roterman, 2017). This is 
especially true for organisms with a planktotrophic larval stage, since 
these larvae are able to feed in the water column for many weeks or even 
months and are capable to disperse passively through prevalent ocean
ographic currents (Cowen and Sponaugle, 2009; Gary et al., 2020). 
However, eunicids appear to produce lecithotrophic larvae (Zanol et al., 
2021), which might confer them more limited dispersal capabilities than 
species employing planktotrophic larval dispersal (Modica et al., 2017). 
The inferred long-distance connectivity in E. norvegica may therefore be 
explained by predominantly northward-flowing oceanographic currents 
in the region, together with the relatively high abundance of CWC 
habitats in the NE Atlantic (Arnaud-Haond et al., 2017; Schröder-Ritz
rau et al., 2005), functioning as dispersal stepping stones (Saura et al., 
2014) and facilitating gene flow across distances of hundreds of kilo
meters. Indeed, the features where these corals often occur are associ
ated with enhanced hydrodynamic activity (Lim et al., 2020), as CWCs 
preferentially occur in exposed settings, on elevated seabed features, or 
in areas where currents are locally intensified by topography (Freiwald, 
et al., 1999; Genin et al., 1986), something that might enhance the 
dispersal abilities of E. norvegica. In the NE Atlantic, the principal water 
masses that might be affecting larval dispersal and therefore genetic 
connectivity among the locations where we collected E. norvegica are: (i) 
the Eastern North Atlantic Central Water (ENACW), in the upper layer, 
which forms in the inter-gyre region and flows northwards to the United 
Kingdom; and (ii) the Mediterranean Water (MW), which originates in 
the intermediate layer after passing through the Gibraltar Strait. The 
MW mixes with the ENACW, with one of its branches flowing northward 
along the Iberian Peninsula toward the Norwegian Sea (Jia et al., 2007; 
Liu and Tanhua, 2021; Reid, 1979) (Fig. 7C). Most of our samples were 
collected below 500 m, leaving the MW current as the main driver for 
larval transport, given its depth range of 500 to 1,500 m. This current 
might be facilitating the lecithotrophic larval dispersal from the Can
tabrian Sea to the area of the Wyville Thomson Ridge, promoting gene 
flow and homogenizing genetic structure across the individuals of these 
locations, although this remains a hypothesis that would benefit from 
future biophysical modelling. However, lack of genetic structure could 
also reflect a synergistic effect between historical and contemporary 
processes. The widespread negative Tajima’s D values observed for this 
species (Table 2) could suggest a rapid post-glacial population expansion 
and recent colonization across the Northeast Atlantic (Maggs et al., 
2008), establishing a homogeneous baseline that is continuously main
tained by ongoing larval dispersal.

The lack of vertical genetic structure for E. norvegica in this study 
could be indicative of larvae capable of vertical movement in the water 
column, as has been demonstrated for its symbiont D. pertusum 
(Strömberg and Larsson, 2017). Vertical movement in the water column 
has been shown to generally increase dispersal by up to 100 times (Gary 
et al., 2020), possibly explaining this high connectivity between samples 
collected within a wide bathymetric range (190–1,230 m). However, 
depth is also a potential factor influencing genetic structure, as strong 
and consistent ecological gradients across bathymetric ranges can 
generate genetic divergence in marine populations (Jennings et al., 
2013; Taboada et al., 2025; France and Kocher, 1996). In the case of 
E. norvegica, most samples were collected shallower than 1,000 m 
(Table 1), and previous studies in the NE Atlantic have detected genetic 
discontinuities between populations occurring above and below 1,300 m 
isobath not only in D. pertusum but also in deep-water sponges (Morrison 
et al., 2011; Taboada et al., 2025). Further studies should examine 

E. norvegica samples at depths below 1,300 m to evaluate the presence of 
a possible genetic break at these depths.

Similar patterns of long-distance connectivity have also been re
ported in the cold-water coral D. pertusum (Weinnig et al., 2024), the 
principal host of E. norvegica in this study. This coral produces plank
totrophic larvae capable of surviving in the water column for up to three 
months, providing substantial potential for long-distance dispersal via 
ocean currents (Strömberg and Larsson, 2017). The use of biophysical 
modeling for estimating larval dispersal for the coral confirmed strong 
connections between canyons on the continental slope off New England 
southwestwards towards Cape Hatteras, separated by approximately 
1,000 km (Guy, 2024). Ross et al. (2017) further highlighted Anton 
Dohrn and Rockall Bank as key nodes within the Northeast Atlantic MPA 
network, functioning as both sources and sinks. A previous genetic study 
on D. pertusum using microsatellite data revealed a panmictic population 
in the NE Atlantic, with a genetic break near the New England Sea
mounts (Morrison et al., 2011), while a more recent study using a 
RADseq approach also identified a panmictic population when 
comparing samples from the Bay of Biscay up to Iceland (Boavida et al., 
2019). Our migration analyses for E. norvegica reflect these trends, 
revealing substantial bidirectional migration among sampling sites 
within the United Kingdom except for Wyville Thomson Ridge (possibly 
due to low sample size) and between the United Kingdom and the 
Cantabrian Sea (Fig. 7A–B). These support the hypothesis that 
D. pertusum and E. norvegica share long-distance connectivity patterns 
across their distribution in the Northeast Atlantic Ocean despite having 
larvae with a different dispersal capacity.

The long-distance genetic connectivity observed in E. norvegica 
contrasts with findings from a recent study of the deep-water sponge 
Phakellia ventilabrum (Linnaeus, 1767), which identified a clear genetic 
break between populations in the Cantabrian Sea and those in the NE 
Atlantic (Taboada et al., 2023). Although this sponge is thought to 
exhibit lecithotrophic larvae or direct development (Koutsouveli et al., 
2022), the contrasting connectivity patterns between these taxa, 
despite their occurrence in the same region, suggest that larval dispersal 
capacity may be more limited in P. ventilabrum than in E. norvegica. 
Additionally, the distribution of P. ventilabrum is more spatially frag
mented than that of the coral hosts of E. norvegica, which may further 
constrain connectivity (Davies et al., 2008; Sánchez et al., 2009). 
Consequently, connectivity patterns within the same geographic region 
may differ substantially among species, even where dispersal potential is 
broadly comparable. This variability should be considered when 
designing conservation and management strategies.

Despite the overall genetic homogeneity observed among the 
E. norvegica samples analysed here, some individuals from the North 
Rockall Bank, George Bligh Bank, and Anton Dohrn Seamount exhibited 
a certain degree genetic introgression (Fig. 6). To further explore this 
pattern, depth was assessed as a potential factor shaping genetic struc
ture, as genetic divergence in marine populations often increases across 
bathymetric gradients (France & Kocher, 1996; Jennings et al., 2013). 
Depth does not appear to explain this pattern, as haplotypes in the 16S 
network were shared across multiple depth ranges (Fig. 4B), and in
dividuals showing introgression were collected from different depths. 
Host association does not account for this signal either, as introgressed 
individuals were found on both D. pertusum and M. oculata 
(Supplementary Data 1). Instead, these introgression patterns may 
reflect connectivity with unsampled and genetically differentiated 
populations beyond the geographic scope of this study. Eunice norvegica 
has a broad distribution that closely follows that of its principal host, 
D. pertusum, raising the possibility of gene flow from populations located 
elsewhere in the NE Atlantic or adjacent regions. Future studies incor
porating broader geographic coverage and greater depth ranges will be 
necessary to determine the origin and extent of this introgression.
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5. Conclusions

This study successfully characterized the diversity and connectivity 
patterns of eunicid polychaetes in the Northeast Atlantic, identifying 
four species and revealing marked differences between the closely 
related Eunice norvegica and Eunice philocorallia. Our records tentatively 
assigned to Eunice cf. nicidioformis and Leodice cf. antarctica should be 
treated with caution, as they may represent undescribed taxa requiring 
further taxonomic investigation. The panmictic population structure of 
E. norvegica across thousands of kilometers suggests extensive connec
tivity facilitated by oceanographic currents and stepping-stone habitats 
provided by its main coral host Desmophyllum pertusum. Although depth 
is commonly considered a key driver of genetic differentiation in deep- 
sea organisms (Taylor and Roterman, 2017), the genetic admixture 
observed in some individuals was not associated with depth, suggesting 
more complex population dynamics. Overall, these findings improve our 
understanding of deep-sea connectivity processes and highlight the 
importance of preserving habitat networks that sustain gene flow and 
population resilience. Future studies integrating broader geographic, 
taxonomic, and genomic sampling will be essential to further resolve 
taxonomic inconsistencies and population structure in Northeast 
Atlantic eunicids.
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Koutsouveli, V., Correia de Carvalho, F., Davies, A.J., Wang, S., Martín-Huete, M., 
Roberts, M., Xavier, J.R., Combosch, D., Riesgo, A., 2025. Connectivity and 
adaptation patterns of the deep-sea ground-forming sponge Geodia hentscheli across 
its entire distribution. Mol. Biol. Evol. 42. https://doi.org/10.1093/molbev/ 
msaf145.

Taboada, S., Whiting, C., Wang, S., Ríos, P., Davies, A.J., Mienis, F., Kenchington, E., 
Cárdenas, P., Cranston, A., Koutsouveli, V., Cristobo, J., Rapp, H.T., Drewery, J., 
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