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Abstract

The protection of the Vulnerable Marine Ecosystem identified by the presence of the critically endangered bamboo coral
Isidella elongata has been recognized as an urgent task. Although some research has focused on the spatial distribution of this
species, there is no information available on its connectivity and genetic structure. This is the first study to examine the genetic di-
versity pattern and inter-population connectivity of /. elongata at the Mediterranean scale. The DNA-based approach for assessing
the genetic diversity of 33 1. elongata samples collected in six different areas involved two mitochondrial markers (COI and MutS)
and one nuclear marker (ITS2). Molecular results confirmed that all samples belonged to /. elongata and showed a scarce level of
intra- and inter-population mtDNA differentiation, whereas nuDNA data revealed genetic structuring. Furthermore, a Lagrangian
model (forward-in-time simulations) was used to investigate the species larval connectivity under different sea current conditions.
Our results suggest the presence of persistent pathways, supporting the self-sustaining nature of the populations, especially in the
central Mediterranean Sea. This study identifies the main corridors of connectivity for 1. elongata in the Mediterranean Sea, high-
lighting the importance of including such information in the implementation of fishery management measures.

Keywords: Connectivity; Deep water corals; Larval dispersal; Mediterranean Sea; Molecular analysis.

Introduction representing biodiversity hotspots (Bongiorni et al.,

2010; Carbonara et al., 2022). Mediterranean deep-sea

The Mediterranean Sea, with its biodiversity and eco-
logical complexity, has long been recognized as a biodi-
versity hotspot: some 17,000 species account for 7.5% of
the species richness of oceans (Coll et al., 2010; Dano-
varo & Pusceddu, 2007; Lejeusne et al., 2010). Among
these species, deep-sea coral assemblages play an im-
portant role in benthic ecosystems, providing essential
three-dimensional habitats for marine communities and
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coral habitats are characterised by a relatively dense ag-
gregation of scleractinian colonies of Desmophyllum per-
tusum (Linnaeus, 1758), Madrepora oculata (Linnaeus,
1758) and Desmophyllum dianthus (Esper, 1794) as well
as by soft, compact mud facies characterized by the sea
pen Funiculina quandrangularis (Pallas, 1766) and the
gorgonian Isidella elongata (Esper, 1788) (Chimienti et
al., 2019). In many places, these important habitats are
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found to overlap with the fishing grounds for commer-
cially valuable crustaceans; they are therefore targeted
by bottom trawling fisheries (i.e., soft bottom coral gar-
dens; Fabri et al., 2014; Lauria et al., 2017; Georges et
al., 2024), which represent a threat to their conservation.

Habitats that include Octocorallia, Antipatharia and
Scleractinia (habitat-forming species) have been classi-
fied as Vulnerable Marine Ecosystems (VMEs) (United
Nations Resolution A/RES/61/105) since 2006. To protect
these sensitive deep-sea habitats, Fisheries Restricted Ar-
eas (FRAs) have been implemented by the General Fish-
eries Commission for the Mediterranean Sea (GFCM) as
a multi-purpose spatial-management tool to restrict fish-
ing activities (https://www.fao.org/gfcm/data/maps/fras/
fr/). However, these measures are limited either to certain
depths (currently below 1000m across the whole Medi-
terranean Sea, despite the suggestion to move this limit
to 800 m depth) or to specific areas, which leaves many
VMEs unprotected. The identification of priority areas
for conservation of VMEs at the Mediterranean scale also
meets the required restoration and protection of impacted
areas by 2050 under the Nature Restoration Law (2024).

At present, several studies have investigated the spatial
distribution of some VME indicator species to prioritize ar-
eas for biodiversity conservation in the Mediterranean Sea
under fisheries and climate change impacts (Fabri et al.,
2014; Lauria et al., 2017; Gerovasileiou et al., 2019; Car-
bonara et al., 2020; Gonzalez-Irusta et al., 2022; Wang et
al., 2022; Georges et al., 2024; Millot et al., 2024). These
studies have investigated the effects of environmental con-
ditions on habitat selection, as well as the ecological role of
these species, but have neglected other crucial aspects such
as population structure and connectivity. The importance
of acquiring information on species genetic variability and
connectivity patterns has been largely discussed among
scientists, and the Kunming-Montreal Global Biodiversi-
ty Framework has highlighted the urgency of prioritizing
genetic diversity to safeguard the adaptive potential of
populations (CBD/COP/15/L25, 2022). In addition, the
Group on Earth Observations Biodiversity Observation
Network (GEO BON) has proposed the “genetic compo-
sition Essential Biodiversity Variables” (genetic EBVs) as
standardized metrics for tracking within-species genetic
variation and informing policy. These data can help des-
ignate key areas and associated corridors that need to be
protected, with the final aim of informing fisheries policy
and supporting marine spatial planning.

One of the most at-risk indicator species of Vulnerable
Marine Ecosystems (VMESs) in the Mediterranean Sea is
the bamboo coral Isidella elongata. This branching deep-
sea octocoral is generally found at depths over 200m
and is closely associated with a bathyal mud biocoenosis
(sensu Peres & Picard, 1964; Chimienti et al., 2020). This
species is quasi-endemic in the Mediterranean Sea, hav-
ing also been detected at moderately high densities in the
Gulf of Cadiz (Rueda et al., 2019). The three-dimension-
al structure of . elongata provides shelter from predators
to fish and crustacean species (Mastrototaro et al., 2017),
which can also find a high density of prey within its can-
opy (Maynou & Cartes, 2012).
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The species is not only a habitat-former but also pro-
vides a secondary hard biological substratum for other
species such as epibionts and a spawning substratum for
cephalopods and sharks (Laubier & Emig, 1993). Con-
sequently, 1. elongata grounds have been shown to pos-
itively influence marine biodiversity (Buhl-Mortensen
et al., 2010; Maynou & Cartes, 2012; Mytilineou et al.,
2014; Mastrototaro et al., 2017; Carbonara et al., 2022).
Nevertheless, because of its life-history traits and its
co-occurrence with bottom-trawling target species such
as deep-sea shrimps Aristeus antennatus (Risso, 1816)
and Aristaeomorpha foliacea (Risso, 1827) (Lauria et al.,
2017; Mastrototaro et al., 2017; Cartes et al., 2022), this
species is listed as “Critically Endangered” in the [UCN
Red List: its abundance has declined by over 80% in the
last four decades (Otero et al., 2017). By contrast, some
healthy assemblages of this species have been found at
shallower depths in areas of the northwest Mediterranean
Sea where fishing activities are prohibited (Angiolillo et
al., 2024). As human-induced processes such as climate
change and deep-water fishing continue to have a signif-
icant negative impact on marine habitats at a quickening
pace, understanding the genetic structure and connectiv-
ity patterns of /. elongata could improve the design of
effective conservation and management strategies.

Molecular techniques have improved the ability to
study potential patterns of connectivity among marine
populations (Hellberg et al., 2002). Genetic connectivity,
considered as the exchange of individuals between pop-
ulations, is a crucial determinant of a species’ resilience
to environmental changes and of its ability to persist over
time (White et al., 2010). In the marine environment,
connectivity is assessed from genetic diversity structure
or parentage analysis using molecular biology techniques
(Mackenzie et al., 2022). In addition, demographic con-
nectivity (the exchange of individuals and genes between
populations) can be studied from larval dispersal patterns
derived from oceanic circulation simulations (Pineda et
al., 2007). Aside from molecular techniques, Lagrangian
transport models were coupled with large-scale oceano-
graphic models that it possible to investigate the dispersal
of early life stages (eggs/larvae). In these models, eggs
and larvae are represented as passive particles transported
by current fields derived from numerical ocean models.
Lagrangian models have been applied to a wide range of
species, including pelagic and demersal fish (Gargano
et al., 2017, 2022; Quattrocchi et al., 2019; Torri et al.,
2023), sedentary benthic invertebrates, and corals such as
the red coral Corallium rubrum (Linnaeus, 1758) and the
bubblegum coral Paragorgia arborea (Linnaeus, 1758)
(Guizien & Bramanti, 2014; Wang et al., 2022). These
models allow the identification of spatiotemporal patterns
of larval dispersal connecting spawning areas to settle-
ment areas, which in turn help to identify key areas to be
proposed for conservation.

The present study explored the genetic diversity and
inter-population connectivity of Isidella elongata in the
Mediterranean Sea using a framework based on both mo-
lecular techniques and larval dispersal modelling. These
two combined approaches allowed the identification of
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corridors of deep-sea coral connectivity, supporting fu-
ture conservation measures such as a network of Fish-
eries Restricted Areas. First, a molecular approach was
used to assess the genetic diversity of the sampled bam-
boo coral specimens collected in six different areas spread
across the Mediterranean Sea (from the Gulf of Lion to
the Aegean Sea); this involved the characterization of two
mitochondrial (mtDNA) markers, i.e., a fragment of the
cytochrome ¢ oxidase subunit I (COI) and a portion of
the mitochondrial genome comprising part of the nad4L
gene and of the mutS gene (MutS), as well as of a nuclear
(nuDNA) marker, the internal transcribed spacer 2 (ITS2)
located in ribosomal DNA. The use of COI as a universal
species-level barcode for animals was proposed over a
decade ago (Hebert et al., 2003), even though its resolu-
tion is lower in cnidarians and sponges than in bilaterian
animals (Shearer et al., 2002; Huang et al., 2008). MutS
is instead a marker specific to octocorals (Pont-Kingdon
et al., 1995) that offers species-level resolution, although
this mtDNA marker has limited discriminatory power
in some taxa and does not consistently resolve species
boundaries in octocorals (Calderon et al., 2006; Gori et
al.,2012; Aurelle et al.,2017). Conversely, ITS2 has been
repeatedly used as a marker of choice to delimit species
of hexacorals (Flot & Tillier, 2006; Terrana et al., 2021)
and octocorals (e.g., Korfhage et al., 2022). It coalesces
faster than other nuclear markers because of its concerted
mode of evolution (Liao, 1999), making it easier to use
it to delineate species, but recently diverged species may
still exhibit incomplete lineage sorting for this marker
(see Aurelle et al., 2011), in which case methods that do
not not rely on monophyly, such as haplowebs (Flot ez al.,
2010), are required to delineate species properly.
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A Lagrangian model (forward-in-time simulations)
was then used to model and predict potential /. elongata
larval spatial connectivity patterns in the Mediterranean
Sea. The results of this study can inform conservation
strategies aimed at preserving deep-sea coral species and
their associated biodiversity within the Mediterranean
Sea. Moreover, the combination of these two approaches
(modelling and genetics) can help clarify the processes
that influence the genetic structuring and dispersion of
deep-water corals.

Materials and Methods
Sample collection

Isidella elongata samples were collected from 2017
to 2022 at 33 sites in six areas of the Mediterranean Sea
(Table 1, Fig. 1). Most of the samples were obtained from
the Mediterranean International Trawl Survey (MEDITS)
programme, an annual bottom trawling survey conduct-
ed across various regions of the Mediterranean Sea since
1994; the surveys, realized in late spring to early summer,
adopt a standardised sampling methodology (MEDITS,
2017). All samples were frozen on board and morpholog-
ically identified at the species level in the laboratory. Tax-
onomic identification of . elongata was carried out ac-
cording to Carpine & Grasshoff (1975) and Rossi (1971).
The species has a whitish colour and presents a typical
candelabra-like morphology, with numerous branches
and non-retractile polyps. The skeleton presents a clear
alternation of white carbonate internodes and brown
protein nodes similar to joints, from which the branches

20°0'0"E 30°0'0"E 40°0'0"E

Fig. 1: Geographic location of the sampling sites. Black circles indicate sites where Isidella elongata was sampled. The habitat
suitability of the species in the Mediterranean Sea is also shown (from Georges et al., 2024).
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originate (Bayer & Stefani, 1987), as well as a root-like
structure that anchors the colony in the compact mud. Af-
ter species identification, a fragment of coral tissue was
collected from each sample and kept in 96% ethanol for
DNA extraction.

DNA extraction and sequencing

Coral tissue from the polyps was ground prior to
DNA extraction using the BIORON GmbH “Ron’s Tis-
sue DNA Mini Kit”. Fragments of the mtDNA markers
COI and MutS and the complete nuDNA Internal Tran-
scribed Spacer 2 (ITS2) were amplified through Polymer-
ase Chain Reaction (PCR). The primer pair “LCO1490”
and “HCO2198” (Folmer et al., 1994) was used to am-
plify COI, whereas the primer pair “Co3Bam5657f”
(Brugler & France, 2008) and “MUT3458R” (Sanchez
et al., 2003) was used to amplify the MutS marker; the
ITS2 nuDNA marker was amplified using the primer pair
“ITSc2-5” and “R28S1” described by Flot et al. (2008).

The COI fragment was amplified in a 25-ul volume
containing 1.5 pl of genomic DNA, 2.5 pl of Buffer 10X
(including 15 mM of MgCl,), 0.3 ul of dNTPs (10 mM
of each), 0.3 pl of forward and reverse primers (10 uM),
0.35 pl of BIORON DFS-Taq DNA Polymerase SU/uL,
and 19.75 pl of double-distilled water. After an initial 5
min denaturation phase at 96 °C, the PCR consisted of 35
cycles with denaturation (1 min at 95 °C), annealing (1
min at 48 °C) and extension (1 min at 72 °C), plus a final
extension cycle of 8§ min at 72 °C. The MutS PCR mix
and thermal cycles consisted of 1 pL of genomic DNA,
2.5 uL buffer 10X including 15 mM MgCl, solution, 0.5
pL dNTPs (10 mM of each), 0.5 pL of forward and re-
verse primers (10 uM), 0.3 uL BIORON DFS-Tag DNA
Polymerase 5U/uL, and 19.7 pL double-distilled water,
for a total volume of 25 pL. The thermal cycle consisted
of a 2 min denaturation step at 94 °C, followed by 35 cy-
cles with denaturation (1 min at 94 °C), annealing (1 min
at 56.5 °C) and extension (1.30 min at 72 °C), followed
by a final 5 min extension step at 72 °C. Lastly, the ITS2
nuDNA fragment was amplified in 25-pL volume includ-
ing 1.5 pL of genomic DNA, 2.5 puL buffer 10X (with 15
mM MgCl,), 0.5 uLL. dNTPs (10 mM of each), 0.5 pL of
both forward and reverse primers (10 uM), 0.3 pL BI-
ORON DFS-Taq DNA Polymerase SU/uL, and 19.2 pL
of double-distilled water. The thermal cycle consisted of
initial denaturation at 94 °C for 1 min, followed by 40
cycles with denaturation at 94°C for 30 sec, annealing at
53 °C for 30 sec, and extension at 72 °C for 1.15 min, and
then a final 7 min extension at 72 °C.

PCR products were separated using 1% agarose gel
electrophoresis and visualized through a UV transillumi-
nator. Only samples that displayed a unique clear band
of the expected length for the marker used were purified
using the Exo-SAP-IT® kit (Affymetrix USB) and sub-
sequently sequenced with an ABI 3130xL sequencer by
Macrogen Inc. (Madrid, Spain). The primers used for the
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PCRs were also used for the sequencing of PCR prod-
ucts. In addition, as some of the ITS2 Sanger sequenc-
es showed poor quality due to contamination by other
organisms (notably Funicularia), we resequenced these
individuals (as well as a few additional ones) using the
LSK114 Nanopore kit on a Flongle flow cell to facili-
tate the cleaning and deconvolution of the mixed traces
of heterozygous individuals. COI and MutS chromato-
grams were checked and edited using MEGA11 (Tamu-
ra et al., 2021) and aligned using the Clustal W method
(Thompson et al., 1994), as implemented in the software
MEGAI11. ITS2 forward and reverse sequences were as-
sembled together as suggested by Fontaneto ef al. (2015),
using Sequencer v4.1.4 (Gene Codes). Haplotypes were
reconstructed from mixed Sanger sequencing traces using
Champuu (Flot & Tillier, 2006; Flot, 2007; Spori & Flot,
2024) and SeqPHASE (Flot, 2010; Spori & Flot, 2024)
and were aligned using Mafft’s E-INS-i mode (Katoh et
al., 2019). All novel Isidella elongata sequences were
deposited in GenBank (accession numbers PX274210 for
COlI, PX283514-PX283549 for MutS and PX275455-
PX275510 for ITS2).

To compare the new MutS sequences with those pub-
licly available, 39 Isidella spp. sequences were down-
loaded from GenBank and included in the analyses (see
Fig. 3A for their accession numbers). All sequences were
aligned using the MAFFT web server (available at http://
mafft.cbre.jp/alignment/server/large.html; Katoh et al.,
2019). Moreover, the software MEGA11 (Tamura et al.,
2021) was used to identify possible misalignments by
visual inspection. Lastly, to detect any sequencing errors
or the occurrence of pseudogenes, all MutS sequences
were translated into amino acids, allowing the identifica-
tion of frameshifts and stop codons.

Bayesian inference (BI) of phylogeny, as implement-
ed in the software package MrBayes v. 3.2.7 (Ronquist et
al., 2012), and maximum likelihood (ML) analyses, using
PhyML v. 3.0 (Guindon et al., 2010), were performed on
the mtDNA MutS dataset to investigate phylogenetic re-
lationships among the analysed sequences. The best evo-
lutionary model was selected from among those analysed
by MrBayes using Bayesian model choice criteria (nst
= mixed, rates = invgamma). Two independent MCMC
analyses were conducted with 1,000,000 generations
each. Trees and parameter values were sampled every
1,000 generations, discarding the initial 25% of trees as
burn-in, resulting in 10,000 trees for each analysis. Con-
vergence of chains was assessed to ensure proper mixing,
reaching an ESS (Effective Sample Size) > 200 in all the
performed analyses. Bootstrap values were calculated
with 1,000 replicates in the ML trees, whereas posterior
probability (PP) values were reported for the BI trees.

Haplotype networks, including all the novel /. elon-
gata sequences, were built for the mtDNA MutS and the
nuDNA ITS2 datasets using the Median-Joining method
(Bandelt et al., 1999) implemented in the HaplowebMak-
er online tool (Spori & Flot, 2020) available at https://
eeg-ebe.github.io/HaplowebMaker/.
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The Lagrangian model

A Lagrangian forward-in-time simulation model was
used to study the dispersal of Isidella elongata larvae
from the sampled locations (Fig. 1). This approach as-
sumes that eggs and larvae act as passive particles trans-
ported by sea currents. Their movement is determined
by a three-dimensional marine velocity field, which in-
cludes data from both large-scale and small-scale simu-
lations to account for turbulence in marine currents. The
main large-scale marine current velocity fields were ex-
tracted from the Mediterranean Sea physical reanalysis
(MEDREA) system (available at https://doi.org/10.48670/
mds-00375). This dataset, referred to as U, .., comprises
daily averaged northward and eastward velocity compo-
nents of marine currents in the Mediterranean Sea with
a horizontal grid resolution of 1/24° (approximately 4-5
km) in 141 unevenly spaced vertical levels. In addition,
two artificial time-dependent, smaller-scale velocity
fields named U, , and U, were incorporated to capture the
nearly chaotic complexity of marine currents. The U2D
field, a bidimensional velocity field, was used to replicate
both i) unresolved sub-mesoscale processes or sub-grid-
scale variations that were poorly resolved at the resolu-
tion of the MEDREA reanalysis, given that these features
are often associated with dynamics occurring at or below
the scale of the Rossby radius in the Mediterranean (~10
km, Grilli & Pinardi, 1998): and ii) the super-diffusive
Richardson regime (see Lacorata et al., 2008, 2014). The
U,, field is a three-dimensional velocity field designed
to simulate turbulent vertical mixing by introducing 3D
vortical structures that can extend to 40 meters in depth.
These fields were designed to enhance the model’s ac-

curacy in representing the dynamic, complex nature of
marine currents at these critical scales (Fig. 2). The model
has been successfully applied to analyse the connectivity
patterns of various species in the central Mediterranean
Sea, both in the forward-in-time context (Gargano et al.,
2017, Palatella et al., 2014; Quattrocchi et al., 2019) and
in the backward-in-time context (Gargano et al., 2022);
full model details are reported in the Appendix.

The model setup is essentially based on information
available on the species. Previous research has suggested
that deep Mediterranean gorgonian species have a single
reproductive season during summer, similarly to shallow
species (Chimienti et al., 2019). Our scenario analyses
were therefore performed using daily averaged currents
during June and July. Although the duration of the pe-
lagic larval period is unknown for /. elongata, Hilario et
al. (2015) report a range of between 7 and 90 days for
alcyonacean corals and gorgonians, whereas other stud-
ies consider an average of 60 days (L. Bramanti, person-
al communication; Metaxas et al., 2019). The Isidella
elongata larvae show low dispersal ability (Otero et al.,
2017). Two dispersal components have been observed in
other coral species: a passive component defined by the
larvae (in general negative, leading to sinking) and an ac-
tive component determined by larval swimming activity
(Martinez-Quintana et al., 2015; Mulla et al., 2020).

In view of this, particles were released daily during
June and July and tracked forward in time for 60 days.
From 2016 to 2020, a total of 3,960 Lagrangian particles
(1,980 pairs following the quasi-Lagrangian approach,
see the Appendix for details) were released daily through-
out June and July. The designated release areas coincide
with regions where the species is known to be present

0.7

0.6

0.5

EO

Fig. 2: Large-scale oceanographic circulation in the Mediterranean Sea; the monthly mean for July 2018 is shown as an example
because some patterns and values are relatively stable over time. The colour scale indicates the intensity of the currents expressed
as velocity (meters/second), with blue indicating low velocity and yellow high velocity. Red circles indicate points where Isidella
elongata was sampled (release points in the Lagrangian simulations).
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(Fig. 1). Notably, 60 pairs were randomly positioned
within 33 squares, each spanning 0.05° x 0.05°, centred
on the locations indicated in Table 1. As information on
the larval behaviour of Isidella elongata is scarce, two
distinct scenarios were explored to account for potential
unknown factors influencing larval dispersal. In the first
scenario, S_ . particles were randomly placed throughout
the water column, whereas in the second, Ssup, they were
released at the water surface. The first scenario is based
on the understanding that vertical mixing and weak-mod-
erate buoyancy effects could rapidly distribute the re-
leased eggs across the water column, and simulations are
set to begin after this distribution time. This assumption
is particularly relevant in the upper layers, where mixing
is more effective. The second scenario aims to examine
the potential for significant dispersal processes, assuming
that larvae exhibit strong active swimming capabilities
or buoyancy that significantly affect the vertical mixing
process (assuming it is enhanced by swimming and hin-
dered by buoyancy due to lipid content). These scenarios
were selected to account for various vertical behaviours
that have not yet been studied in this species, providing a
deeper understanding of the dispersal process.

Hotspot identification and correlation index

Potential arrival areas for Isidella elongata larvae
were identified and mapped through hotspot analysis.
The Mediterranean region was divided into 1/8 © x 1/8 °©
(14 km x 14 km) cells, larger than the resolved cells of the
UMES, excluding the inland cells. For each year, parti-
cle counts were performed within each cell every 6 hours
during the final ten days of their dispersal, resulting in 40
sampling times per particle. The abundance index of each
cell was subsequently calculated for each year by sim-
ply summing all the particle counts for each individual
cell. The Getis-Ord gi* analysis (Getis & Ord, 1992) was
applied to identify the arrival hotspots of . elongata Q
based on the analysis of the z-score (or p-level) values for
each cell, calculated by averaging the eight neighbouring
cells. Following Gargano et al. (2017), for each year, cells
with a z-score above a threshold value (zthr = 4) were
identified as hotspots. This threshold was selected after
several trials to overcome the zero-inflated nature of the
data, as many cells had few or no particles. This approach
aims to highlight true abundance, avoiding the identifica-
tion of an excessive number of hotspots with only a few
particles. In the various trials (not shown here), relatively
small changes in the threshold (in the range 2—6) did not
alter qualitative outcomes: the abundance index retained
its peak in the same areas, and the hotspot region around
the peaks only slightly decreased or increased whenever
the threshold value was lowered or raised. After identi-
fying hotspot cells for each year, we calculated the num-
ber of years in which each cell was marked as a hotspot
relative to the total number of years. This ratio, ranging
from 0 to 1, is referred to as a persistence index (PI) and
reflects how consistently a cell is classified as a hotspot
over time. In our analysis, we established a Correlation
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Index (CI) to link the initial spawning areas with signif-
icant hotspots, namely regions where the Pl was at least
0.5. The CI was calculated using a methodology similar
to the one adopted by Huret et al. (2007) and Gargano et
al. (2022). In particular, for a generic particle i initially
released in the year j in spawning region s, the correlation
index with the nursery n, CI;”" , is defined as the portion
of time (values in the range tO,l]) that a particle spends
over the selected arrival area in the last 10 days of its
dispersal (we checked for the position of a particle every
six hours to obtain a more refined result with 60 samples).
The global CL*" for the s-th spawning area and n-th set-
tlement areas in the period 2016-2020 was then computed
as the mean value of the various CT Z]" over the years and
the number of particles:

2020
DTN
crom={ = s
j=2016 J

where N is the total number of particles released in the
year j. This value, always in the range [0,1], can be con-
sidered a measure of the contribution of each release arca
to recruitment in the various arrival areas.

Results
DNA extraction, amplification and sequencing

Overall, 37 specimens were identified as Isidella
elongata using morphological criteria (Table 1). The
mitochondrial COI and MutS markers were successful-
ly amplified in 37 and 36 individuals, respectively; ITS2
sequences were produced for a subset of 34 individuals
only, since some of the obtained chromatograms were
heavily contaminated and were therefore discarded (see
Table 1 for further information). Results of the mtDNA
COI and MutS translation into amino acids did not reveal
stop codons and showed an amino acid sequence shared
across the sequences. The COI sequences obtained (with
a length of 636 bp) showed no variation among the ana-
lysed samples, leading us to exclude this mitochondrial
gene from the analyses, and to provide the only haplo-
type found as a reference sequence (GenBank accession
number PX274210). For the other mtDNA marker used
in the present study (i.e., the MutS homologue), the in-
ferred BI and ML phylogenetic trees, based on an 819
base-pair long fragment including both novel and pub-
lished sequences, were rooted on Mopseidae sp. (Gen-
Bank accession number ON109717). Both phylogenetic
trees showed a congruent clustering of the analysed se-
quences with a well-supported topology. Nevertheless,
our novel sequences all clustered within the same clade,
indicating low intraspecific variation (uncorrected p-dis-
tance of 0.05%).

The haplotype network based on the mtDNA frag-
ment revealed four haplotypes, of which three were ex-
clusive and one was shared among different geographic
areas, with the only exception of the Aegean samples. All
the remaining haplotypes detected were connected to the
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connected by heterozygous individuals in the haploweb
(Fig. 3C) confirms that they all belong to a single species
or “field for recombination” (FFR) following the criteri-
on of mutual allelic exclusivity (Doyle et al., 1995; Flot
etal.,2010).

main common haplotype by one to three mutational steps
(Fig. 3B).

The Isidella elongata haplotype network based on
the nuclear ITS2 marker (593-bp long) shows five hap-
lotypes, of which three were shared among populations

and two were exclusive. The fact that all haplotypes were
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Fig. 3: A) Bayesian phylogram of Isidella spp. sequences based on the 819-bp long mtDNA MutS fragment. A sequence of Mop-
seidae sp. (A.N., ON109717) was used as outgroup. Node statistical support is reported as nodal posterior probabilities (Bayesian
Inference of phylogeny, BI) and bootstrap values (Maximum Likelihood, ML). Novel mtDNA MutS Isidella elongata sequences
are reported in bold. B) Median-joining haplotype network based on the novel mtDNA MutS Isidella elongata sequences. Dashes
indicate substitution steps. Each circle represents a haplotype, and its size is proportional to its frequency. Colours refer to those
reported in Figure 3A. C) Median joining haplotype network based on the novel 593-bp long nuDNA ITS2 Isidella elongata se-
quences. Dashes indicate substitutions steps. Haplotypes found co-occurring in heterozygous individuals are connected by Bézier
curves, the thickness of which represents the frequency of these heterozygotes. Each circle represents a haplotype, and its size is
proportional to its frequency. Colours are as in Figure 3A.
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Regional-scale connectivity patterns

The results of Persistent Index analysis for both sce-
narios (S . and Ssup) and connectivity patterns (Tables 2
and 3) are shown in Figure 4. In the S scenario, signifi-
cant arrival areas having a PI of at least 0.5 were predomi-
nantly located near the release areas, indicating a possible
high level of local retention. This result was also support-
ed by the calculated CI index (Table 2), which in some
cases indicated moderate-high values between proximate
release and arrival areas. For example, release area R1
(Gulf of Lion) had a CI value of 0.24, with arrival area
A1l also located nearby (Fig. 4A). The R2 release area
(Corsica) was highly correlated (CI=0.47) with arrival
area A12 (Corsica), and the two areas overlaped almost
entirely. By contrast, release area R3 (Sardinia Channel)
showed a more intricate CI structure. The highest CI
(0.3426) was associated with arrival area A7, which in-
cluded the area around the spawning sites in the Sardinia
Channel. A lower CI of 0.0091 also indicates connectivity
with A9, the smaller arrival area near the southwestern
coast of Sardinia.

Our results showed weaker connections (CI of order
10), with arrival areas Al and A3, located in the Strait
of Sicily (Table 2; Fig. 4A). There was minimal but ob-
servable connectivity (CI of the order 10) with arrival
area Al12 in Corsica. Release area R4 (Strait of Sicily)
primarily connected to arrival area A3 near the Sicilian
coast (CI=0.1647). A weaker connection was also ob-
served with arrival area A1, which is closer to the African
coast (CI=0.0246; Fig. 4A), and with the large A5 arriv-
al area situated in the western Ionian Sea, off the coast
of Sicily (CI=0.0003). In the Ionian Sea, release area RS
showed the strongest connectivity with arrival area A5

(western lonian Sea), located close to the release area
(CI=0.3731), and to a lesser extent with arrival area A8
(CI=0.0028), which could actually be considered a part
of AS (Fig. 4A). Lastly, release areas R6 (eastern lonian
Sea) and R7 (Aegean Sea) were predominantly connected
to arrival areas A6 and A4, respectively, almost overlap-
ping with the release sites: R6 had a CI=0.3836 with A6,
and R7 had a CI=0.6632 with A4 (Table 2; Fig. 4A).

In the SSup scenario, the stronger surface currents lead
to enhanced dispersal, with some similarities in the ar-
rival areas like in the previous scenario; however, CI
values were much lower than in the S scenario (Table
3; Fig. 4B), with a reduced number of hot spots. There
were some differences; for example a new arrival area,
A1, was identified near the Tunisian coast (the Gulf of
Gabés), whereas arrival areas Al and A3 (in the Strait of
Sicily) of the S . scenario no longer appeared. Release
area R1 (Gulf of Lion) showed moderate connectivity
with arrival areas AS and A6 (Balearic Sea), which are
part of the larger structure near the Spanish coast, and had
a CI of 0.106 and 0.043, respectively. Release area R2
(Corsica) predominantly connected with arrival area A7
(Ligurian Sea), exhibiting a moderate CI=0.114. There
was also weak but noticeable connectivity (CI= 0.009)
with arrival area A3 (Sardinia Channel). Release area R3
(Sardinia Channel) displayed a weak to moderate correla-
tion with nearby arrival areas A3 andA4 (ClIs of the order
of 10?). Release area R4 (Strait of Sicily) had a connec-
tion with arrival area Al only (Gulf of Gabés), showing
a weak CI=0.016. Release area RS (western Ionian Sea)
had a moderate connection with arrival arca A2, with
CI=0.130. Lastly, release areas R6 and R7 (eastern lonian
Sea and Aegean Sea) did not correlate with any arrival
areas (Fig. 4B).

Table 2. Correlation Index (CI) for the Sunif scenario between release areas (R1-R7) and arrival areas (A1-A12) shown in Figure
4A. The higher values (>0.10) of the CI representing the correlation between release and arrival areas are shaded in grey. Arrival
areas A2 and A10 are not indicated in the figure as these show no correlation
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Fig. 4: Arrival areas A1-A12 (areas for which hotspot analysis yielded a persistence index of at least 0.5 in both scenarios) are
shown and outlined by the dark-blue contour lines. The uniform release scenario output is shown in the top map (A), and the
surface release scenario output is shown in the bottom map (B). In panel (A), areas A2 and A10 are not shown as they have zero
connectivity in that scenario. As the velocity of the currents is different in the water column, the output of the surface release sce-
nario (B) indicates a wider dispersion of the Isidella elongata larvae than in the uniform scenario (A). Grouped release sites are
marked with green dots labelled R1-R7.

Table 3. Correlation index (CI) for the Ssup scenario between release areas (R1-R7) and arrival areas (A1-A12) shown in Figure
4B. The higher values (>0.10) of the CI representing the correlation between release and arrival areas are shaded in grey.

Al A2 A3 A4 A5 A6 A7
Release/Arrival areas Gulf of Gabés Western Sardinia Sardinia Balearic Balearic Ligurian
u Ionian Sea Channel Channel Sea Sea Sea
R1
Gulf of Lion 0 0 0 0 0.106 0.043 0
R2. 0 0 0.009 0.000 0 0 0.114
Corsica
R3
Sardinia Channel 0 0 0.073 0.01 0 0 0
R4
Strait of Sicily 0.016 0.000 0 0 0 0 0
R5
Western Ionian Sea 0 Wil 0 0 0 0 0
R6
Eastern Ionian Sea 0 0 0 0 0 0 0
R7
Aegean Sea 0 0 0 0 0 0 0
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Discussion

This study provides new insight into connectivity pat-
terns and the genetic structure of populations of the crit-
ically endangered deep-water coral Isidella elongata at
the Mediterranean scale. The combination of molecular
analysis and Lagrangian particle tracking modelling is a
framework that can be applied to similar studies and can
be used to inform fisheries management plans while en-
suring biodiversity conservation through the designation
of areas for protection of VMEs.

Our morphological and molecular results confirm
that all the investigated Mediterranean coral populations
belong to Isidella elongata (Fig. 3). However, the phy-
logenetic position of one of the two publicly available /.
elongata sequences (KX530082) raises concerns that the
specimen used to produce it may have been misidentified
(as suggested by Saucier, 2016). Conversely, the other
available 1. elongata MutS sequence (i.e., KC660937)
clustered together with our novel MutS sequences, sug-
gesting the soundness of our data. The nuDNA ITS2
results (Fig. 3C) show a higher genetic structuring with
all of the detected haplotypes were connected by hete-
rozygous individuals, implying that some individuals
of the studied populations may have had or still have a
connection with other distant Mediterranean populations.
Similar studies have investigated the genetic structure
of the deep-sea scleractinian Desmophyllum pertusum
across the Mediterranean Sea and the northeast Atlantic
through the use of specific microsatellite markers and ri-
bosomal internal transcribed spacer (ITS) markers ITS1
and ITS2; results indicate genetic structuring of D. pertu-
sum in the sampled locations, which was greater among
fjord populations than open sea populations. Geographi-
cal distance did not correlate with genetic differentiation
among the subpopulations distributed along the European
margin (Le Goff-Vitry et al., 2004). Other studies have
evidenced strong genetic differentiation among popula-
tions of other octocorals (Paramuricea clavata) at differ-
ent spatial scales (from local to basin scale) and across
depths (at local scale) (Mokhtar-Jamai et al., 2011). Such
high genetic structuring was also observed at the region-
al scale for both Corallium rubrum and P. clavata in the
northwestern Mediterranean Sea, suggesting that similar
mechanisms such as hydrodynamic and oceanographic
barriers (e.g., presence of fronts) may influence the
well-defined structure of these species (Mokhtar-Jamai et
al.,2011; Ledoux et al., 2010a). Another important factor
driving gene differentiation among populations of octo-
corals (e.g., P. clavata and C. rubrum) is distance, most
probably because of the short larval dispersal distance of
many species (Mokhtar-Jamai et al., 2011; Ledoux et al.,
2010a; Ledoux et al., 2010b). Similarly, our results for
1. elongata reveal a marked genetic structure: for some
areas, this is probably linked to the distance between sites
where the samples were collected.

The results of the Lagrangian model for both scenar-
ios suggest the presence of persistent pathways, support-
ing the self-sustaining nature of the populations, especial-
ly in the central Mediterranean Sea. For example, in both

1062

scenarios, outputs suggest that the Sardinia Channel is a
highly suitable habitat for Isidella elongata and is a larval
arrival hotspot; although to a lesser extent, this result was
also found for the western Ionian Sea and the Aegean Sea
(Fig. 1; 4). Lagrangian model results suggest that areas
with suitable habitats (Fig. 1) represent corridors of con-
nectivity between slope populations and other deep-slope
populations benefitting from passive larval dispersal.

There are some differences between the two scenari-
os: the output of the S . scenario clearly identifies hot-
spots for the arrival of Isidella elongata larvae (Fig. 4A),
whereas these are less evident in the S_ scenario (Fig.
4B). This is likely to depend on the different scenario
settings, particularly the depth at which the larvae meet
the current that transports them; this suggests that verti-
cal larval behaviour has a role in the connectivity pattern
of this species. The S scenario exhibits a substantial
local retention of larvae in proximity to the release areas,
whereas the S_ scenario shows extensive larval disper-
sal, as expectedi particularly in the Gulf of Lion and the
Strait of Sicily. These differences may be ascribed to the
much stronger currents on the sea surface than at depth
in the water column; the dispersion pattern in the SSup
scenario is therefore wider than in the S scenario. The
case of the Strait of Sicily represents a good example of
this difference between the two scenarios (Fig. 4). Here
dispersal occurs over a larger area in the S_  scenario,
likely due to the strong currents in this part of the Medi-
terranean Sea. However, even with wide dispersal, there
is some agreement between results from the two scenari-
0s, mainly for the Ionian Sea and Sardinian Channel. We
acknowledge that the lack of information on /. elongata
larval behaviour represents a limitation for this type of
study (Leis, 2021), as highlighted in similar studies on
deep-sea corals (Sciascia et al., 2022).

Our results for the uniform release scenario agree with
previous findings on 1. elongata, in particular the limited
dispersal ability (Otero et al., 2017); the same has been
observed in other gorgonian species such as Paramuni-
cea clavata, for which population genetics indicates that
short-distance dispersal is the most frequent (Coelho et
al., 2023). Knowledge of the larval behaviour of coral
species is still incomplete because most species live at
great depths, where it is quite difficult to collect data.
Other studies have attempted to investigate the behav-
iour of larvae and the duration of the larval phase in other
corals (Kenchington et al., 2019; Sciascia et al., 2022;
Wang et al., 2022); the few available reports indicate a
pelagic larval stage lasting 7 to 90 days (Hilario et al.,
2015). Various studies based on population genetics,
experimentation and in situ surveys suggest that larval
retention in Mediterranean octocorals is high. With re-
spect to other well-studied coral species such as Coral-
lium rubrum, which is found at depths of 5-800 m and
has a limited dispersal range (22.6-32.1 cm; Ledoux et
al., 2010a), there is very little information on the larval
behaviour and dispersal of /. elongata. Experiments con-
ducted on the gorgonian P. clavata indicate that the plan-
ulae of this species are able to postpone metamorphosis
for a few days, suggesting a high dispersal potential (also
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considering that this species is found in areas with rather
high water velocities); however, in the case of P. clava-
ta, larval sinking and adhesion to the substratum occurs
near maternal colonies (Coma et al., 1995; Linares et al.,
2008; Mokhtar Jamai et al., 2013). This mechanism is
different for other corals species, and dispersal distances
vary from tens to hundreds of km (see Linares et al., 2008
and references therein).

Results for the S scenario suggest that larvae are
less likely to reach the surface and be carried by surface
currents across the Mediterranean. Nevertheless, outputs
for this scenario suggest that hotspots for the arrival of
Isidella elongata larvae are present in the Ionian Sea and
the Sardinian Channel; these results are similar to those
of the S . scenario. As the larval behaviour of corals can
differ widely (Mulla et al., 2020), future research should
focus on this aspect. Larval position in the water column
is important for the dispersal of many benthic species
taxa, and traits regulating the vertical position of ben-
thic species affect their dispersal (Queiroga et al., 2007).
Future studies should focus on investigating the connec-
tivity of deep-water corals through combined molecular
analysis and modelling: for example, dispersion models
and habitat suitability modelling are widely used to un-
derstand relationships between species distribution and
environmental conditions.

Our findings on genetic clustering and dispersal pat-
terns suggest that there is Isidella elongata connectivity
across the Mediterranean Sea. This is further confirmed
by the haplotypes found in all samples (Fig. 3), although
some differences emerged in the Aegean Sea, the lonian
Sea and the Ligurian Sea. The apparent difference be-
tween genetic results and the output of the Lagrangian
model may reflect differences in the spatial and temporal
resolution of the two adopted methods: genetic markers
capture the gene flow over multiple generations, where-
as Lagrangian simulations estimate present-day potential
connectivity based on sea currents. The limited observed
dispersal pattern (already proposed for /. elongata; Ote-
ro et al., 2017) can probably be ascribed to the fact that
1. elongata connectivity likely occurs through “step-
ping stones”, which means that genetic information has
been flowing across different areas of the Mediterranean
through patches where the species is present. However,
due to the severe impact of bottom trawling and habitat
degradation (Otero et al., 2017), many of these “inter-
mediate” populations may have been extirpated in the
last decades. As a result, only a few populations remain:
while these are still genetically similar due to past con-
nectivity, considering the resolution of the genetic mark-
ers used in this study (see Fig. 3), early signals of genetic
differentiation are beginning to appear. The observed pat-
tern may reflect an ongoing divergence process shaped by
reduced gene flow, enhanced genetic drift and inbreeding.
Long-term genetic monitoring, along with demographic
modelling, will be essential in assessing its progression
and in evaluating appropriate conservation efforts to be
implemented.
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Implications for biodiversity conservation

One of the objectives of EU policies (European Com-
mission, 2023) is the conservation of Vulnerable Marine
Ecosystems (VMEs) while improving the environmen-
tal sustainability of deep-sea fisheries. The protection of
VMEs calls for the designation of a network of Fisheries
Restricted Areas (FRAs) where all fishing activities (in-
cluding longlines) are prohibited. To achieve full protec-
tion it is therefore necessary to both identify the location
of species hotspots and acquire knowledge of connectiv-
ity corridors. This combined approach based on molecu-
lar and modelling techniques could be an innovative tool
for identifying suitable areas for the conservation of the
deep-sea habitats.

Some examples of a network of FRAs for the protec-
tion of VMEs are found in the northeast Atlantic, where
several VME habitats have been mapped (ICES, 2020),
although these are only based on species distribution mod-
els; the Mediterranean is lagging behind, with only four
FRAs designated for the protection of different VMEs
across the whole basin. The results of the present study
can be used to inform decision-making processes pertain-
ing to the identification of a Mediterranean network of
areas for the protection of the VME identified by the pres-
ence of Isidella elongata. In particular, identified disper-
sal patterns can be used as a basis for further investigation
and for future fishery management plans to mitigate the
impact of bottom trawlers on VMEs. In this context, it
should be noted that, based on the historical development
of trawling for deep-water red shrimp (DWRS), Fior-
entino et al. (2024) proposed a management approach
for deep-water bottom trawling where, together with
the adoption of a catch control regime, fishing is only
allowed in selected areas with low presence of critical
habitats and high DWRS catch rates. Our results support
the ongoing mapping of the habitat suitability of VME
indicator species affected by climate and fishery impacts
at the Mediterranean scale (Georges et al., 2024; Millot
et al., 2024). Given that rapid intervention is required to
protect endangered species, it is important to understand
all ecological aspects that influence and explain their spa-
tial patterns. This is because several processes affect pop-
ulation connectivity (e.g., larval behaviour, availability of
suitable habitat, biotic interactions and fishing pressure),
resulting in complex, varied connectivity patterns. From
a conservation standpoint, it is important to identify are-
as that support vulnerable habitats while considering so-
cio-economic limitations.
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APPENDIX

The lagrangian model

The first velocity field U, = (u

2D’

v,,) is obtained from the stream function

Y= %sin[k(x — esin(wt)] sin[k(y — & cos(wt)]

i.e. 0¥ = vypand d,¥ = —uyp, where 4 = 0.1 m/s, e = 0.1l, w = 2w Ay/Iy and k = 27/Iy; I, =20 km. The second

superimposed velocity field is a 3D field U, = (u
0,1 = uzp, ;P = —V3p, =0, Py + 0, P, = wyp,,
The components (@, ®,) are defined according to

3D’

V., W), is obtained from the potential vector @ = (@1, ®;) as

A
¢, = k—lsin[kl (x — & sin(wq t)] sin[k, (z — & cos(w4t)],

1

A
P, = —Zsin[kz(x — &5 sin(w,t)] sin[k,(z — &, cos(w,t)],

ka

where 4, =0.036 m/s, ¢, =0.21, w ,=27A /I , k =27/l , A, = 0.041 m/s, £ =0.21 &,=0.21,, w,=2m A/l,, k, = 2n/I, where
I,=30 mand /, =42 m. Moreover, to address the absence of the “sweeping” effect due to the transport of small ed-
dies trough the larger and more energetic eddies, see Thomson and Devenish (2005) and Lacorata et al. (2014), the
quasi-Lagrangian approach was adopted. According to this approach, each pair of initially close particles moves in

its own kinematic field anchored to its mass center, advected by the main current velocity field U
motion of the particles is governed by the velocity fields U,

D

wrs» and the relative
and U, . In particular, given r, (1) = &, 0.y, z,,

(1)) the position vectors (longitude, latitude and depth) of two initially close particles , 7 (2) = (x.(2), y.(1), z (1)) the
mass center of the two particles and r,,(1) = (x,, (1), v, , (1), z,, (1)) the relative coordinates computed in frame of
reference centered in 7 (7), the time evolution of the pair is obtained by the system of equations

dx

dy

dt
dz _
dt

(5 = taars G ) + 2 (2, + w3 )
— = Vurs(Ve, t) + v2p (¥, t) + v3p (¥, 0)

wsp (2, t)

The numerical solutions of the Lagrangian system were derived using a fourth-order Runge-Kutta temporal scheme

with a time step of 120 seconds. As the velocity field U

. . . o MES . . . . .
U, ;s (.(9) Jat 7 (1) is obtained through horizontal bilinear interpolation on the nine grid cells surrounding. Since U

exhibits temporal discontinuity when transitioning from one day to the next, U

is provided in specific cell positions, the exact value of

MFS

wrs Was linearly weighted between two

consecutive days from 16:00 PM to 00:00 AM, ensuring that the velocity field of a specific day smoothly transitioned
to that of the following day. Finally, reflective boundary conditions for the particles were imposed along the basin

boundaries.
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