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In highly fragmented and relatively stable cold-seep ecosystems, species are
expected to exhibit high migration rates and long-distance dispersal of long-
lived pelagic larvae to maintain genetic integrity over their range. Accordingly,
several species inhabiting cold seeps are widely distributed across the whole
Atlantic Ocean, with low genetic divergence between metapopulations on both
sides of the Atlantic Equatorial Belt (AEB, i.e. Barbados and African/European
margins). Two hypotheses may explain such patterns: (i) the occurrence of
present-day gene flow or (ii) incomplete lineage sorting due to large
population sizes and low mutation rates. Here, we evaluated the first
hypothesis using the cold seep mussels Gigantidas childressi, G. mauritanicus,
Bathymodiolus heckerae and B. boomerang. We combined COI barcoding of
763 individuals with VIKING20X larval dispersal modelling at a large spatial scale
not previously investigated. Population genetics supported the parallel evolution
of Gigantidas and Bathymodiolus genera in the Atlantic Ocean and the
occurrence of a 1-3 Million-year-old vicariance effect that isolated populations
across the Caribbean Sea. Both population genetics and larval dispersal
modelling suggested that contemporary gene flow and larval exchanges are
possible across the AEB and the Caribbean Sea, although probably rare. When
occurring, larval flow was eastward (AEB - only for B. boomerang) or northward
(Caribbean Sea - only for G. mauritanicus). Caution is nevertheless required since
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we focused on only one mitochondrial gene, which may underestimate gene
flow if a genetic barrier exists. Non-negligible genetic differentiation occurred
between Barbados and African populations, so we could not discount the
incomplete lineage sorting hypothesis. Larval dispersal modelling simulations
supported the genetic findings along the American coast with high amounts of
larval flow between the Gulf of Mexico (GoM) and the US Atlantic Margin,
although the Blake Ridge population of B. heckerae appeared genetically
differentiated. Overall, our results suggest that additional studies using nuclear
genetic markers and population genomics approaches are needed to clarify the
evolutionary history of the Atlantic bathymodioline mussels and to distinguish
between ongoing and past processes.

KEYWORDS

COl, population genetics, larval dispersal modelling, long-distance dispersal, cold seep

ecosystems, bathymodiolin mussels, Atlantic

1 Introduction

In marine species with a bentho-pelagic life cycle, the
maintenance of a single panmictic population over the species
range often depends on hydrodynamics, the duration of the
pelagic larval phase, the larval behavior, the energetic investment
in reproduction, the number of larvae produced, and the availability
of suitable habitats (Gaines et al., 2007; Cowen and Sponaugle,
2009). In fragmented and unstable environments, the functioning of
a metapopulation depends primarily on an equilibrium between
migration and local extinction (Lande, 1988; Harrison and
Hastings, 1996) in which the process of habitat recolonization
strongly influences the genetic heterogeneity of the species
(McCauley, 1991, Pannell and Charlesworth, 1999). Indeed, when
local populations become extinct at regular time intervals as may
occur in unstable environments, self-recruitment may be
insufficient to ensure population and species persistence.
Migration then becomes essential, with inward migration
contributing to population replenishment and outward migration
allowing the colonization of new territories or habitats. In marine
environments, such processes are often dependent on the pelagic
larval phase (Scheltema, 1986; Roughgarden et al., 1988; Cowen and
Sponaugle, 2009; Shanks, 2009). Global changes and anthropogenic
impacts have been observed even in the deepest marine ecosystems,
and habitat disturbance through climate change, pollution, mining,
oil and gas extraction, net trawling, etc. can alter larval connectivity
by modifying local hydrodynamics, reducing population sizes and
fragmenting habitats (e.g., Baco et al., 2010; Adams et al., 2012; Van
Dover, 2014; Levin and Le Bris, 2015; Le Bris et al., 2017; Vilela
et al,, 2022). It thus appears crucial to investigate larval dispersal
and population connectivity and to identify the main corridors of
gene flow in order to anticipate the potential impacts of human
activities in deep sea ecosystems.

Using a probabilistic model of migration, Hamilton and May
(1977) showed that it is always favorable for a species to disperse
and establish at a respectable distance from the parental genotypes
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even when the habitat is stable and more or less continuous. It is,
indeed, advantageous for a species to produce a number of migrants
greater than half of its descendants in order to make its own genes
persist, even if the cost of migration is very high (Hamilton and
May, 1977). When the habitat is naturally fragmented and stable,
local dynamics needs to be balanced by migration, or the size of
patches (and thus their carrying capacity) must be sufficient to
support each population: a situation rarely met. As a consequence,
the optimal dispersal distance must be large enough to override the
degree of habitat aggregation (Hamilton and May, 1977; Levin et al.,
1984). Olivieri et al. (1995) pointed out, however, that a predictably
perennial habitat with a very low frequency of occurrence may
rapidly favor the coexistence of highly dispersive and non-
dispersive stages. Indeed, dispersing individuals carrying “high-
migration genotypes” will leave local populations and such
genotypes will thus be rapidly lost in the local populations while
they will be overrepresented in newly colonized sites (Olivieri et al.,
1995). The two dispersal strategies may thus co-exist in a
metapopulation as a result of opposite selective processes within
and between populations. In the specific case of ‘nearly-passive’
dispersal (e.g. larval dispersal by ocean currents), the number of
immigrants is often much smaller than the number of emigrants
because a long-distance’ propagule will have a low probability of
finding a suitable settlement site (Shanks, 2009). In such a case,
highly dispersive larvae are likely to be rapidly counter-selected for
species with low to moderate fecundity living in rare perennial
habitats; this might explain why many island-dwelling species have
lost their ability to disperse (MacArthur and Wilson, 1967, Lejeusne
and Chevaldonne, 2006) and/or have adopted a philopatric
behavior (Maes and Volckaert, 2002).

When a habitat is fragmented and locally transient instead of
persistent, the risk of local extinction may eventually cause the
global extinction of a non-dispersive species. It is then reasonable to
assume that the benefits of massive, long-term dispersal far
outweigh the costs, especially when the rate of habitat turnover is
rapid (McPeek and Holt, 1992). In theory, the migration rate of a
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species appears to be positively correlated with the availability of
habitat and negatively correlated with its persistence (Doebeli and
Ruxton, 1997; Travis and Dytham, 1999) although it is also sensitive
to the geographic arrangement of patches in the landscape
(Moilanen and Hanski, 1998). Species inhabiting frequently
occurring but transient habitats are thus expected to show high
migration rates and high dispersal distances (Travis and Dytham,
1999). Dormancy is also another means of survival for species living
in fragmented and transient habitats (Levin et al., 1984). In plants,
both dispersal and dormancy can confer advantages under different
conditions: dormancy, when conditions are unfavorable and
dispersal when conditions vary in space, but both are conditioned
by natural fluctuations in the environment (Snyder, 2006). In the
marine environment, these two processes can be more closely
associated if the dormancy phase is integrated with the dispersal
phase. An example is the case of the specialized vent worm Alvinella
pompeiana since its larvae arrest their development until
encountering the appropriate thermal conditions for adult
survival (Pradillon et al., 2001). High migration rates and
dispersal distances coupled with delayed metamorphosis may thus
represent one of the most powerful evolutionary strategies for
species persistence (Pechenik, 1990).

Cold seeps constitute a fragmented, more or less stable, reduced
habitat along active and passive continental margins associated with
gas/hydrocarbon or brine resurgence zones in all oceans (Hecker,
1985; Sibuet et al., 1988; MacDonald et al., 1989; Jollivet et al., 1990;
Olu et al., 1997; Olu-Le Roy et al., 2004; Yao et al., 2022). These sites
are distributed over a wide range of depths from a few hundred to
more than 7300 meters (Fujikura et al., 1999), and are often
separated by large geographic distances. These deep-sea habitats
support a specialized fauna that relies on chemosynthesis with
sulfur-oxidizing and/or methanotrophic bacteria (Fisher et al,
1987; Barry et al., 2002; Cordes et al, 2009; Duperron et al,
2012). As an adaptation to fragmentation and instability, species
living there are likely to display larval stages favoring long distance
dispersal, for instance, planktotrophic larvae that must ascend to
the surface to feed (Lutz, 1988; Pond et al, 1997; Herring and
Dixon, 1998; Arellano et al., 2014; Yahagi et al., 2017; Kim et al.,
2022) or lecithotrophic larvae with large yolk reserves that can
develop slowly in the deeper portions of the water column where
conditions are oligotrophic and cold (Young, 1994; Chevaldonne
et al,, 1997; Marsh et al., 2001). They are thus good examples of
theoretical predictions promoting long-term dispersal or no
dispersal depending on environmental fluctuations and life-
history traits constraints. Although many species are endemic to a
given geographic area, fine-grained community analysis has shown
that many cold-seep species have a relatively wide distribution (Van
Dover et al., 2002; Olu et al., 2010; Cowart et al., 2013; LaBella et al.,
2017) suggesting putative long-distance dispersal capabilities (Olu-
Le Roy et al., 2007; Young et al., 2012; Teixeira et al., 2013; Arellano
et al, 2014). In accordance, population genetics and molecular
barcoding studies of seep species have suggested the possibility of a
shared history between active margin faunas on both sides of the
North Atlantic Ocean and/or ongoing connectivity (Andersen et al.,
2004; Olu-Le Roy et al., 2007; Cowart et al., 2013; Teixeira et al.,
2013; LaBella et al., 2017). The ecological importance of cold seeps

Frontiers in Marine Science

10.3389/fmars.2023.1122124

as biodiversity hotspots and providers of ecosystem services (Levin
etal., 2016) advocates more research on connectivity at ocean scales
to assess their vulnerability to environmental changes and precisely
define protected areas.

Discriminating between patterns of dispersion and determining
how long and where a larva is able to travel in the water column is,
however, not an easy task. In general, deep-sea larvae cannot be
tracked directly in the field. The inference of dispersal often requires
the coupling of several indirect approaches such as larval dispersal
modelling using biophysical models, larval rearing in the laboratory
and/or the analysis of genetic patterns of populations to estimate
gene flow between them (Gilg and Hilbish, 2003; Young et al., 2012;
Breusing et al., 2016; Mitarai et al., 2016; Handal et al., 2020;
Breusing et al,, 2021). To date, studies have not accurately
determined the relative contribution of the demographic history
of populations and of the contemporary exchanges via larval
dispersal across the Atlantic Ocean to the genetic structure of
species. However, the coupling of present-day population genetic
connectivity with the ‘Targe-scale’ modelling of larval dispersal at
different depths offers particularly promising prospects (Breusing
et al., 2016; Breusing et al., 2021). While such coupling approach
has been applied along the Mid-Atlantic Ridge (Breusing et al,
2016), no study yet focused on cross-Atlantic exchanges. The
Atlantic Ocean monitoring program, through the H2020 iAtlantic
project, made such a perspective possible. It allowed the use of both
the Parcels v2.0 module (Delandmeter and van Sebille, 2019) of the
VIKING20X ocean circulation model developed to investigate the
evolution of the Atlantic meridional overturning circulation
(AMOC) in the face of global warming (Hirschi et al., 2020;
Biastoch et al., 2021) and the barcoding of samples from nearly
all the existing collections of cold seep mussels from the American,
African and European active margins. The aim of the present study
was therefore to test the role of present-day long-term larval
migration via surface currents in explaining the amphi-Atlantic
distribution previously pointed out by Olu-Le Roy et al. (2007) for
the two species complexes of seep mussels, namely Gigantidas
childressi/G. mauritanicus (Gustafson et al,, 1998; Genio et al,
2008) and Bathymodioulus boomerang/B. heckerae (Cosel and
Olu, 1998; Gustafson et al., 1998). These species seem to be
specific to cold seeps and have been sampled only once in
seepages located near hydrothermal vents (e.g. Logatchev). They
have never been observed in other reduced habitats such as sunken
wood or whales falls, although the latter are thought to have played
a role in the diversification of bathymodioline mussels creating
intermediate habitats that drove evolution from shallow to deep
ecosystems (Distel et al., 2000; Lorion et al., 2013). Here we thus
aimed to locate putative dispersal corridors between the American
and African/European margins and to determine whether long-
term larval dispersal represents a viable strategy for population
persistence. The distributions and genetic relationships of seep
mussels were investigated by molecular barcoding using a portion
of the mitochondrial Cytochrome ¢ oxidase 1 gene (COI). This
genetic structure was then compared to the expected larval dispersal
patterns based on VIKING20X outputs for particles released from
the bottom to the surface at several key seep localities with the
longest possible pelagic larval duration of one year (as estimated by
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Arellano and Young, 2009 for G. childressi). While previous studies
focused on the northern part of the Atlantic Ocean and/or relied on
modelling or genetics only to estimate connectivity (e.g. Cordes
et al., 2007; Olu-Le Roy et al., 2007; Young et al., 2012; McVeigh
et al,, 2017; Gary et al., 2020), we proposed here to combine both
approaches at a spatial scale not yet investigated.

2 Material and methods

2.1 Sample collection, DNA extraction, COI
amplification and sequencing

A unique collection of cold seep mussels was gathered from 14
different seeps on both side of the Atlantic Ocean (see Table 1 and
Figure 1). Samples were collected during several oceanographic
cruises that took place between 2006 and 2020 using remotely
operated underwater vehicles (ROV) or human occupied
underwater vehicles (HOV) (Table 1). Animals were either
dissected on board and preserved in 96-100% ethanol or kept
frozen at -80°C before being sent to the laboratory (Table 1). DNA
was extracted from these frozen or ethanol-preserved tissues of foot,
mantle or gills depending on their preservation state and availability.
These extractions were performed using a 2% CTAB (Cetyl-trimethyl
ammonium bromide)/1% PVP (Poly(n-vinyl-2 pyrolidone) protocol
following the modified method of Doyle and Doyle (1987) proposed
by Jolly et al. (2003). DNA pellets were then dried using a SpeedVac
(ThermoFisher Scientific) and resuspended in 50 to 300puL (according
to the size of the pellet) in 0.1X Tris-EDTA buffer. The quality of
DNA samples was then checked by electrophoresis using a 0.8%
agarose gel.

The COI gene was then amplified using degenerated versions of
original Folmer primers (Folmer et al., 1994) that were designed to
allow a more efficient amplification of deep-sea mussel species:
forward LCO1490Bathspp: 5-GTTCTACRAAYCATAAAGAYAT
TGG-3’ and reverse HCO2198Bathspp: 5-AACYTCTGGRTGV
CCRAAAAACCA-3. Polymerase chain reactions (PCRs) were
performed in a final volume of 25 uL with 20-30 ng of DNA, 1X
GoTaq® reaction buffer (Promega), 0.05 mg/ml Bovine Serum
Albumin, 2 mM MgClI2, 0.12 mM of each dNTP, 0.6 uM of both
forward and reverse primers and 1 U of GoTaq ® polymerase. The
thermal profile consisted of 3 min of initial denaturation (94°C),
followed by 35 cycles of denaturation (30 s, 94°C), annealing (30 s at
50°C) and extension (1 min, 72°C), with a final extension 10 min at
72°C. PCR products was checked on 1.5% agarose gel and sent for
Sanger sequencing on both DNA strands at the Eurofins Laboratory
(Ebersberg, Germany). For each individual, chromatograms were
checked, edited when necessary (e.g. trimmed) and assembled into
consensus sequences using CodonCode Aligner 3.6.1 (CodonCode,
Dedham, MA, USA). Following this procedure, 248 sequences were
obtained and used in subsequent analyses: 16 identified as B.
heckerae, 30 identified as B. boomerang, 137 identified as G.
childressi and 65 identified as G. mauritanicus (see Table 1;
Supplementary Table S1; Figure 1 for specific locations and
metadata of the samples — see also PANGAEA database, Jollivet
et al, 2023 and European Nucleotide Archive database study
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PRJEB56597). This dataset was enriched with 515 publicly
available sequences from GenBank for subsequent analyses (173
for B. heckerae/B. boomerang, 342 for G. childressi/G. mauritanicus,
Table 1; Supplementary Table S1). All sequences (published and
amplified from new individuals) were aligned within each species
complex using Seaview v.4.7 (Gouy et al., 2010) and the MUSCLE
algorithm (Edgar, 2004), and then trimmed to a final length of 449
bp for G. childressi/G. mauritanicus and 515 bp for B. heckerae/
B. boomerang.

2.2 Species barcoding and population
genetics analyses

First, taxonomic units were determined within each species
complex using the Assemble-Species-by-Automatic-Partitioning
method (ASAP; Puillandre et al, 2021) and the software web
interface’. ASAP relies on the barcode gap detection approach
developed by Puillandre et al. (2012) and uses pairwise distances
from single-locus sequence alignments as well as a hierarchical
clustering algorithm to identify the most probable partition of
individuals in putative species. ASAP analyses were run using
default parameter and pairwise distances calculated under the
K2P substitution model. Then, haplotypes were determined using
DnaSP v.6 (Rozas et al., 2017) and a minimum spanning haplotype
network (Bandelt et al., 1999) was constructed using PopArt v.1.7
(Leigh and Bryant, 2015) to visually represent the relationships
among haplotypes from different geographic locations within each
species complex. DNAsp v.6 was then used to infer haplotype (Hd)
and nucleotide () diversities for each sampled site within each
species complex as well as the number of variable sites (S), the total
number of mutations (Eta), the average number of nucleotide
differences (k, Tajima, 1983) and the net genetic distances Da
(Nei, 1987). Finally, pairwise Fst values from haplotype
frequencies were computed between and within species using
Arlequin 3.5.2.2 (Excoffier and Lischer, 2010). Significance
compared to zero of Fst were assessed using 10 000 permutations.
Exact tests of population differentiation with 10 000
dememorization steps and 100 000 steps in the Markov Chain
were also performed at a threshold of 0.05. The pairwise Fst
matrices were then used to construct heatmaps in R v.4.1.0 (R
Core Team, 2021) to help visualizing genetic relationships
between populations.

2.3 Estimating divergence time
and gene flow

We also used the IMa3 program (Hey et al, 2018) which
implements hierarchical Bayesian, Markov-chain Monte Carlo
simulations of gene genealogies under an Isolation with Migration
model to estimate splitting times, effective population and
migration rates between multiple populations. The reference

1 https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html#
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population topology (Supplementary Figure S1) used was
constructed based on the haplotype networks and ASAP analyses.
Four groups of populations could be distinguished (see Results): (1)
the Gulf of Mexico (GoM), (2) the US Atlantic margin (US), (3) the
African and European margins (Africa-Cadiz) and (4) the
populations located on the Barbados Accretionary prism
(Barbados-KeJ) (see Table 1 to find the name of localities
associated with each group). Because mussels from GoM and US
were geographically closer to each other than were individuals from
Africa-Cadiz and Barbados-KeJ in both species’ complexes, we
hypothesized TO (splitting time between pop 0 and pop 1) to be
more recent than T1 (splitting time between pop 2 and pop 3, see
Supplementary Figure S1).

Analyses were performed on the whole dataset for B. heckerae/B.
boomerang (GoM n = 63, US n = 62, Western African Margin n = 73,
Barbados-Ke] n = 21) but, given the heterogeneous sample sizes for
G. childressi/G. mauritanicus (GoM n = 187, US n = 259, Western
African Margin-Cadiz n = 31, Barbados-KeJ n = 67), we subsampled
the GoM and US population groups to n = 64 and n = 66,
respectively. For each Gigantidas subsample, 60 individuals were
randomly chosen and we then purposely added some individuals to
make sure that the frequencies of shared haplotypes remained the
same before and after the resampling. Indeed, since both GoM and
US datasets were subsampled to around half their initial size, we
verified that haplotype frequencies were not shifted after
subsampling. The aim of such procedure was to prevent any
subsampling-induced bias in parameter estimations, especially
migration rates which are directly impacted by the distribution of
haplotypes between populations. The G. childressi — G. mauritanicus
intermediate individual (see results) from New England seep was
however discarded from the analysis as it may represent a potential
hybrid individual with a recombining sequence.

Since our dataset included a single locus, we used one MCMC
chain (as recommended in IMa3 manual) with 10 million of
sampled genealogies (-L 100 000 and -d 100) and 1 million of
burn-in steps (-B). As recommended for mitochondrial loci, we
used the HKY substitution model and an inheritance scalar of 0.25
(-h). The generation time was set to one year, as assumed for deep-
sea bathymodioline mussels (Faure et al., 2009). For other deep-sea
species, the substitution rate was estimated between 0.09% and
0.56% per million years (My) (Chevaldonneé et al., 2002; Johnson
et al., 2006; Faure et al., 2009; LaBella et al., 2017). We used the
value of 0.4% per My to calculate the mutation rate per gene per
year needed for IMa3 as (0.004*L)/1000000 with L being the length
of the sequences used in IMa3 analyses (i.e. 449 bp for Gigantidas
spp. and 515 bp for Bathymodiolus spp.). Parameter convergence
was assessed by checking plots of parameter trends and marginal
posterior probability distributions of the parameters, by checking
the Effective Sample Size (ESS) and comparing estimates of the first
and second halves of the sampled genealogies. We used the -p 3
option to print a histogram of splitting times divided by the prior
distribution as recommended when there are two or more splitting
times in the model. In order to identify the best uniform prior
distribution of values, we started by running numerous tests with
alternative maximal values (e.g. using hyperpriors or not and
starting with IMa3 manual rules of q=5x, t=2x and m=2/x, with
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x = the nucleotide diversity of each group estimated from the
Watterson’s 6 using the DNAsp v.6 software). Final prior values
used are shown in Table 2.

After fixing prior values, we reran analyses for each species
complex in triplicate using different seeds in order to make sure that
parameter estimations were similar. For each run, parameter
estimates were obtained from the highest posterior probabilities
(HiPt) together with the 95% highest posterior density intervals
(HPD) as confidence intervals. Final values reported in our results
corresponded to the averaged values over the different replicates.
Significance of migration rates was determined through log-
likelihood-ratio tests implemented in IMa3. When migration rates
were significantly different from zero in one run but not another, its
significance level was reported in the results.

2.4 Numerical hydrodynamic
model description

Modelling was performed using VIKING20X, an updated and
expanded version of the VIKING20 ocean general circulation
model aiming at hindcast simulations of Atlantic Ocean
circulation variability on monthly to multi-decadal timescales and
with a spatial resolution sufficient to capture mesoscale processes
into subarctic latitudes (see a detailed description in Biastoch et al.,
2021). VIKING20X is configured on the ORCA family of tripolar
grids. The entire model domain covered the Atlantic Ocean from
33.5°S to ~65°N in latitude and from 100°W to 22°E in longitude
with a horizontal resolution of 0.05°, nested into a global ocean-sea-
ice model at 0.25° resolution and 46 geopotential z-levels along the
depth-axis (Figure 1). The horizontal resolution increased with
latitude from 5 km in tropical areas to 3 km in polar regions. Layer
thickness increased with depth and varied from 6 m at the surface to
250 m in the deepest layers so that it optimizes the representation of
the circulation in surface and subsurface waters at the detriment of
the near-bottom circulation. Forced by the atmospheric dataset
JRA55-do (Tsujino et al., 2018), VIKING20X has been shown to
realistically simulate the large-scale horizontal circulation, the
distribution of the mesoscale, overflow and convective processes,
and the representation of regional current systems, including the
western boundary current systems, in the North and South Atlantic
(see Biastoch et al., 2021 and references therein). Five-day average
fields of the three-dimensional velocities, potential temperature and
salinity for the period 1980-2019 were provided by the model.

2.5 Larval dispersal modelling

Larval trajectories were modeled with the offline 3D Lagrangian
code Parcels v2.0 (Probably A Really Computationally Efficient
Lagrangian Simulator) based on the 3D velocities provided by the
VIKING20X model (Delandmeter and van Sebille, 2019), a
technique that is well established for physical and
interdisciplinary applications in VIKING20X (e.g., Busch et al,
2021; Schmidt et al., 2021; Fox et al., 2022). Based on the current
knowledge on the distribution of the two species complexes of deep-
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TABLE 1 Number and locations of all sequences used in analyses. The total numbers per site are reported as well as, within brackets, the number of
newly sequenced individuals among this total number.

Site (code . o
( ) . Lat./Lon. Chief-scientist . :
for genetic = Location G. child.  G. mauri. Total
(depth) (and/or study)
samples)
26921'N AT26-15 2014 C.L. Van Dover, C.M.
Alaminos o (SEEPC)/RV Young, R He,, D.
M 14° 2 0
Canyon (AC) Go OH3OW Atlantis/ HOV Eggleston, S. Arellano, 3 57 (26) 6
(2208 m) .
Alvin (Faure et al., 2015)
N AT26-15 2014 C.L. Van Dover, C.M.
27738N - (SEEPC)/RV Young, R He., D
AT340 (AT) GoM 88°22°W . & . 19 19
(2174 m) Atlantis/HOV Eggleston, S. Arellano,
m
Alvin (Faure et al., 2015)
C.L. Van Dover, C.M.
N AT26-15 2014
27°44'N - Young, R He,, D.
Green GoM 91°13'W (SEEPC)/RV Eggleston, S. Arellano, 61 (20) 61
eston, S. Arellano,
Canyon (GC) Atlantis/ HOV 88 .
(563 m) Alvin (Faure et al., 2015; Assié
et al,, 2016)
270N AT26-15 2014 C.L. Van Dover, C.M.
GB647_697 N (SEEPC)/RV Young, R He,, D.
GoM 92°21’'W . 10 10
(GB) (965 m) Atlantis/ HOV Eggleston, S. Arellano,
Alvin (Faure et al., 2015)
Mississippi 28°07'N - AT42-24 2020/ C.M. Young, R He., D.
Canyon 853 GoM 89°08'W RV Atlantis/ROV Eggleston, S. Arellano, 49 (23) 49
(MIS) (1071 m) Jason2 (Faure et al,, 2015)
N AT26-15 2014 C.L. Van Dover, C.M.
. 27°43’N -
Brine Pool GoM 91°16W (SEEPC)/RV Young, R He,, D. 10 7) 10
(NR1) (650 m) Atlantis/HOV Eggleston, S. Arellano,
Alvin (Genio et al., 2008)
21°54N - , di
Chapopote > I,\I Meteor M67/2/ Sa‘ya.vedra dlr}ect
GoM 93°26'W submission, Raggi et al., 2 2
Knoll (Chap) ROV Quest
(2923 m) 2013)
C.M. Young, R He,, D.
Eggl , S. Arellano,
Florida WOUN- ATI2A00 88 es:ml‘ SZOO: C?ln °L
ones et al., ; Olu-Le
Escarpment GoM 84°54°'W RV Atlantis/ROV ) 39(8) 39
(FE) (3284 m) Jason2 Roy et al., 2007; Faure
et al,, 2015, Ball, direct
submission)
AT41 2018/RV
Atlantis/HOV
Alvi .
| vin//Cruise E. Cordes, C.M. Young, R
Blake Ridge 32730N - RBL903 2019/RV He., D. Eggleston, S.
8 Us 76°1I'W  Ron Brown/ROV » - Bgsleston, 5. 34(8) 34
(BR) Arellano, (Ball, direct
(2169 m) Jason2//AT42-24 submission)
2020/RV
Atlantis/ROV
Jason2
37°34’'N
AT29-04 2015
Pick-Up -74°16'W . / C.L. Van Dover, (Ball,
Sticks (PUS) us (370 RV Adlantis/ direct submission) 27 2
! HOV Alvin Hrect submisst
410 m)
AT41 2018/RV
36°52N -74° Atlantis/HOV
R a'n is/ O E. Cordes, (Coykendall
Norfolk Us 29W Alvin//Cruise ¢ al. 2019: T tal . 85 86
etal, ; Turner et al.,
Canyon (NO) (1485- RB1903 2019/RV 2020)
1600 m) Ron Brown/ROV
Jason2
37°32'N - Cruise 2017/RV C. Ruppel, A.
Chincoteague us 74°06'W Hugh R. Sharp/ Demopoulos, C.M. a1 n
(CH) (1020- ROV Global Young, R He,, D.
1060 m) Explorer//AT42- Eggleston, S. Arellano,
(Continued)
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TABLE 1 Continued
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Site (code . S
( . . Lat./Lon. . Chief-scientist B. : :
for genetic  Location Cruise B. boom. G. child.  G. mauri. Total
(dept (and/or study) heck.
samples)
24 2020/RV (Coykendall et al., 2019;
Atlantis/ROV Turner et al., 2020)
Jason2
Cruise 2012/RV
Ron Brown/ROV
38903'N - Kraken//Cruise S. Ross, S. Brooke, C.M.
Balti 73049°W 2013/RV Ron Young, R He,, D.
altimore
Canyon (BC) Us (360 Brown/ROV Eggleston, S. Arellano, 60 (1) 1 61
4 130 m) Jason2//AT42-24 | (Coykendall et al., 2019;
m
2020/RV Turner et al., 2020)
Atlantis/ROV
Jason2
39°59'N
Shallop AT29-04 2015/
—-69°11’'W C.L. Van D L (T
Canyon West UsS (360 RV Atlantis/ Zl:al 0;,;;0() ner 16 (13) 16
(SW) HOV Alvin v
400 m)
39°48'N
699°35’W AT29-04 2015/ C.L. Van Dover, (T
- L. ver, (Turner
Veatch (VE) UsS (13901440 RV Atlantis/ et al,, 2020) 28 (23) 28
HOV Alvin ’
m)
39°52’N
AT29-04 2015
New England -69°17W i / C.L. Van Dover, (Turner
2 (NE) Us (1380-1440 RV Atlantis/ et sl 2020) 28 (23) 28
seep HOV Alvin 8
m)
C.L. Van Dover, C.M.
. 11°41°N - AT21-02 2012/ Young, R He,, D.
Milano 8 .
Barbados 58°33’W RV Atlantis/ROV Eggleston, S. Arellano, 4 31 (13) 35
volcano (BA)
(1317 m) Jason2 (Olu-Le Roy et al., 2007;
Assié et al., 2016)
11°14'N - NA054 2014/EV C.L. Van Dover, C.M.
Kick em 58°22°W Nautilus/ROV Young, R He,, D.
Barbad 17(5 10 26 (26 53
Jenny (KeJ) arbados (998 Hercules and Eggleston, S. Arellano, ) (26)
-1630 m) Argos (Ball. Direct submission)
TTRI10 2003/RV
35°24'N - Prof. Logatch
Darwin mud X N rof. Logatchev/ M.R. Cunha, (Génio et al.,
volcano (CA) Cadiz 7°11I'W TV_grab//JC10 2008) 22 (18) 22
(1115 m) 2007/RSS James
Cook/ROV Isis
0°53’N - 5°
West African 28W
margin-Ivory WAM (1000 - (Jones et al., 2006) 1 1
(WAM)
1267 m)
TDI-Brooks
International
prospects 2006/
4°59'N - 4° box cores
Nigerian 08’W, (NCB3008-
WAM E. Cord 17(17 8 (8 25
(NIG) slope (1700- GSN0892, ordes (7) ®
2100 m) NCB2001-
TGSNO0883,
NCB2038-
TGSN0890)
Regab 5°48’S - 9° WACS 2011/NO K. Olu, (Olu-Le Roy et al.,
egal
(Reg ab) WAM 43’E Pourquoi Pas?/ 2007, Ball, direct 56(8) 56
8 (3170 m) ROV Victor6000 submission)
Total 94 125 455 89 763

GoM, Gulf of Mexico; US, US Atlantic Margin; WAM, West African Margin; Barbados, Barbados Prism; Cadiz, Gulf of Cadiz. See Figure 1 for a map and Supplementary Table S1 for accession

numbers.
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FIGURE 1
Geographic locations of seeps involved in the present study. Sites for which only genetic samples are available are in black, spawning areas used
only in larval dispersal modelling are in red, sites used for both genetic and modelling approaches are in purple. Blue polygons represent settlement
regions used in the modelling approach. Site abbreviations correspond to NR1, Brine Pool; LS, Louisiana slope; AC, Alaminos canyon; Bl, Bodie
island; NO, Norfolk canyon; BC, Baltimore canyon; NE, New England seeps; SWIM, SWIM Fault; CA, Gulf of Cadiz; ARG, Arguin bank; CS,
Cadamostro seamount; NIG, Nigerian margin; WAM, West African margin; GUIN, Guiness; SP, Sao Paulo seep 1; SPD, Sao Paulo seep 2; AM, Amazon
fan; TRI, Trinidad prism; KeJ, Kick em Jenny crater; LOG, Logatchev seep and LOST, Atlantis FZ (Lost City). Abbreviations of the zones for
recruitment are: NWAM, North West African margin; NMAR, North Mid-Atlantic Ridge; MMAR, Middle Mid-Atlantic Ridge and SMAR, South Mid-
Atlantic Ridge. Genetic samples were either obtained in the present study or included thanks to already published sequences (see Tables 1, 2;
Supplementary Table S1).

TABLE 2 Priors and estimates values of IMa3 demographic parameters for the two species complex.

Gigantidas Bathymodiolus
Biological . . . .
Parameter meaning Populations HiPt HPD95L  HPD95H  Prior HiPt HPD95L  HPD95H
t GoM and US 2 355 791 237 751 575 167 2 153 236 83 981 422 816
WAM-CA and BA-
t ) 90 576 281 275 612 50 086 303 100 396 440 72 816 48 519 417
Divergence KeJ
time between
MRCASs of GoM-US
t, and BA-Ke]-WAM 300 584 633 417 595 100 306 236 | 600 1019 418 436 893 126 844 660
-CA
Q GoM 800 22438753 11414254 | 41 146 993 500 10750 405 2457524 | 48 391 990
Q Us 1500 23280902 13885022 | 39775891 100 851 537 127 427 12 129 854
@ WAM-CA 70 1 407 990 414 115 3590 618 300 5867 718 709 951 34387 136
@® Ne BA-KeJ 70 3663 697 1 856 208 8 189 727 2 2063 364 148 180
Q GoM-US MRCA 15 33 408 3132 637 876 5 6 574 0 418 386
s BA-KeJ] MRCA 70 954 900 0.000 9 739 003 50 308 455 9 102 5840 413
Q6 MRCA 70 1120 546 0.000 9251 810 1000 424 757 0 121 298 544
(Continued)
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TABLE 2 Continued
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Gigantidas Bathymodiolus
Biological . . (@) . . .
Parameter meaning Populations Prior HiPt HPDO95L = HPD95H | Prior HiPt HPD95L = HPD95H
Ny, us 100 46414 19.030 85.030 30 11.967* 0.000 178.100
Nm from
2Nym,eg WAM-CA 2 0.020 0.000 3.493 1 0.051 0.000 22.690
GoM to
IN3mso BA-KeJ 2 0.016 0.000 3.645 9 0.003 0.000 1.156
2Nymos, GoM 100 0.070 0.000 37.030 8 7.507+* 0.000 349.000
Nm from US
MNom,., m r:)m WAM-CA 2 0.021 0.000 3.533 1 0.051 0.000 23.760
Nymss, BA-KeJ 2 0.016 0.000 3.530 4 0.002 0.000 0.866
2Nomos» GoM 2 0.071 0.000 8.639 1 0.122 0.000 22.100
INymyss Non from Af. us 4 0.034 0.000 8.606 2 0.031 0.000 14.930
2Ny, CAto BA-KeJ 2 0.225 0.000 5.338 20 0.015% 0.000 2.084
INymyes GoM-US MRCA 100 0.380 0.000 10.870 4 0.023 0.000 1324
2Nomoss GoM 4 0.038 0.000 9.918 1 0.123 0.000 33.940
INymy.s N from Us 4 1375 0.000 11.240 4 0.050 0.000 3.340
N>ms BA-Ke] to WAM-CA 2 0.023 0.000 4095 9 63.239"* 0.000 725300
N GoM-US MRCA 4 0.014 0.000 2114 4 0.024 0.000 2.834
Nom,, WAM-CA 6 0.522 0.000 36.380 4 16.360* 0.000 153.8
Nm GoM-US
Nymas, m&o BA-Ke] 4 0.070 0.000 88510 8 0.014 0.000 2.467
mrca to
Nsms., BA-Ke] MRCA 15 0.262 0.000 366.000 4 0.050 0.000 69.920
Nm from
INymys BA-KeJ mrca  GoM-US MRCA 15 0.169 0.000 18.720 4 0.005 0.000 3.963
to

@priors for migration rates defined for my.y and not for 2NM parameters.

GoM, Gulf of Mexico; US, US Atlantic Margin; BA, Barbados; Ke], Kick em Jenny; WAM, West African Margin; CA, Gulf of Cadiz. Ne, effective size; Nm, effective number of migrants per
generation; MRCA, most recent common ancestor; HiPt, histogram bin with the highest posterior probability; HPD95L and HPD95H, 95% low and high HPD, respectively. Time parameters are
given in years. As detailed in the main text, HiPt values reported here are mean values over several runs for both species complexes except for qq, qi, 2Nymy.q, 2Nomy.1, 2Nomo.z, 2Nymy.,,

2Nomg.3 and 2N m;. in Gigantidas for which the best value was used. Asterisks indicate values for which migration rate parameters significantly differed from zero in at least one of the runs
(likelihood ratio tests, Supplementary Table S5). HPD95L and HPD95H values reported are the minimal and maximal values observed across runs, respectively. It is noteworthy that in IMa3

my.y are expressed in the coalescent, so backward in time. When reading forward in time, mx.y represents migration from population Y to population X.

sea mussel populations, 17 spawning areas were defined in the
North Atlantic along the coasts of North and South America,
Europe and Western Africa (Figure 1; Supplementary Table S2).
In these sites, the presence of bathymodioline mussels was
confirmed or suspected in the present study or elsewhere
(Gustafson et al.,, 1998; Cosel, 2002; Olu-Le Roy et al., 2007;
Genio et al., 2008; Faure et al., 2015; Assié et al., 2016; Fujikura
etal., 2017; Ketzer et al., 2018; Coykendall et al., 2019; Ruppel et al.,
2019; Turner et al,, 2020, see Supplementary Table S2 for details).
Four additional sites where cold seeps were reported or could be
present were added: two along the Mid-Atlantic Ridge (Logatchev
and Lost City sites, Gebruk et al,, 2000; Brazelton et al., 2006;
Proskurowski et al., 2008; LaBella et al., 2017), the Cadamostro
Seamount off the Cape Verde Islands, and the South West Iberian
Margin Fault Zone (SWIM Fault Zone). Since indices of presence of
diffuse hydrothermalism on seamounts were found during
iMirabilis2 iAtlantic cruise (2021), these two last sites could act as
gateway populations.

Frontiers in Marine Science

The number of released particles during each spawning event
needs to be sufficient to properly reproduce distribution of drifting
particles including planktonic larvae at regional scale so that no
significant changes are reported in the mean characteristics of the
dispersal kernel and larval trajectories as the number of particles is
increased (Jones et al., 2016; Van Sebille et al., 2018). Preliminary
simulations were performed with 1000, 2000, 5000 and 10 000
released larvae on a few spawning areas and showed that spreading
of the larval population and maximum larval dispersal distance
were not altered when more than 2000 larvae were released. Then,
conservatively, for each spawning area defined as a polygon of 0.08°
in latitude and longitude, 10 000 larvae were randomly released at
each spawning date in near-bottom waters (i.e. specifically at
approx. 10 m above the bottom of the simulated Ocean, Table 3).
Larvae were released monthly during a unique spawning event that
occurred the 1** day of each month from November to March
during the natural spawning period of G. childressi (Tyler et al.,
2007), from 2014 to 2019 to consider year-to-year variations in
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TABLE 3 Summary of larval characteristics used in the larval dispersal
modelling using VIKING20X.

Number of 10 000

released larvae
Depth of release 10 m above the oceanic floor

1** day of each month from November to March during 5
years (2014-2019)

Spawning dates

Duration of Instantaneous

spawning

Pelagic Larval 365 days

Duration

Velocity Vertical swimming at 0.2 mm.s "' until 200 m of depth
Mortality 100% if temperature > 20°C; if not 0%

Measure of Percentage of larvae that entered in a settlement region
connectivity whatever the vertical position

current patterns. Biological characteristics of larvae in terms of
Pelagic Larval Duration (PLD), behavior and mortality were defined
according to field observations and laboratory experiments
performed on G. childressi in the GoM. After the spawning, the
position of each simulated larva was tracked over one year (i.e. 365
days, Table 3) which corresponds to the maximum PLD of G.
childressi (Arellano and Young, 2009). The choice of a high value of
PLD was made in order to model extreme dispersal events likely to
impact genetic structures and promote trans-Atlantic dispersal.
After release in the near bottom layer, larvae could swim
vertically to reach surface and subsurface waters at a velocity of
0.2 mm.s™ (Table 3), a velocity in agreement with swimming speed
of G. childressi trochophores observed in experimental chambers
(Arellano, 2008). Although no data were available for veligers of G.
childressi or other bathymodioline species, Chia et al. (1984)
reported a mean swimming velocity of 0.2 mm.s for bivalve
larvae. When they reached a depth of 200 m, larvae stopped
swimming. This larval behavior was defined to mimic the vertical
distribution of larvae mainly sampled in the first 100 m in the GoM
and sometimes up to 550 m deep (Arellano et al., 2014). Laboratory
experiments showed that normal larval development occurred
between 7 and 15°C and that survival did not differ significantly
between 7 and 20°C before decreasing at 25°C (Arellano and Young,
2009; Arellano and Young, 2011; Arellano et al., 2014). Accordingly,
we assumed that larvae died when they reached a temperature of 20°
C. No other source of larval mortality was considered (Table 3).
Due to the highly aggregated and localized distribution of cold
seepage environments and the lack of knowledge about the behavior
of bathymodioline mussel larvae during settlement, connectivity
was not assessed among cold seeps locations but among 11 large
settlement regions of 10° km”. These large regions contained one or
more cold seeps locations already documented or are likely to
contain cold seeps along the American, African and European
active margins and along the mid-Atlantic Ridge. They include
the GoM, the US Atlantic margin, the North Eastern Atlantic, the
North West African margin, the Gulf of Guinea, the South and
North Brazil, the Barbados Prism, the North mid-Atlantic ridge, the
Middle mid-Atlantic Ridge and the South mid-Atlantic Ridge
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(Figure 1). The connectivity, that describes the exchange rate
between distant populations, was calculated as the percentage of
larvae released from one spawning area (i.e. source population) that
entered in a settlement region (i.e. sink region) at the end of the
PLD, whatever the vertical position of larvae. The retention rate
corresponded to the percentage of larvae released from one
spawning area that remains in the settlement region to which the
spawning area belongs at the end of the PLD. To analyze
the dispersal patterns resulting from our numerical experiments
at the end of the PLD, two parameters describing the 2D dispersal
kernels, i.e. the density of larvae at a given location normalized by
the number of released particles, were retained following Edwards
etal. (2007): the mean dispersal distance (D) and the isotropy of the
larval population (I). The isotropy depends on the overall inertia
which characterizes the variance of the larval distribution around
the mean geographic position of the larval population. Inertia can
be decomposed into two orthogonal axes representing the
maximum (I,,,) and the minimum (I,;,) parts of the overall
inertia. These parameters were calculated by a principal
component analysis performed on the ending positions of larvae.
Isotropy was then defined as the square root of the ratio between

Inax and I ip.

3 Results

3.1 Haplotype networks and genetic
diversities within groups

Within the Gigantidas species complex, 144 haplotypes (among
which 42 are new) were identified out of 544 barcoded individuals.
Within the Bathymodiolus species complex, only 43 haplotypes
(among which 10 are new) were evidenced for 219 samples. The
number of variable sites (S) was 100 for the former and 38 for the
latter, with a total number of mutations of 112 and 39, respectively.
The average number of nucleotide differences (k) was also higher in
Gigantidas spp. than in Bathymodilus spp. (k = 5.18 and 3.70,
respectively). Accordingly, although haplotype diversity was
comparable between Gigantidas spp. and Bathymodilus spp.,
nucleotide diversity was almost twice as high in Gigantidas spp.
for the whole set of samples (Table 4). The haplotype networks
showed the presence of two distinct geographic lineages within each
species complex (Figures 2, 3). The higher number of nucleotide
differences observed between the two Gigantidas lineages as
compared to the two Bathymodiolus lineages was well illustrated
by haplotype network reconstructions with 7 and 3 fixed
substitutions, respectively (Figures 2, 3). This corresponded to the
net genetic distances (Da) we observed since maximal values
occurred between lineages, and values were higher between G.
childressi/G. mauritanicus (= 0.02) than between B. heckerae/B.
boomerang (= 0.01, Table 5). The divergence between B. heckerae/B.
boomerang from the Barbados-Ke]J and the US Atlantic margin was,
however, slightly lower than that between the African margin and
the GoM/US Atlantic margin (Table 5).

Genetic distance within each of the four lineages was low. In the
Gigantidas species complex, a very low genetic distance of 0.00005
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TABLE 4 Variation of COI nucleotides sequences for each species complex and each sampling site.

G. childressi/G. mauritanicus

B. heckerae/B. boomerang

h

GoM AC 57 26 0.902 0.005 3 1 0 0

AT 19 2 0.105 0

MIS 49 22 0.886 0.005

NR1 10 5 0.8 0.005

FE 39 13 0.623 0.002

GB 10 7 0.911 0.004

GC 61 28 0.859 0.005

CHap 2 2 1 0.004
US Atlantic margin CH 41 21 0.896 0.006

NE 28 13 0.825 0.009

PUS 27 5 0.553 0.002

BC 60 (1) 26 0.86 0.005

SW 16 6 0.783 0.004

NO 85 28 0.83 0.004 1 1 0 0

VE 28 16 0.915 0.006

BR 34 11 0.649 0.002
Barbados-KeJ BA (31) 8 0.66 0.003 4) 2 0.5 0.001

Ke] 10 (26) 13 0.743 0.003 (17) 2 0.515 0.001
Western African Margin -Cadiz v (1) 1 0.000 0.000

NIG (8) 3 0.464 0.001 (17) 5 0.507 0.002

Regab (56) 13 0.538 0.001

CA (22) 7 0.645 0.002

Overall populations 455 (89) 144 0.900 0.012 125 (94) 43 0.84 0.007

N, number of sequences in each population (G. childressi and B. heckerae without brackets and G. mauritanicus and B. boomerang within brackets); h, number of unique haplotypes; Hd,
haplotype diversity; 7, nucleotide diversity. See Table 1 for population acronyms definition and Figure 1 for a map.

occurred between GoM and the US Atlantic margin while it
increases to 0.00225 between Barbados-KeJ and Africa-Cadiz
groups (i.e. 45 times higher, Table 5). In Bathymodiolus spp.,
divergence was slightly greater between the GoM and the US
Atlantic margin (0.001) due to the slight isolation of the Blake
Ridge population (see Figures 3, 4B; Supplementary Table S4) and
reached 0.004 between Barbados-Ke] and Western African Margin
groups (Table 5). It corresponded to what can be observed in
haplotype networks since, in both species complexes, individuals
from GoM and the US Atlantic margin populations appeared more
genetically similar than individuals from Barbados-Ke] and Africa-
Cadiz populations. Numerous G. childressi haplotypes were, indeed,
shared between the US Atlantic margin canyons and GoM
populations (Figure 2). Bathymodiolus heckerae haplotypes
appeared, nevertheless, more spatially segregated. While few
individuals sampled in the Blake Ridge population harbored
haplotypes also found in the GoM/Florida Escarpment and Pick
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Up Sticks populations, most of Blake Ridge samples showed private
haplotypes (Figure 3). The Pick-Up Sticks population (located
further North on the American margin) exhibited both GoM-
derived and Blake Ridge-derived haplotypes.

Barbados-KeJ and Africa-Cadiz populations, although
genetically close with no fixed differences, also exhibited a
distinguishable geographic structure since haplotypes clustered
from each side of the Atlantic Equatorial Belt. Interestingly, in
Bathymodiolus, haplotypes from Barbados-KeJ] were intermediate
between GoM-US and African ones (Figure 3). Haplotype networks
highlighted peculiar haplotypes. One haplotype from a New
England individual had an intermediate position between G.
childressi and G. mauritanicus lineages (individual (a) on
Figure 2, accession KX159882 from Turner et al., 2020) and may
represent a hybrid individual. Three other ones sampled along the
US Atlantic margin (Baltimore Canyon and New England) had a G.
mauritanicus signature (individuals (b) on Figure 3, accession
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10 samples

1 sample

@ Alaminos Canyon
@ Mississippi Canyon
© NR1 Brine Pool

@ GB647/697

© Green Canyon

@ New England Seep
@ Shallop West

O Veatch

@ Chincoteague

@ Norfolk Canyon

@ Baltimore Canyon
@ Barbados

O Kel

@ Cadiz Gulf

O Nigeria

@ Ivory Coast

GoM

US Atlantic
margin

Haplotype network for the G. childressi/G. mauritanicus species complex. See Table 2 and Supplementary Table S1 for details about sequences
included. Individuals (A, B) are highlighted as being the intermediate haplotype between both sides of the Atlantic Ocean (in New England seep) and
the three G. mauritanicus sampled along the US Atlantic margin (Baltimore Canyon and New England seep), respectively. KeJ: Kick am Jenny, GoM:

Gulf of Mexico.

MG519868 from Coykendall et al., 2019 and New England_1553
and New England_1530 from this study, Supplementary Table S1).
In Bathymodiolus, a unique B. heckerae was sampled in the Norfolk
canyon (accession MG519869 from Coykendall et al., 2019), within
a G. childressi population, and a potential B. boomerang migrant
individual from the Barbados Accretionary Prism was sampled on
the Nigerian slope (individual (a) on Figure 3).

3.2 Barcode gap analyses

For both Gigantidas and Bathymodiolus genera, two distinct
OTUs could be distinguished, but these OTUs were not
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geographically delimited, with one lineage potentially sharing
haplotypes across the North Atlantic in both species complexes.
Indeed, in the Gigantidas species complex, the partition receiving
the highest support (lowest ASAP score, Supplementary Figure 52)
indicated the presence of two lineages. In accordance, the
distribution of pairwise differences was clearly bimodal with two
distinct Gaussian distributions with almost no overlap
(Supplementary Figure S2). When looking at individual
assignments, one lineage grouped all samples from Barbados
Accretionary Prism and the African margin plus one individual
from the Baltimore Canyon and two from New England Seep
(identified as (b) on Figure 2). All these samples were previously
identified as G. mauritanicus except for 10 individuals from KeJ and
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FIGURE 3

Haplotype network for the B. heckerae/B. boomerang species complex. See Table 1 and Supplementary Table S1 for details about sequences included.
Individual (A) might represent a migrant from Kick em Jenny (KeJ)/Barbados Accretionary Prism to the Nigerian slope. GoM, Gulf of Mexico.
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two individuals from New England Seep that were previously
affiliated to G. childressi based on morphology (Table 1;
Supplementary Table SI). This first lineage thus corresponded to
G. mauritanicus. The second lineage grouped all samples from GoM
and US Atlantic margin sites and thus represented G. childressi. As
recommended by Puillandre et al. (2021), we also examined
subsequent partitions. The second-best partition delimited 5
lineages of which composition was identical to the two previously
described except that some sequences were isolated in other groups.
One group was composed of the sample from the New England
seep, which had an intermediate signature between G. childressi and
G. mauritanicus haplotypes groups (individual (a) Figure 2,
accession KX159882.1). The two last groups isolated, without
apparent biological explanations, one individual from
Chincoteague (accession KX159907.1) and one individual from
Barbados (DQ513425.1). In the Bathymodiolus species complex,

the partition receiving the highest support (Supplementary Figure
S3) also indicated the presence of two lineages in the dataset. The
distribution of pairwise differences was less disjunct than for
Gigantidas although two peaks can be distinguished
(Supplementary Figure S3). One lineage grouped all individuals
identified as B. boomerang (from Barbados and the African margin)
while B. heckerae from the GoM and the US Atlantic margin were
grouped together in the other lineage. The second-best partition
delimited 9 lineages from which no biological significance can
be identified.

3.3 Population genetic differentiation

Fst values highlighted a strong to moderate geographic
differentiation between three mussel groups within both species’

TABLE 5 Net genetic distance (Da, below the diagonal) and Fst values (above the diagonal) for Gigantidas sp. and Bathymodiolus sp. calculated
between the four populations defined based on haplotype networks and ASAP analyses (see Table 1 for details).

Gigantidas sp.

Bathymodiolus sp.

BA-KeJ WAM-Cadiz (O BA-KeJ
GoM * 0.00062 0.20173 0.22719 * 0.36937 0.86440 0.89363
Us 0.00005 * 0.21178 0.23759 0.00115 * 0.76867 0.84742
BA-Ke] 0.02433 0.02334 * 0.33111 0.00807 0.00738 * 0.76436
WAM-Cadiz 0.02175 0.02075 0.00225 * 0.01133 0.01070 0.00416 *

Bold values represent significantly different from zero Fst values (exact test of population differentiation).

* symbolized an empty cell in the table.
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complexes. These genetic entities corresponded to the populations
from (1) GoM/US Atlantic margin, (2) the Barbados accretionary
Prism, and (3) European/African margin. As expected, genetic
differentiation between B. heckerae and B. boomerang or G. childressi

10.3389/fmars.2023.1122124

and G. mauritanicus was high since nearly all pairwise Fst values
between (1) and (2)/(3) were high and significantly different from zero
(Figure 4; Table 5). G. childressi and G. mauritanicus did not display
higher Fst values than those obtained between B. heckerae and B.

A G. childressi / G. mauritanicus
Cadiz | NIG
Africa | ca
Barbados | BA
Kel KeJ
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FIGURE 4
Pairwise Fst heatmaps for G. childressi/G. mauritanicus (A) and B. heckerae/B. boomerang (B). Values are color-scaled and significance levels
compared to zero are indicated using: *for p-value < 0.05, **p-value < 0.01 and ***p-value < 0.001. Absence of asterisks indicates non-significant
values and grey asterisks indicates Fst values for which significance was confirmed using either permutations or exact test of differentiation but not
both. Populations for which less than 10 sequences were available are indicated in blue. Values for West African margin-Ivory (WAM) and Norfolk
populations for G. childressi and B. boomerang, respectively, are not displayed since calculations involved only one sequence (see Table 2 for
number of samples and population acronyms). GoM, Gulf of Mexico. Exact values and p-values are reported in Supplementary Tables S3, S4.
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boomerang (Figure 4; Supplementary Tables S3, S4), as would have
been expected since the two Gigantidas lineages were separated by a
higher number of mutational changes (Figures 2, 3).

Populations of G. childressi were almost homogeneous from the
GoM to the most northern part of the American margin with all
pairwise Fst values between US Atlantic margin and GoM sites
being null or very low and not significantly different from zero
(except two using exact tests, Figure 4A; Supplementary Table S3).
For B. heckerae, however, the Blake Ridge population clearly
differed from those of the GoM and the Florida Escarpment
(Fst = 0.25 to 0.55, Figure 4B; Supplementary Table S4). In G.
mauritanicus and B. boomerang species, high and significant Fst
values were observed, especially between African populations and
Barbados-KeJ (Figure 4; Supplementary Tables S3, S4). In contrast,
Fst values between African populations and that of the Gulf of
Cadiz were low and not significantly different from zero (Figure 4;
Supplementary Tables S3, S4).

Altogether, pairwise Fst and divergences strongly suggested
high levels of gene flow along the European/African margins and
weak to almost no gene flow between the African margin and the
Barbados Accretionary Prism, but also suggest a strong genetic
break between mussel populations from the Barbados Accretionary
Prism (South American margin) and those situated in the GoM and
further North along the US Atlantic margin.

3.4 Divergence time and gene flow
estimates using IMa3

Based on ASAP and Fst analyses, seep mussel populations were
sub-divided into 4 distinct geographic groups (i.e. GoM, US
Atlantic margin canyons, Barbados accretionary Prism and
European/African margin) in order to examine potential gene
flow between them. For both species complexes, nearly all
replicated runs showed good mixing (plots without trends, large
ESS for T1 (all except two > 14 000) and T2 (all > 400 000), and
good congruence between first and second halves of the sampled
genealogies). For most parameters, marked peaks of posterior
probabilities with fairly narrow ranges were observed
(Supplementary Figures S4-S8), even for TO that showed the
lowest ESS (<30). For Gigantidas spp., we were not able to jointly
estimate qp and q; parameters with my.; and m;j.,. Given the good
mixing observed in each run and the correspondence of the other
estimates (Supplementary Figures S4-56), estimations of qq and q;
(and thus, 2NM parameters involving Ny and N;) were taken from
two different runs. For all other parameters, averaged values
between runs were calculated after ensuring that good mixing and
convergence were obtained for all runs (see Supplementary Figures
$4-S6).

The population splitting times separating G. childressi and G.
mauritanicus, on one hand and B. heckerae and B. boomerang, on
the other hand (i.e. T,) were estimated to have occurred around 585
000 years ago and 1 My ago, respectively (Table 2). For both, the
upper boundary of 95% HPD was very large, probably due to the
fact that only one locus has been used. Based on Fst and genetic
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divergence, divergence times between Africa-Cadiz and Barbados-
Ke] populations (T1) was expected to be more ancient than
divergence between GoM and US Atlantic margin populations
(Ty), especially for Gigantidas species complex. Accordingly,
although quite close, T; estimates were 576 281 and 396 440 for
Gigantidas spp. and Bathymodiolus spp., respectively, while T, were
estimated as 355 791 and 153 236, respectively. Effective sizes of
contemporary populations (qo, q1, q» and qs) were largely higher in
Gigantidas spp. than in Bathymodiolus spp. except for the Africa-
Cadiz population which was four time higher in B. boomerang
(Table 2). A similar situation was observed for ancestral populations
that showed higher sizes in Gigantidas spp. although the posterior
probabilities distribution of these parameters (especially qs and qe)
were quite large (Supplementary Figures 54-S8).

Regarding migration rates, most estimates were close to zero
and non-significantly different from it (Table 2). High values
significantly different from zero in at least one run were
nevertheless observed for 2N;m,., for both species complexes
(Gigantidas and Bathymodiolus), suggesting efficient migration
greater than one individual per generation from GoM to the US
Atlantic margin (Table 2). Gene flow in the opposite direction was
non-different from zero for G. childressi but estimated to be around
7 migrants per generation for B. heckerae. It is however noteworthy
that for B. heckerae both 2N;m,., and 2Nym,.; HPD95% included
zero. Other significantly different from zero values included
2Nsms., for B. boomerang, which represented the number of
trans-Atlantic migrants from Western Africa to Barbados-Ke].
This value was, however, very low (less than one individual per
generation) and the HPD95% included zero. This contrasted with
reverse large and significant Nm values of around 60 migrants per
generation from Barbados-Ke]J to Africa, but also with an ancestral
rate of migration of nearly 20 migrants per generation found in
Bathymodiolus between the American and European/African
margins. In the Gigantidas species complex, only the Nm value
from Barbados to the US Atlantic margin was greater than one, but
this value was not significantly different from zero. This
contemporary flow was confirmed by the sampling of one and
two G. mauritanicus migrants in the Baltimore Canyon and the
New England seep 2, respectively (see (b) in Figure 3).

3.5 Larval dispersal modelling

Despite variations according to the spawning dates (i.e. 5 years
with 5 months each), the overall patterns of larval dispersal were
generally consistent between dates for each spawning area (see
larval simulations in Portanier et al., 2023 and Jollivet et al., 2023)
and are summarized in Figures 5, 6; Table 6 at the scale of the whole
Atlantic. Larvae released in the GoM (i.e. Alaminos Canyon, Brine
Pool, Louisiana Slope) spread throughout the GoM while a
significant number of them traveled through the Florida Strait,
and dispersed northward along the US Atlantic margin and then
eastward off the Mid-Atlantic Bight across the North Atlantic,
following the overall North Atlantic gyre (Figures 5, 6; Table 6).
Average dispersal distances traveled by larvae varied between
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Larval dispersal connectivity map obtained using larval dispersal fluxes simulated by the oceanic circulation model VIKING20X. Mean fluxes were
calculated between spawning areas (red and purple points) and settlement regions (blue polygons). Arrows show the range of mean values observed
for all sites within settlement regions. Details on site per site values can be found in Table 6. See Figure 1 for spawning areas and settlement regions
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spawning areas but were higher for larvae released at Brine Pool
(Figure 7A). For some spawning dates (e.g. January 2019), most
larvae originating from Alaminos Canyon and Louisiana Slope were
retained in the GoM and only a few entered the Gulf Stream and
dispersed along the US Atlantic margin (Supplementary Figure S9).
The average maximal dispersal distance for all spawning dates was
also higher for a larval release at Brine Pool (Figure 7B, with some
larvae arriving offshore of Ireland, see e.g. Supplementary Figures
S10, S11) although extreme distances travelled by some larvae were
reported for a larval release at Alaminos Canyon (~
6500 km, Figure 7B).

Larvae released from the US Atlantic margin (i.e. Bodie Island,
Norfolk Canyon, Baltimore Canyon, New England) dispersed along
the US Atlantic margin to Nova Scotia, and then eastward across the
North Atlantic with low isotropy indices (Figure 6; Table 6, see also
Portanier et al., 2023 and Jollivet et al., 2023). The average dispersal
distance and the average maximal dispersal distance varied little
between sites, between 850 and 1032 km for the former, and
between 2787 and 3857 km for the latter (Figure 7). Extreme
dispersal distances exceeded more than 4850 km for a larval
release at Bodie Island (Figure 7) so that some larvae could reach
European waters, South-Western of Ireland (see Supplementary
Figures S12, S13).
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Larvae originating from the North Eastern Atlantic (i.e. SWIM
Fault and Gulf of Cadiz) were transported in different directions
(high isotropy indices, Table 6). While some larvae entered the
Mediterranean Sea through the Strait of Gibraltar, others were
transported northwards along the Portuguese coast or southwards
along the coast of Morocco (Figures 5, 6, see also Portanier et al.,
2023 and Jollivet et al., 2023). Depending on spawning dates, only a
few larvae were transported to latitudes south of the Canary Islands,
suggesting that very few larvae could reach the North West African
region in the surface layer of the ocean (Table 6). For both sites, the
average dispersal distances were low (around 400 km) even though
extreme dispersal distances exceeded 2700 km for some larvae
entering the Mediterranean Sea (Figure 7, Portanier et al., 2023
and Jollivet et al., 2023).

For a larval release in North West Africa (i, Arguin, Cadamostro
Seamount), dispersal patterns varied slightly according to the spawning
area. For a release at the Arguin site, larvae spread along the coast of
North West Africa northwards, southwards to the Cape Verde Peninsula
and westwards beyond the Cape Verde archipelago by the Canary and
the North Equatorial Currents. For a larval release at the Cadamostro
Seamount, larvae were transported westward to a longitude of 30°W but
did not reach the Mid-Atlantic Ridge (Table 6; Figures 5, 6, Portanier
etal, 2023 and Jollivet et al., 2023). As for larvae originating from the NE
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FIGURE 6

Representative patterns of simulated larval distribution after one year following a larval release at one of the 21 seep localities and/or putative
stepping stones on the mid-Atlantic Ridge. Release date was January 2017 (see Portanier et al., 2023 and Jollivet et al., 2023 for all 25 release dates
simulated). See Figure 1 for spawning areas and settlement regions abbreviation definitions.

Atlantic, the average dispersal distance was low (less than 400 km), and
maximal dispersal distance never exceeded 1200 km (Figure 7, Portanier
et al., 2023 and Jollivet et al., 2023).

While larvae released from the Gulf of Guinea (i.e. Guiness,
Nigeria margin and West African margin) were mainly transported
westward, larval dispersal patterns varied among spawning area.
Larvae from the Nigeria margin were mainly trapped in the Gulf of
Guinea gyre (Figures 5, 6), whereas at some rare spawning dates
(Guinea site on Supplementary Figures S14, S15), larvae were
transported westward across the Atlantic by the Equatorial South
Equatorial Current but did not reach the North Brazil margin
(Figure 6; Table 6). While the average dispersal distance was around
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400 km, the maximum dispersal distance exceeded 1350 km
(Figure 7). Larvae from the West African margin were
transported both eastward by the Gulf of Guinea current and
westward by the Equatorial South Equatorial Current (Figure 6;
Table 6). Larvae from this site reached the North Brazil margin with
a maximal dispersal distance of 2715 km (Figures 5, 6; Table 6;
Supplementary Figures S14, S15). Larval dispersal following a
spawning event from Guiness was highly variable among
spawning dates. While larvae could be mainly transported
southward along the coasts of Congo, they could also be
transported westwards by two branches of the equatorial
circulation: the Guinea Current and the Equatorial South
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TABLE 6 Mean and maximal (in brackets) percentages of larval exchanges observed between spawning areas and the eleven regions for settlement (see Figure 1 for the mapping of these areas) using larval
dispersal simulations of the oceanic circulation model VIKING20X.

Site  US Atlantic GoM Barbados  South Brazil NWAM NE Atlantic =~ Gulf of Guinea NMAR = MMAR SMAR North Brazil | Isotropy

margin
GoM NRI1 0.8 (5.4) 14.6 (18.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.1(2.1) | 00 (0.0) 0.0 (0.0) 0.0 (0.0) 032 +0.13
LS 0.2 (1.6) 15.8 (18.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 045 + 0.15
AC 04 (6.7) 15.4 (18.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 047 +0.18
US Atlantic margin BI 6.3 (17.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 03 (38) | 0.0(0.0) 0.0 (0.0) 0.0 (0.0) 0.23 +0.07
NO 6.8 (17.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 02(21) | 00(0.0) 0.0 (0.0) 0.0 (0.0) 0.23 +0.05
BC 9.9 (17.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 02(29) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.22 + 0.06
NE 11.3 (17.4) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 04 (27) | 00 (0.0) 0.0 (0.0) 0.0 (0.0) 0.24 + 0.09
NE Atlantic SWIM 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 5.2 (17.8) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.47 + 0.20
CA 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.002 (0.1) 3.0 (12.2) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.35 + 0.14
NWAM ARG 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 12.4 (16.9) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.55 + 0.20
cs 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 12.3 (18.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 049 +0.17
Gulf of NIG 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 6.7 (16.4) 0.0 (0.0) | 0.0 (0.0) 0.01 (0.1) 0.0 (0.0) 0.36 + 0.12
Guinea WAM 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 4.5 (16.6) 0.0 (0.0) | 0.0 (0.0) 1.4 (5.4) 0.01 (0.1) 0.14 + 0.07
GUIN 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 2.3 (9.1) 0.0 (0.0) | 0.0 (0.0) 0.02 (0.2) 0.0 (0.0) 0.46 + 0.20
South Brazil SP 0.0 (0.0) 0.0 (0.0) 0.06 (1.0) 9.5 (14.7) 0.0 (0.0) 0.0 (0.0) 02 (3.1) 0.0 (0.0) | 0.0 (0.0) 0.3 (5.1) 0.9 (5.8) 0.53 + 0.11
SPD 0.0 (0.0) 0.0 (0.0) 0.02 (0.1) 6.4 (15.6) 0.0 (0.0) 0.0 (0.0) 0.1 (0.3) 0.0 (0.0) | 0.0 (0.0) 0.3 (22) 0.7 (4.8) 041 +0.13
North Brazil AM 0.0 (0.0) 0.0 (0.0) 2.0 (14.8) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 29 (12.1) 0.0 (0.0) | 0.0 (0.0) 0.5 (1.9) 5.2 (15.6) 0.18 + 0.07
Barbados TRI 0.02 (0.4) 0.05 (0.9) 12.5 (17.8) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.006 (0.1) 0.0 (0.0) | 0.0(0.0) | 0.006 (0.1) 0.2 (24) 0.3 +0.10
KeJ 0.0 (0.0) 0.02 (0.2) 11.8 (17.8) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) | 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.29 +0.13
MMAR LOG 0.0 (0.0) 0.0 (0.0) 0.7 (3.4) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) | 9.4 (17.2) 0.0 (0.0) 0.006 (0.1) 0.36 + 0.14
NMAR LOST 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 02(3.7)  0.(23) 0.0 (0.0) 0.0 (0.0) 0.53 + 0.13

The 5-years averaged isotropy values are also reported with their standard deviations. Bold values highlight larval retention in each spawning area. Spawning area abbreviations (lines) correspond to NR1, Brine Pool; LS, Louisiana slope; AC, Alaminos canyon; BI, Bodie
island; NO, Norfolk canyon; BC, Baltimore canyon; NE, New England seeps; SWIM, SWIM Fault; CA, Gulf of Cadiz; ARG, Arguin bank; CS, Cadamostro seamount; NIG, Nigerian margin; WAM, West African margin; GUIN, Guiness; SP, Sao Paulo seep 1; SPD, Sao Paulo
seep 2; AM, Amazon fan; TRI, Trinidad prism; KeJ, Kick em Jenny crater; LOG, Logatchev seep and LOST, Atlantis FZ (Lost City). Abbreviations of the regions for settlement are: NWAM, North West African margin; NMAR, North Mid-Atlantic Ridge; MMAR, Middle
Mid-Atlantic Ridge and SMAR, South Mid-Atlantic Ridge. Non-null values have been highlighted.
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Equatorial Current for the northern branch, and the Central South
Equatorial Current for the southern branch (Figure 6; Table 6;
Portanier et al., 2023 and Jollivet et al., 2023).

Larvae originating from the South Brazil margin (i.e. Sao Paulo
1 and Sao Paulo 2) were transported southward by the Brazil
current to the Rio de la Plata and to a greater extent northward
by the highly dynamic North Brazil Under Current and North
Brazil Current so that some larvae reached the Barbados Prism
(Table 6; Figures 5, 6; Supplementary Figure S15). In parallel, some
larvae travelled across the Atlantic Ocean to the Gulf of Guinea by
the South Equatorial Current (Table 6; Figures 5, 6, nearly all larval
simulations in Portanier et al., 2023 and Jollivet et al., 2023). For a
larval release in the North Brazil margin (i.e. Amazon fan), larvae
were transported both to the northwest by the North Brazil Current
to the Barbados Prism and eastwards by the South Equatorial
Current to the Gulf of Guinea (Table 6; Figures 5, 6, nearly all
larval simulations in Portanier et al., 2023 and Jollivet et al., 2023)
with low isotropy indices (Table 6). For some spawning dates, larvae
entered the GoM and traveled through the Florida Strait along the
US Atlantic margin (Table 6; Supplementary Figures S15, S16). The
larvae emitted along the Brazilian coast are those that travel the
greatest distances, with maximum dispersal distances exceeding
5000-6000 km (Figure 7).

Larvae released from the Barbados Prism (i.e. Trinidad and Kick
em Jenny crater) were mainly dispersed in the Caribbean Sea (Figure 6,
Portanier et al., 2023 and Jollivet et al., 2023). As reported for a larval
release in the North Brazil margin, a few larvae reached the entrance of
the GoM, and the Florida Escarpment but most of them were entrained
along the US Atlantic margin for a few spawning dates (Figures 5, 6;
Table 6; Supplementary Figure S9 and larval release from November
2014 to February 2015 in Portanier et al., 2023 and Jollivet et al., 2023).
Such transport was more common with some larval releases at
Trinidad (Table 6, Supplementary Figure S9). In parallel, larvae
released at Trinidad could travel across the Equatorial Atlantic and
reached the Gulf of Guinea (Figure 5; Table 6, see e.g. Supplementary
Figure S9). On average, mean and extreme dispersal distances of larvae
originating from Barbados prism were lower than those of larvae
originating from Brazil (Figure 7).

Finally, larvae released from the mid-Atlantic Ridge (i.e. Lost
City and Logatchev seeps) were dispersed over short distances with
average dispersal distance and maximum dispersal distance of 300-
400 km and 960-1400 km, respectively (Figure 7). As the Lost City
seep is located in the center of the overall subtropical North Atlantic
gyre, outside the main currents, larvae from this site never reached
the US Atlantic or African margins and spread in all directions
(Figure 6) with high isotropy indices (Table 6). Conversely, some
larvae originating from the Logatchev seep could benefit from the
North Equatorial Current and the Equatorial Counter Current to
reach the Barbados Prism and the North Brazil margin (Figure 5;
Table 6, see e.g. Supplementary Figure S9).

In terms of connectivity among the different cold seeps areas in
the North and Equatorial Atlantic, there are strong differences
between the East and the West margins of the ocean as the result
of abrupt differences in the intensity of the general surface
circulation (Figure 5). A high northward larval dispersal and
connectivity from the South Brazil margin to the US Atlantic
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margin was simulated. Conversely, no connectivity was reported
between the cold seep areas along the East Atlantic, from the Gulf of
Cadiz to the Gulf of Guinea (Table 6). Rare and reproducible
bidirectional larval exchanges across the Atlantic occurred only in
the Atlantic Equatorial Belt (Table 6; Figure 5). In temperate waters,
larvae released from the US Atlantic margin travelled across the
Atlantic to reach the southwest Ireland but were not able to colonize
sites in the south of the Iberian Peninsula. Contrary to our
expectations, sites located along the mid-Atlantic Ridge did not
seem to play a major role as stepping stones.

4 Discussion

4.1 A shared mitochondrial history
between Gigantidas and Bathymodiolus

The low level of divergence (< 1%) measured in the present study
between G. childressi and G. mauritanicus or between B. heckerae and
B. boomerang corresponded to previous observation made using
lower sample sizes (Olu-Le Roy et al., 2007; Genio et al., 2008) and
is in the range of differences commonly accepted between
populations of the same species or within the grey zone of
speciation (Roux et al., 2016). It is similar to what was observed
between mussel species that still hybridize (e.g. B. azoricus/B.
puteoserpentis or B. thermophilus/B. antarcticus, Faure et al,, 2009;
Johnson et al., 2013) and therefore suggests that geographic species
could still exchange genetic material within each genus. Despite a
higher number of mutational changes observed between the two
Gigantidas species when compared with the two Bathymodiolus
species (Figure 2 vs. 3), genetic distances and population
differentiation indices were equivalent in the two species
complexes. This gives credit to a shared mitochondrial history of
the two genera in the North Atlantic. Indeed, it has been suggested
that G. mauritanicus/G. childressi and B. boomerang/B. heckerae
diverged at similar times, between 1.3 Million years ago (Mya) and
3 Mya (Miyazaki et al, 2010; McCowin et al., 2020). While our
estimate of T, (population splitting time between MRCAs of GoM-
US canyons and Barbados-Africa) corresponded for Bathymodiolus
spp., it seemed upward biased for Gigantidas spp., as also suggested
by its proximity with T; (divergence between populations from
Barbados-KeJ] and Africa-Gulf of Cadiz). Such concomitant
divergence across the Atlantic and across the Caribbean Sea
appeared unlikely given the genetic break identified in the
Caribbean Sea for both genera, which instead suggested a complete
lineage sorting between G. childressi/G. mauritanicus and B. heckerae/
B. boomerang and a parallel mitochondrial isolation.

Our results thus tended to validate the hypothesis of a vicariant
effect possibly due to an ‘old’ (1-3 Mya) hydrologic barrier
predating the Panama Seaway closure (Knowlton and Weigt,
1998) that separated B. boomerang and B. heckerae on one hand,
and G. mauritanicus and G. childressi on the other hand (Olu-Le
Roy et al., 2007). The change of the Caribbean Sea salinity and of the
thermohaline circulation observed around 3 Mya (Haug and
Tiedemann, 1998; Haug et al., 2001), which may be linked to the
closure of the Panama Seaway (but see Montes et al., 2015), may
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have impacted the within-Atlantic Ocean circulation. This could
have led to a reinforced cross-Atlantic circulation between Barbados
and African margins along the Atlantic Equatorial Belt and the
diversification of Bathymodiolus species (Jones et al., 2006; Olu-Le
Roy et al.,, 2007). Such a scenario may explain how individuals from
the same species occur on both sides of the Atlantic and suggest that
previously-isolated populations across the Caribbean Sea are
currently experiencing a possible secondary contact with the
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arrival of rare but regular Barbados migrants in the US Atlantic
margin waters (see below). Vicariant effects leading to concomitant
species divergence at the community scale have also been
documented in other deep-sea ecosystems, such as in the back-
arc-basins of the South West Pacific (Thaler et al., 2011; Thaler
et al., 2014; Lee et al., 2019; Poitrimol et al., 2022; Tran Lu, 2022;
Tran Lu Y et al,, 2022) or along the East Pacific Rise (Plouviez et al.,
2009; Matabos and Jollivet, 2019) in which taxa from several phyla
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(Mollusca, Annelida, Crustacea) simultaneously diverged in
response to geotectonic rearrangements.

4.2 Contemporary and past gene flow
across the Atlantic Equatorial Belt

High faunal similarities between seep communities have been
previously depicted on both sides of the Atlantic Ocean (Olu et al.,
2010) with very low genetic divergence between siblings (e.g.
vestimentiferan tubeworm, Andersen et al., 2004; Cowart et al.,
2013; alvinocarid shrimps, vesicomyid bivalves, Teixeira et al., 2013;
LaBella et al., 2017; Pereira et al., 2020). In Alvinocarididae shrimps,
the level of genetic differentiation was low enough to suggest a high
level of contemporary gene flow (Teixeira et al., 2013; Pereira et al.,
2020). In the present study, IMa3 analysis, in conjunction with the
possible assignment of one Nigerian B. boomerang individual to the
Barbados genetic group (individual (a) Figure 3), may also suggest
the existence of contemporary gene flow across the AEB. For B.
boomerang, a large and significant proportion of migrants was,
indeed, estimated from Barbados to Western African Margin
(2N,m,. 5 = 63.239), although the HPD95% included zero. Despite
the fact that the lower boundary of HPD95% includes zero, gene
flow in the opposite direction was not null (2N3;m;., - 0.015) and
gave support to a bi-directional larval exchange between
populations. It is noteworthy that migration rates estimated in
IMa3 represent migration rates since population divergence.
Calculations based on mitochondrial DNA may thus translate to
past gene flow. But, in conjunction with the detection of the
potential Barbados to Nigeria migrant, the large 2N,m,.; argued
in favor of eastward contemporary gene flow. By contrast, IMa3
results did not provide evidence for trans-Atlantic gene flow for G.
mauritanicus as migration rates were always low (<1) and non-
significantly different from zero. It nevertheless supported ancestral
gene flow between the US Atlantic and European margins.

The presence of contemporary gene flow across the AEB would
assume the existence of teleplanic larvae (or larvae with a long larval
life span exceeding several months) and the existence of marine
corridors ensuring the transport of larvae by marine currents (e.g.
the AMOC, Gary et al,, 2020). Such hypothesis is likely for
bathymodioline mussels, especially for G. childressi, in which
larval lifespan is estimated to be more than one year and vertical
migration of larvae that then benefit from surface oceanic
circulation have been documented, although some larvae have
also been collected near the bottom (Arellano and Young, 2009;
Arellano and Young, 2011; Young et al., 2012; Arellano et al., 2014;
Laming et al.,, 2018). Overall VIKING20X model results showed a
strong larval retention within each geographic region (Table 6) as
already observed elsewhere (Young et al, 2012). The maximum
distance a larva can achieve during one year (Figure 7) nevertheless
suggested that Barbados populations can be directly connected to
Africa, although eastward flows were low (0.1% of larvae exchanged
at maximum during extreme events, Table 6). In addition, the
Amazonian basin (which is geographically close and connected to
Barbados and North Brazil, Figure 5) was able to send up to 10% of
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larvae to Western Africa during extreme events (Table 6). In the
opposite direction, the African populations were only able to send a
low percentage of larvae to the Amazonian basin (0.1% at
maximum during extreme events, Table 6). Although putative
Amazonian populations may send a large proportion of larvae to
Barbados-Ke] (up to 15%, Table 6), the very low flow from Western
Africa to Brazil may prevent, or largely challenge, effective dispersal
from Western Africa to Barbados-Ke]J.

Altogether, these results suggested that contemporary gene flow
across the Atlantic Ocean is possible but rare and occurs most
probably from West to East and in surface waters. Interestingly, in
our study, the eastward flow was only evidenced for B. boomerang
and not for G. mauritanicus. While a sampling bias cannot be
excluded to explain such results, G. mauritanicus and B. boomerang
may also use distinct habitats, making one species able to disperse
farther than the other. Usually, B. boomerang and B. heckerae are
present at deeper sites (Olu-Le Roy et al., 2007; Olu et al., 2010;
Coykendall et al., 2019 and Table 1). In addition, while both G.
mauritanicus and B. boomerang use a dual symbiosis with both
sulfo-oxidizing and methanotrophic bacteria in their gills, G.
mauritanicus shows dominant methanotrophic phylotypes,
suggesting that it requires high methane concentrations and a
hard substratum to settle (Sibuet and Olu, 1998; Rodrigues et al.,
2013a; Rodrigues et al., 2013b) whereas B. boomerang lives buried in
soft sediment and may be able to process both methane and sulfide
at low flow rates, including peripheral hydrothermal sediments (Olu
et al., 1996; Cosel and Olu, 1998; Sibuet and Olu, 1998; Duperron
et al, 2011). As a consequence, this latter species is supposed to be
adapted to a larger range of environmental conditions when
compared to G. mauritanicus, which may favor dispersal.

4.3 Contemporary larval flow across the
Caribbean Sea

Although IMa3 results supported the presence of a strong
genetic break between populations of the Barbados Accretionary
Prism and GoM for both genera (all migration rates estimates close
to zero), the presence of three G. mauritanicus Barbados-KeJ type
sampled in the Baltimore Canyon and the New England Seep (US
Atlantic margin) (Figure 2) and the IMa3 estimation of 1.4 migrants
per generation (not significant) between Barbados and US Atlantic
margin gives support for low but existing larval exchanges across
the Caribbean Sea. The presence of only a few individuals
nevertheless suggested that such dispersal events are rare. This fits
well with VIKING20X larval dispersal simulations which suggested
low but reproductible larval flows across the Caribbean Sea (max.
0.9% to GoM and 0.4% to the US Atlantic margin during extreme
events, Figure 5; Table 6). These larval flows were however much
lower than those depicted between the South American and the
African margins. In addition, despite no detected larval exchanges
along the African coastline, between the Gulf of Cadiz and the Gulf
of Guinea (Figure 5; Table 6), G. mauritanicus populations in these
areas appeared genetically homogeneous (Figure 3). The lack or low
genetic connectivity observed between the South American and US
Atlantic margins is therefore difficult to explain. The settlement of
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large numbers of G. mauritanicus and B. boomerang in GoM or the
US Atlantic margin canyons might be challenging due to differences
in environmental conditions (e.g. maladaptation of southern
migrants) if the break is due to a well-established genetic barrier
(i.e. strong counter-selection of hybrids and the foreign parental
form) instead of due to a lack of dispersing larvae. In the opposite
direction, both IMa3 estimates and the larval dispersal modelling
simulations were unable to detect GoM or US Atlantic margin
canyon migrants in the Barbados-KeJ sites.

Larval exchanges between Barbados-Ke] and the US Atlantic
margin thus seem to be, as observed between Western Africa and
Barbados-KeJ, rare and are likely to occur northward. Cordes et al.
(2007) hypothesized that a bidirectional connection may exist
between the GoM and Barbados (through the deep Yucatan Strait
and the St. Vincent and Dominica passages) but larval dispersal on
the bottom appears extremely limited and in contradiction with our
genetic data. An indirect way of sending larvae from the US Atlantic
margin canyons to the Barbados Accretionary Prism would
nevertheless be through the mid-Atlantic Ridge. VIKING20X
larval dispersal simulations however weakly support this view but
some larvae released in the US Atlantic margin canyons and Blake
Ridge were theoretically able to reach the putative cold seeps
modelled in NMAR (North Mid-Atlantic Ridge), which were, in
turn connected (with a small value) to the central part of MAR and
Barbados Accretionary Prism (Figure 5; Table 6).

4.4 Contemporary gene flow between
GoM and the US Atlantic margin

As observed elsewhere (Carney et al., 2006; Faure et al., 2015;
Coykendall et al., 2019), the G. childressi and B. heckerae lineages
shared numerous haplotypes between GoM and US Atlantic margin
canyon populations. This validates that these two regions are highly
connected (Figures 2-4). This was especially true for G. childressi
since all Fst values except ones involving the Shallop West
population were close or equal to zero. While also based on COI
data, Faure et al. (2015) suggested the occurrence of restricted gene
flow between some localities within the GoM, however, we saw
evidence of a lack of genetic structure and an apparent panmixia, as
observed by Coykendall et al. (2019). The larger sample sizes
involved in the present study and Coykendall et al. (2019) may
explain this discrepancy. Absence or very low levels of genetic
structure have also been observed for other cold seep species within
the GoM, such as tubeworms (McMullin et al., 2010; Cowart et al.,
2013; Cowart et al., 2014). In accordance with the absence of genetic
differentiation observed in G. childressi, migration rates estimated
with IMa3 between GoM and the US Atlantic margin was not null,
but were significantly different from zero and strongly orientated
from GoM to the US Atlantic margin canyons (2N;m,;., = 46.41,
2Ngmg.; = 0.070). It is nevertheless noteworthy that the
distribution of posterior probabilities of 2Noymy.; exhibited an
alternative peak around 15 migrants per generation
(Supplementary Figure S6). IMa3 also indicated the occurrence of
bidirectional gene flow for B. heckerae since both 2Njm;., and
2NoMo>; were significantly different from zero, although the
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HPD95% included zero, with values around 10 migrants per
generation (Table 2). Accordingly, most Fst values were low and
not significantly different from zero between the US Atlantic margin
canyons, Pick Up Sticks, and the other GoM seeps (including the
Florida Escarpment). However, highly significant genetic
differentiation was also found in B. heckerae populations between
Blake Ridge and the Florida Escarpment, suggesting restricted gene
flow between these two populations. These two latter localities have
been repeatedly described as peculiar as compared to other GoM
and US Atlantic margin canyon seeps and are much deeper (usually
less than 2000 m) than the depth range tolerated by G. childressi. As
a consequence, the distribution of B. heckerae is probably more
fragmented than that of G. childressi (Olu-Le Roy et al., 2007; Olu
et al., 2010; Faure et al., 2015; Turner et al., 2020; DeLeo et al., 2022).
Sampling B. heckerae at the shallower Pick Up Sticks site (400-
450 m) is therefore unexpected. The Fst value between Pick Up
Sticks and Blake Ridge was lower than other Fst values involving
Blake Ridge, so Pick Up Sticks may be also viewed as putatively
receiving migrants from both the Blake Ridge and Florida
Escarpment seeps.

In accordance with the northward flow depicted by IMa3, larval
dispersal simulations evidenced a non-negligible larval transport
from GoM/Florida Escarpment towards the US Atlantic margin (up
to 6% in extreme events, Table 6). In the meantime, population
genetics cannot discard the hypothesis of bidirectional gene flow,
although likelihood ratio tests for migration rates are prone to false
positives when divergence is weak and sample sizes low (Hey et al.,
2015). However, no larvae from the US Atlantic margin canyon
seeps were able to reach the GoM (Figure 5; Table 6). Although our
simulations included a period of several weeks before larvae reach
the surface layers, they fully agreed with previous larval dispersal
studies focusing on surface dispersal done by Young et al. (2012);
McVeigh et al. (2017), and Gary et al. (2020) for G. childressi. By
contrast larval transport onto the seafloor led to very limited
dispersal distances and a lack of population connectivity between
oceanic provinces (results not shown, see also Gary et al., 2020), but
physical models on large-scale oceanic circulation do not take the
seafloor topology into account with accuracy. Accordingly, if some
larvae disperse using bottom currents, these flows may have been
overlooked. Such bottom currents often flow in the opposite
direction and could explain some unexpected gene flow entering
in the GoM (e.g., deep-water current along the Sigsbee Escarpment
in the GoM, Hamilton, 2009). To this extent, Cordes et al. (2007)
suggested that below 1000 m larvae could be transported southward
with the deep western boundary current of the Atlantic, reaching
Blake Ridge and going to the Caribbean through the Anagada or the
Windward Pass. There, the deepest layers of the Loop Current may
take larvae through the Yucatan strait to the GoM. In the GoM, the
cyclonic and boundary currents (Furey et al., 2018) may take larvae
and ensure mixing between the US Atlantic margin and GoM.
Recently, DeLeo et al. (2022) also found evidence of mostly
southward gene flow in G. childressi along the US Atlantic margin
between Baltimore Canyon, Chincoteague and Norfolk Canyon.

The bidirectional gene flow suggested by IMa3 may then result
from this double dispersal strategy, using both surface and bottom
currents. Moreover, the fact that migration rates seem to be more
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balanced for B. heckerae may result from its deeper distribution
(larvae thus released deeper) and the required time needed to reach
the upper layers of the ocean. This could partially explain why B.
heckerae is more spatially structured than G. childressi because,
when dispersing at the bottom, larvae travel shorter distances than
in surface waters (McVeigh et al., 2017; Gary et al, 2020). It is
however noteworthy that such migration routes could result in the
presence of B. heckerae and/or G. childressi in Barbados seeps, while
none have been sampled. Their absence may be explained, for
example, by the fact that larvae could not cross the Caribbean Sea
entirely and may be trapped in the Windward Pass. Alternatively,
the apparent absence of B. heckerae or G. childressi may be
erroneous because of the study of mitochondrial DNA only if a
genetic barrier exists. Indeed, the B. heckerae or G. childressi
mtDNA types may be counter-selected in Barbados seeps while,
actually, hybrids between B. heckerae/B. boomerang or G. childressi/
G. mauritanicus could exist and would be detectable only using
nuclear markers and genomics analyses.

4.5 Incomplete lineage sorting

As discussed above, dispersal events across the AEB and the
Caribbean Sea seem to be rare and may fail to explain the lack of
divergence observed between populations from both sides of the
Atlantic. Indeed, even if occurring, migration seems not efficient
enough to homogenize B. boomerang and G. mauritanicus
populations from the Eastern and Western sides of the North
Atlantic. Despite being from the same species and showing low
divergence, populations of G. mauritanicus and B. boomerang from
Barbados and Western Africa were, indeed, both genetically
differentiated with no shared haplotypes and highly significant Fst
values (= 0.3 and 0.5). Caution must however be taken as rare long-
distance mitochondrial migrants might only be rare because of a
strong counter-selection against hybrids due to the presence of a
genetic barrier, which could be relaxed for neutrally-behaving
markers associated with the nuclear genome. In that specific case,
cross-Atlantic gene flow could be more important than solely
predicted by the mitochondrial genome alone. Nevertheless, in
the absence of efficient gene flow, the lack of fixed differences is
likely to result from incomplete lineage sorting. In species in which
effective size is expected to be very large, the lineage sorting process
is slow and usually achieved in a period of time greater than 6Ne
generations (Rosenberg 2003). In broadcast spawners such as
bathymodioline mussels, high effective sizes are expected (e.g.
Ciona savignyi, Small et al., 2007; Rimicaris exoculata, Teixeira
et al,, 2011). In our study, IMa3 estimates of effective population
sizes were very large (often >1 million ind.) for all populations
(except B. boomerang from Barbados) and 6Ne generations thus
represent very large periods of time that greatly exceed the
estimated population splitting times T, and T, estimated using a
generation time of one year. Moreover, the lack of fixed differences
between Barbados-Ke] and Africa-Cadiz populations in the two
lineages B. boomerang and G. mauritanicus could also be the result
of past gene flow and ‘old’ corridors of colonization. Such a
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hypothesis can be illustrated by the finding of one intermediate
mitochondrial haplotype between G. childressi and G. mauritanicus
sampled at the northernmost US Atlantic margin New England
seepage, providing that it is not a recombining haplotype due to
local hybridization between these two geographic species. Since this
haplotype was closer to Africa-Cadiz haplotypes than to Barbados-
KeJ ones, it may trace back a northern pathway of dispersal of
Gigantidas, possibly relayed by the NMAR/Reykjavik Ridge. This is
in accordance with the study of LaBella et al. (2017) on the deep
vesicomyid clam Abyssogena sp. in which authors detected the
presence of Florida Escarpment-derived haplotypes in the Gulf of
Guinea populations. These two populations nevertheless did not
share haplotypes, suggesting that the genetic signal observed may
result from ancient gene flow from US Atlantic margin to Africa.
Migration rates estimated by IMa3 (without the intermediate
haplotype) however weakly supported this assumption with
estimates derived from the ancestral populations of Gigantidas
being almost null and non-significant. Caution must be taken,
however, in extracting past information from our genetic data
because of the lack of power associated with our single locus
analysis. Multi-locus (e.g. Restriction Site Associated DNA
sequencing) analyses may discriminate past from contemporary
trans-Atlantic gene flow, making it possible to investigate if
hybridization between species occurs, as suggested by the
intermediate New England individual.

5 Conclusion and perspectives

Overall, genetic analyses suggested a parallel isolation of
Gigantidas and Bathymodiolus species complexes in the Atlantic
Ocean and validated the hypothesis of a vicariant effect resulting
from a hydrographic barrier isolating mussel populations across the
Caribbean Sea, with a wider and amphi-Atlantic distribution of the
southern lineages. Contemporary gene flow between western and
eastern margins of the North Atlantic and long-distance larval flow
seemed to be rare (at least for the mitochondrial genome), as
suggested by the presence of a few putative long-distance
migrants (one across the EAB and three across the Caribbean
Sea), and the strong spatial segregation of haplotypes indicative of
low migration rates. The finding of long-distance migrants,
although rare, is however not anecdotic given our sampling sizes
and because foreign mitochondrial haplotypes are likely to be
counter-selected in the recipient populations in the face of a
genetic barrier. When, or if, trans-Atlantic gene flow occurs, it
likely was in an eastward direction in surface waters and only for B.
boomerang. Across the Carribean Sea, from Barbados-Ke]
populations to the US Atlantic margin, gene flow seemed to occur
northward and only for G. mauritanicus. Between the GoM and the
US Atlantic margin, bidirectional gene flow may occur for B.
heckerae but was not detected for G. childressi and was not
evidenced using larval dispersal modeling.

On the one hand, the differences in migrant detection between
species and genera might suggest that Bathymodiolus spp. and
Gigantidas spp. disperse slightly differently. This may be due to
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depth, habitat fragmentation and ecological preferences of the two
genera in accordance with symbionts requirements: mostly
methanotrophic for Gigantidas spp. (Duperron et al, 2007;
Demopoulos et al., 2019; Coykendall et al., 2019; Turner et al.,
2020), while Bathymodiolus spp. harbor a dual symbiosis and relies
more on sulfide-derived carbon (Prouty et al,, 2016; Van Dover
et al,, 2003; DeLeo et al.,, 2022). Contrasted levels of spatial genetic
sub-structuring and contemporary gene flow between species that
went through the same vicariant effects have also been reported in
relation with species-specific life history traits and dispersal abilities
in several other oceanic regions (Plouviez et al., 2009; Thaler et al.,
2014; Poitrimol et al., 2022; Tran Lu Y et al., 2022). In the Atlantic
Ocean, two sympatric cold-water corals Desmophyllum pertusum
and Madrepora oculata showed different post-glacial recolonization
histories, most probably as a response to contrasted dispersal
abilities and ecological requirements (Boavida et al., 2019). It is
nevertheless noteworthy that several non-exclusive hypotheses were
supported by our results and further studies using nuclear DNA and
powerful genomics approaches with larger sample sizes may be
informative. This should allow the clarification of the evolutionary
and colonization histories of bathymodioline mussels in the
Atlantic Ocean and to resolve more precisely the past and current
components of effective migration rates. It would also allow
determining if the observed genetic structure of G. mauritanicus/
B. boomerang between Barbados and Western Africa is the result of
long-term isolation and incomplete lineage sorting or of secondary
contact due to the Panama isthmus closure.

Although several sources of bias and variability may be present
while modelling larval dispersal (e.g. the effects of long-term exposure
to high temperatures on larval survival and development; larval
pelagic phase of one year which may be unrealistic for B. heckerae,
Dixon et al,, 2006; the impact of predation on larvae travelling in
zooplankton on the probability of long-distance dispersal, Gary et al.,
2020; larval vertical distribution and behavior), combining larval
dispersal modelling with genetic data highlighted interesting key
points. First, the detection of potential gene flow using genetics
while not detected using dispersal modelling illustrated the
complementarity between these two approaches. The few studies
combining genetics and larval dispersal modelling of the deep fauna
did not either always fully reconcile gene flow estimates with
predicted larval transport (need for ‘phantom’ stepping stones to
explain gene flows, opposite flow directions between the two
approaches, Breusing et al., 2016; Breusing et al., 2021). Second, the
dual genetics-modelling approach highlighted the importance of
“extreme” dispersal events in terms of genetic connectivity.
Considering only mean values of larval exchanges may not be
sufficient to explain the genetic spatial structure of a given species
(e.g. no genetic differentiation observed between the Gulf of Cadiz
and African populations of G. mauritanicus despite less than 0.1%
larval transport between them). Modelling decadal variations in
hydrodynamics due to the North Atlantic Oscillation and/or the El
Nifo Southern Oscillation in future studies may thus provide insights
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into the impact of such hydrodynamic variations on genetic
connectivity at the whole ocean scale. It is nevertheless noteworthy
that if such periodic events caused bursts of migration, it should be
detectable while investigating the spatial genetic structure. Since our
data supported the existence of few migrants and a strong genetic
differentiation between the Barbados and African margins, and
between these and the GoM or US margin populations, it is more
likely that periodic hydrodynamic oscillations only transport a small
number of migrants.

Altogether, our study supports the need to combine genomics
and larval dispersal modelling approaches in other complexes of
species with pan-oceanic or large spatial distribution (Breusing et al.,
2016; Breusing et al., 2021; Boavida et al., 2019; Lee et al., 2019). This
may improve understanding of species biology, dispersal capabilities
and connectivity at whole ocean scales. This is particularly relevant
since dispersal is linked to resilience capabilities of deep-sea
ecosystems and species which are more and more threatened (Van
Dover, 2014; Gross, 2015). Identifying source and sink populations
and precisely describing connectivity for different species is necessary
to define comprehensive conservation measures such as networks of
protected marine areas that will act as refuge zones and genetic
diversity reservoirs connected by corridors identified based on
biological needs of species (Van Dover, 2014; Gross, 2015; Levin
and Le Bris, 2015; Boavida et al., 2019). In the case of conservation
strategies for bathymodioline mussel in the Atlantic Ocean, the
strong geographic structure and the high rate of larval retention
observed in our study suggested that long-distance dispersal is
probably not efficient enough to replenish foreign populations,
although it may enable the colonization of new territories or the
recolonization of territories after local extinction. If larvae disperse
using surface currents, as suggested by the results of our combined
genetics-modelling approach, then there could be climate change
impacts on connectivity and resilience for Gigantidas and
Bathymodiolus species in the Atlantic. Increasing water
temperatures may lead to a decrease in pelagic larval duration and
an increase of larval mortality for bathymodioline mussels (Yorisue
et al., 2013; Arellano and Young, 2009; Arellano and Young, 2011;
Arellano etal., 2014; Yahagi et al.,, 2017), combining to further reduce
the apparently low connectivity of these species.
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