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SUMMARY

Deep-sea hydrothermal vents are patchily distrib-
uted ecosystems inhabited by specialized animal
populations that are textbook meta-populations.
Many vent-associated species have free-swimming,
dispersive larvae that can establish connections be-
tween remote populations. However, connectivity
patterns among hydrothermal vents are still poorly
understood because the deep sea is undersampled,
the molecular tools used to date are of limited
resolution, and larval dispersal is difficult to measure
directly. A better knowledge of connectivity is ur-
gently needed to develop sound environmental
management plans for deep-sea mining. Here, we
investigated larval dispersal and contemporary
connectivity of ecologically important vent mussels
(Bathymodiolus spp.) from the Mid-Atlantic Ridge
by using high-resolution ocean modeling and popu-
lation genetic methods. Even when assuming a
long pelagic larval duration, our physical model of
larval drift suggested that arrival at localities more
than 150 km from the source site is unlikely and
that dispersal between populations requires in-
termediate habitats (“phantom” stepping stones).
Dispersal patterns showed strong spatiotemporal
variability, making predictions of population connec-
tivity challenging. The assumption that mussel popu-
lations are only connected via additional stepping
stones was supported by contemporary migration
rates based on neutral genetic markers. Analyses of
population structure confirmed the presence of two
southern and two hybridizing northern mussel line-
ages that exhibited a substantial, though incomplete,
genetic differentiation. Our study provides insights
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into how vent animals can disperse between widely
separated vent habitats and shows that recoloniza-
tion of perturbed vent sites will be subject to chance
events, unless connectivity is explicitly considered in
the selection of conservation areas.

INTRODUCTION

The deep ocean hosts one of the most intriguing environments
on our planet—hydrothermal vents [1]. These systems result
from the penetration of oxygenated seawater into the oceanic
crust, where water-rock interactions produce chemically altered
fluids that reemerge from the seabed and lead to the precipi-
tation of polymetallic sulfide deposits [2]. In the absence of sun-
light, specialized microorganisms oxidize reduced compounds
from the hydrothermal fluids to generate energy for carbon fixa-
tion [3]. These chemosynthetic microbes often live in symbioses
with vent-dwelling invertebrate animals, creating oases of life in
the otherwise sparsely populated deep-sea environment [1].
Similar to other marine invertebrates, many vent species pass
through a free-swimming larval phase that can establish and
maintain connections among geographically separated vent
populations. Several physical and biological factors influence
patterns of larval dispersal [4] and the degree of effective
population connectivity. Effective population connectivity is
defined as the successful recruitment of settlers, which includes
dispersal. The processes controlling larval exchange among
vent populations separated by hundreds to thousands of
kilometers are poorly understood. Dispersal and connectivity
are critical for maintaining the stability of ecosystems and
their recovery potential from environmental disturbance.
Increasing interests in commercial mining of precious metals
from vent-associated seafloor massive sulfides (SMSs) are
currently posing the largest immediate threat to hydrothermal
ecosystems in the deep sea [5].

Vent populations are prime examples for meta-populations
that come and go depending on the transient nature of the
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hydrothermal fluids [6]. Vent organisms have evolved character-
istic life-history adaptations such as fast growth, early sexual
maturity, and opportunistic adjustments of the pelagic larval
duration (PLD) [7], making them more resilient to anthropo-
genic perturbations. Nevertheless, a rigorous quantification of
effective connectivity and genetic population structure of vent
species is still lacking, hampering the development of efficient
management plans for conservation [8].

Since direct measurements of larval dispersal are logistically
challenging [9], two major techniques are used to quantify migra-
tion between populations indirectly: molecular characterization
of gene flow and biophysical models based on Lagrangian ana-
lyses, i.e., individual particle tracking in space and time [10]. The
term “biophysical” refers to the combination of ocean current
models with the incorporation of biological parameters (e.g.,
timing of larval release and duration of larval life) to obtain large
ensembles of passive drift trajectories that are representative of
pelagic larval dispersal. Both methods have their limitations [10].
The chosen molecular markers may not sufficiently resolve
contemporary population structure. In addition, they might fail
to detect direct connectivity and lead to wrong assignments of
source populations, if intermediate habitats have not been
sampled. By being able to simulate multiple larval releases on
ecological timescales, biophysical modeling analyses can avoid
issues with sampling gaps. However, such simulations will be
problematic if the numerical ocean and particle-tracking models
have limited spatiotemporal resolution or lead to inaccurate as-
sumptions due to under-parameterization [10, 11]. A combina-
tion of approaches is therefore warranted, yet few studies have
used both methods to cross-validate results [12-14].

Mussels of the genus Bathymodiolus (Bivalvia: Mytilidae) are
key members of animal communities at chemosynthetic ecosys-
tems worldwide. In many vent environments, they represent
foundation species that form dense mussel beds that serve as
habitats and settlement substrates for other vent-associated or-
ganisms [15]. Like their shallow-water relatives, bathymodiolin
mussels are sessile as adults and have a planktonic larval stage
that enables exchange among populations. Arellano and Young
[16] concluded that larvae of the cold-seep mussel B. childressi
are able to delay the timing of metamorphosis and extend their
PLD to a maximum length of 13 months. Because Bathymodiolus
veligers can be transported away from the seafloor by passive
entrainment in hydrothermal plumes [17] and migrate vertically
during their ontogenetic development [18], larvae may be
dispersed over large distances in upper ocean currents. How
the potential for long-distance dispersal actually shapes popula-
tion structure and connectivity in these deep-sea organisms is
not understood.

On the Mid-Atlantic Ridge (MAR), four (sub-)species of
Bathymodiolus dominate the vent fauna [19, 20]: in the north,
B. azoricus occurs at vents on the Azorean Triple Junction
(NMAR), and B. puteoserpentis occurs along the central MAR
(MMAR) [19]. These species hybridize locally at the intermediate
Broken Spur vent field [21]. In the south, two unnamed closely
related Bathymodiolus species were recently described from
hydrothermal vents at 5°S and 9°S [20]. Evidence from phylo-
geographic analyses of the COI mitochondrial gene suggested
that all four MAR Bathymodiolus (sub-)species form a monophy-
letic group that split after separation from their western Atlantic
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cold-seep ancestors, the B. boomerang complex [20]. Coloniza-
tion of the MAR by Bathymodiolus most likely happened at the
northern ridge segments, with subsequent expansions into the
southern Atlantic [20].

In this study, we applied 100 high-resolution genetic markers
and Lagrangian analyses of larval dispersal based on a realistic
North Atlantic Ocean general circulation model (OGCM) to
assess patterns of effective connectivity and genetic subdivision
in these mussels (see Table S1 and Figure 1 for sampling sites
and abbreviations). In contrast to expectations from long
PLDs, our data suggest that migration between Bathymodiolus
populations from currently known vent sites can only be
achieved via so far undiscovered chemosynthetic habitats
(“phantom” stepping stones).

RESULTS

Genetic Structure and Divergence of MAR Mussels

To evaluate gene flow among populations, we applied Bayesian
inference analyses in the program STRUCTURE [22], using all
available molecular markers (90 SNPs, nine microsatellites
[MSATSs], and mitochondrial ND4). Following the conservative
AK correction by Evanno et al. [23], we found evidence for one
southern and two northern genetic clusters (K) on the MAR
(K = 8; Figure 2A). However, this approach might only reveal
the most parsimonious partitioning [24] provided that all indi-
viduals can be specifically assigned to the defined groups
under the assumption of Hardy-Weinberg equilibrium. As we ex-
pected further genetic structuring, we inspected non-significant
STRUCTURE results based on higher K values. These investiga-
tions revealed an additional subcluster in the southern Atlantic
(K = 4; Figure 2B)—in concordance with pairwise Fsrindex cal-
culations (Table 1) and previous species delineations [19, 20].
Among STRUCTURE clusters, all pairwise Fsr values were
significant and indicated a substantial genetic differentiation
(Table 1: Fsr = 0.3212-0.8388). By contrast, populations within
clusters were genetically undifferentiated (i.e., populations of
B. azoricus comprising MG, LS, and RB; and populations of
B. puteoserpentis comprising SP, IR, QS, and SM). In agreement
with previous findings [21], the BS vent field hosted a mixed
mussel population, resulting from hybridization between the two
northern clusters of B. azoricus and B. puteoserpentis (Figure 2).
Consequently, the genetic differentiation of BS to B. azoricus
and B. puteoserpentis was lower than that of other sites, while
divergence from the southern clusters was in the range of the
B. puteoserpentis-B. sp. 5°S and B. puteoserpentis-B. sp. 9°S
pairs (Table 1).

Overall, the absence of genetic structure within clusters, the
occurrence of hybridization, and the incomplete differentiation
among clusters demonstrate that gene flow occurs, particularly
in the northern part of the MAR.

Contemporary Gene Flow

To assess present gene flow between the sampled vent local-
ities, we calculated contemporary migration rates in the program
BayesAss [25]. Since loci under natural selection would most
likely bias these estimates, we used 44 polymorphic molecular
markers (36 SNPs and eight MSATSs) that were evidently neutral
based on Fgr outlier tests (Tables S2, S3, and S4). Our results
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Figure 1. Geographic Map of the Sampled Bathymodiolus Locations along the MAR
MG, Menez Gwen; LS, Lucky Strike; RB, Rainbow; BS, Broken Spur; SP, Snake Pit; IR, Irina; QS, Quest; SM, Semenov; CL, Clueless; LP, Lilliput. The image was
produced with GEOMAPAPP v3.6.0 (http://www.geomapapp.org) and INKSCAPE v0.48 (https://inkscape.org). See also Table S1.

implied a high amount of local retention for each region (fraction
of individuals derived from source vent >0.7084; Figure 3; Table
S5). No direct connection between sites was observed within
one generation. The only exception was the BS locality, where
our analyses indicated immigration of B. puteoserpentis from
the MMAR region (0.2488; Figure 3; Table S5). This pattern
was generally consistent, regardless of whether the pooled
NMAR B. azoricus hosted vents (MG, LS, and RB) and MMAR
B. puteoserpentis hosted vents (SP, IR, QS, and SM) were
used or whether only one vent from each of the two pools was
included in the runs (exception: some migration rates became
marginally significant when only SM was included in the ana-
lyses). This result indicates that the model simulations with
pooled datasets were free of bias and can be used as basis for
data interpretation.

Larval Dispersal via Biophysical Modeling

In addition to our molecular approaches, we performed particle-
tracking analyses to assess the potential contemporary connec-
tivity among the MAR localities. Unconstrained estimates of
dispersal suggested that passive larval drift is potentially wide-
spread, although transport to distant points from the release
position appeared to be extremely unlikely (Figure 4; <0.2%).
Generally, larval dispersal depends on the depth and bathy-
metric setting of each vent. At LS, larval drift had a southwest-
northeast orientation, consistent with the bi-directionality of
currents simulated at the LS vent field (Figure S1). However,

based on our estimated dispersal kernels (i.e., the probability
distribution as a function of geographic distance), there was no
significant spatial overlap of kernels between the known vent
sites MG, LS, and RB, even with a PLD of 1 year (Figure 5). For
releases from these sites and assuming no mortality, median
probabilities were less than 6% that passively drifting larvae
could be within reach of a hydrothermal plume (<400 meters
above bottom [mab]) and would thus be able to sense a potential
vent locality for settlement. Very rarely, likelihoods increased to
~17% (Figure 5; median and maximum values for releases
from RB), but only at or close to the source vent. Probabilities
of arrival at more distant sites were reduced to zero before
another known vent field was reached. These results indicated
that intermediate, presently unknown chemosynthetic habitats
must exist to enable connectivity between known vents. To
assess the required spacing of these localities and to evaluate
whether the observed lack of direct connectivity was a consis-
tent pattern along the MAR, we performed additional model
runs for hypothetical vent fields placed at 100-km intervals along
the ridge axis. In these simulations, dispersal directions and dis-
tances varied greatly among release sites and years, without a
predictable pattern in the underlying oceanographic structures
for the known vent sites MG, LS, and RB. This indicates that
dispersal events were largely stochastic. Despite temporal vari-
ability in larval transport, median effective dispersal distances
never exceeded 150 km during a PLD of 1 year (Figure 5A;
Table 2). These estimates were further reduced (<110 km)
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Figure 2. Structure of Bathymodiolus Populations along the MAR
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when larvae dispersed for only 6 months (Figure 5B; Table 2).
Median travel distances across all vents were 51-86 km
and 21-26 km for 1-year and 6-month dispersal, respectively
(Table 2). Depending on the starting position, a few larvae some-
times reached remote vent fields at distances of up to 200 km
(6 months) or 400 km (1 year), but such events seemed to follow
no clear pattern (Table 2).

DISCUSSION

Hydrothermal vents host specialized biological communities
that are solely based on chemosynthesis. At the same
time, they are textbook examples of isolated meta-populations
that depend critically on the processes assuring both connec-
tivity and re-colonization upon natural or upcoming anthro-
pogenic disturbances. Because Bathymodiolus mussels are
foundation species and ecosystem engineers at hydrother-
mal vents [15], their repopulation potential is critical to
ecosystem recovery, as disturbance through deep-sea mining
is imminent [5, 8].

Here we used high-resolution particle-tracking analyses and
estimates of recent genetic migration rates to infer the degree
of contemporary connectivity between vent mussel populations
along the MAR. Although differences in the applied algorithms
and the underlying assumptions prevent quantitative compari-
sons, both methods suggested that migration among presently
known vent fields is unlikely to happen within a single generation.
Despite spatiotemporal variation in dispersal patterns, our bio-
physical model suggested that recipient localities typically do
not lie more than 21-26 km or 51—86 km away from natal local-
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ities, depending on the duration of larval drift. For each vent site,
median dispersal distances never exceeded 110—150 km. This
is a surprising result given that the long PLD of Bathymodiolus
[16] should enable transport to much more distant sites and
keeping in mind that passive transport models often overesti-
mate dispersal distances for species with long PLDs [26]. More-
over, our simulations did not include any sources of mortality
during dispersal or other biotic or abiotic processes that can
negatively affect larval transport and recruitment [4]. Larval
survival in the plankton has not been measured for most
benthic invertebrates, but it is expected to be low (<10%) [27].
Lenihan et al. [28] showed that dense patches of the mussel
B. thermophilus significantly reduced the number of settlers or
surviving recruits through inter- or intra-specific competition
and predation. Larval behavior, such as vertical migration and
active swimming, can affect local retention and long-distance
dispersal in a number of species, including cold-seep Bathymo-
diolus [11, 18]. Although vertical current velocities are similar to
larval swimming speeds (a few 107" to 1072 mm/s) [29] and
could enable mussel larvae to move toward the surface, it is so
far unknown whether veligers of MAR Bathymodiolus perform
these migrations and whether they could survive depressuriza-
tion during ascent. Given these uncertainties and the fact that
the OGCM is limited in representing turbulence within the hori-
zontal and vertical grid resolution, we did not attempt to integrate
larval behavior into our simulations.

Our findings indicate that additional vent fields or other
chemosynthetic habitats must be present along the ridge axis
to allow connectivity among known MAR vent localities. These
results agree with current predictions on the abundance of



Table 1. Pairwise Genetic and Geographic Distances between Sampled Localities

B. azoricus (NMAR) Hybrid B. puteoserpentis (MMAR) B. sp. 5°S B. sp. 9°S

MG LS RB BS SP IR QS SM CL LP
MG * 89.73 277.19 1,446.12 2,052.06 2,882.49 2,882.55 3,006.67 5,120.23 5,581.76
LS —0.0002 * 187.84 1,356.83 1,962.55 2,796.01 2,796.07 2,920.70 5,095.01 5,551.66
RB 0.0032 0.0005 * 1,169.00 1,778.12 2,622.75 2,622.81 2,748.98 5,066.30 5,511.82
BS 0.4743 0.4362 0.4456 * 666.35 1,606.94 1,606.96 1,743.12 4,996.86 5,356.16
SP 0.6575 0.6325 0.6421 0.0714 * 953.50 953.50 1,090.63 4,713.82 5,018.75
IR 0.6719 0.6519 0.6595 0.1054 —0.0002 * 0.14 137.15 4,197.82 4,417.46
Qs 0.6822 0.6609 0.6703 0.0967 —0.0005 —0.0019 * 137.15 4,197.94 4,417.58
SM 0.6890 0.6705 0.6791 0.1083 0.0032 —0.0003 0.0048 * 4,132.14 4,337.44
CL 0.7728 0.7553 0.7631 0.5094 0.5433 0.5539 0.5570 0.5606 * 532.97
LP 0.8362 0.8323 0.8388 0.6455 0.6806 0.6788 0.6935 0.6940 0.3212 *

Genetic distances are measured as Fsrand are given below the diagonal, and geographic distances are measured in kilometers and are given above
the diagonal. Fst calculations are based on the combined dataset of 90 SNPs and nine MSATSs. Significant Fsr values after p value correction are
shown in italics (o« = 0.0114). MG, Menez Gwen; LS, Lucky Strike; RB, Rainbow; BS, Broken Spur; SP, Snake Pit; IR, Irina; QS, Quest; SM, Semenov;

CL, Clueless; LP, Lilliput.

SMS deposits and hydrothermal systems on the MAR, which
are thought to occur at least every 30—125 km on the northern
MAR and every 112—230 km on the southern MAR [30]. Recent
evidence from nephelometric and oxidation-reduction potential
sensoring techniques suggests an even closer spacing for
ridge systems worldwide, indicating that vent abundances
are much higher than previously assumed [31]. Although the
MAR has been intensively searched for thermal anomalies
and mapped with video surveys, small, diffusive vents are
difficult to detect and might have been overlooked. For example,
mussels described as B. aff. azoricus were sampled from
Lost City, an off-axis peridotite-hosted vent located at
30°N latitude [32], and a diffusive vent site hosting mussels
was recently discovered 5 km from MG using multibeam
echosound mapping (http://irvents-new3.whoi.edu/ventfield/
bubbylon). Alternatively, gene flow among Bathymodiolus popu-
lations could have been enabled via hydrothermal systems that
are now extinct.

The plausible existence of such “phantom” stepping stones
could explain the lack of genetic structure between the relatively
close populations within Bathymodiolus species and for the
occurrence of a hybrid zone. Greater spatial and temporal
gaps in the frequency of such stepping stones might then
account for the substantial genetic differentiation of mussel
localities between geographic regions. Likewise, “phantom”
stepping stones could explain an observed discrepancy be-
tween expectations from the biophysical model and estimates
from the BayesAss analyses that showed direct migration from
the B. puteoserpentis hosted vents to BS. The BayesAss algo-
rithm assumes that all source localities have been sampled
[25], which would not be the case if additional vent populations
exist between the known MAR sites. Such a situation would
lead to an adjustment of population allele frequencies between
the reported B. puteoserpentis locations and BS and therefore
cause false signals of direct connectivity. The “phantom” step-
ping stone hypothesis assumes that the model predictions of
median dispersal distances are generally correct and applicable
to the rest of the MAR, which awaits further testing and spatial

extensions of the OGCM high-resolution grid. In particular, the
fact that the B. azoricus hosted localities MG, LS, and RB were
genetically undifferentiated could indicate that the present
model results are inaccurate. Alternatively, the present genetic
markers might have been inappropriate to detect population
structure within taxa because they were designed to work across
species, which required tradeoffs to detect significant intra-spe-
cific variation. Resolving these issues requires future develop-
ment of genome-wide markers and ground truthing of the
OGCM at abyssal depths, for example via drifter releases in
the field [33].

Our work adds to the growing body of literature that uses both
biophysical modeling and population genetic methods to assess
connectivity of marine species [12-14]. This combined approach
is of particular value as it can compensate individual limitations
of the two techniques, thereby leading to better estimates of
connectivity—a benefit that is becoming increasingly relevant
for environmental management purposes [14]. Despite present
uncertainties, our results have important ramifications for con-
servation strategies in the Atlantic Ocean. They suggest that
recovery of hydrothermal ecosystems after impacts by SMS
mining will not be achieved if contemporary connectivity and re-
colonization potential are neglected in the design of marine pro-
tected areas (MPAs). Although the development of effective
measures for biodiversity conservation at mid-Atlantic vents is
in its infancy, the International Seabed Authority has already
provided licenses for exploration to France and Russia, and in-
terest in exploitation of abundant SMS deposits along the MAR
is increasing [34]. Despite the potential resilience of vent com-
munities to single mining events, it is unlikely that hydrothermal
ecosystems will easily recover from large-scale commercial
exploitation activities, as several environmental impacts are un-
predictable [8]. Anthropogenic disturbances might be particu-
larly damaging for vent communities on slow-spreading ridges
such as the MAR, where natural destructive events are compar-
atively rare and species might not be adapted to frequent pertur-
bations [8]. With a conservative PLD estimate of 6 months, a
MPA network consisting of individual conservation areas with
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Figure 3. Contemporary Connectivity between Bathymodiolus Localities Based on 44 Neutral Molecular Markers
Migration rates are shown as the fraction of self-recruits within regions or immigrants per generation from another locality. NMAR, MG, LS, and RB; BS, Broken

Spur; MMAR, SP, IR, QS, and SM; CL, Clueless; LP, Lilliput. See also Table S5.

region-dependent sizes and a spacing of less than 21—-26 km
would seem advisable to ensure repopulation of perturbed sites,
at least for Bathymodiolus mussels. Our model data suggested
that larvae can episodically reach vent fields at distances of
200-400 km, which might be sufficient to sustain long-lived,
temporarily stable vent communities of the MAR. However, as
these long-range dispersal patterns were unpredictable and
vent dynamics are still poorly understood, these estimates are
an inappropriate basis for MPA design. In general, the dispersal
distances observed in our study would most likely allow popula-
tion connectivity within a few decades. Interestingly, these time-
scales seem to be very different from those suggested for vent
systems in western Pacific back-arc basins, where connectivity
is expected within hundreds to thousands of years [33]. This
discrepancy is most likely explained by the linear topography
and advective system of mid-ocean ridges compared to the
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discontinuous nature of back-arc basins, where flow is largely
constrained.

For environmental management plans for the MAR to be
refined, further studies including taxa with different life-his-
tory strategies than bathymodiolin mussels are necessary. For
example, vent species with shorter PLDs than Bathymodiolus,
such as several polychaetes and gastropods [35], may disperse
over much smaller distances and may require more closely
spaced and/or larger MPAs for effective conservation. Closer
spacing of MPAs would allow species to disperse across areas
devastated by mining and reach a new protected zone, and
larger MPAs would promote sustainability of populations within
the conservation area. Recent biophysical models for deep-
sea larvae in the Gulf of Mexico and western Pacific showed
that dispersal distance is significantly correlated to PLD, which
would make species with short larval periods particularly
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vulnerable to human impact [36], unless sufficiently large MPAs
are in place. In contrast to the MAR, at the East Pacific Rise,
propagule flux models showed that the number of exchanged
migrants decreased logarithmically with increasing traveling
time due to periodic current reversals along the ridge axis [37].
Independent of the marine region under study, the identification

of species with the shortest dispersal distances and accurate
mapping of intermediate vent sites will be critical for the develop-
ment of successful management plans to mitigate anthropo-
genic influences on hydrothermal ecosystems. Furthermore,
accurate assessment of species composition, richness, and
endemism at target mining sites will be necessary to assign
appropriate source localities for repopulation and define areas
where conservation will be of utmost priority [38].

EXPERIMENTAL PROCEDURES

Samples

Mussel specimens were obtained using remotely operated vehicles from ten
vent localities on the MAR between 1997 and 2013 (Table S1; Figure 1). Depths
of the sampling sites ranged between 813 m and 3,480 m. Most specimens
were dissected upon arrival at the surface and immediately stored at -20°C
to -80°C, preserved in RNAlater (-80°C), or frozen whole (-20°C to -80°C). In-
dividuals from the BIOBAZ 2013 cruise were kept alive at GEOMAR Helmholtz
Centre for Ocean Research Kiel before being dissected and frozen at -80°C.
Mussels from LP (M78/2 319/8) were preserved in situ with RNAlater, using
the DIE FAST fixation chambers of MPI Bremen. Sampling permissions were
obtained, where relevant, for the cruises in which the samples were collected.
Cruises and ROV dives for all samples are given in Table S1.

RNA Extraction and High-Throughput Transcriptome Sequencing

To develop SNP and MSAT markers for population genetic analyses, we
sequenced and assembled reference transcriptomes of five to six individuals
of each Bathymodiolus (sub-)species (MG, B. azoricus; IR, B. puteoserpentis;
CL, B. sp. 5°S; LP, B. sp. 9°S; Table S1; Figure 1) that have been described
from the MAR [19, 20]. We used tissue pieces from the gill and the inner
and the outer mantle of each individual, except for the samples from LP,
where only gill tissues were available. RNA was extracted and purified
using the RNeasy Mini Kit (QIAGEN) according to manufacturer’s instructions
for spin technology with slight modifications (Supplemental Experimental
Procedures). Purified, high-quality RNA was poly(A)-enriched (exception:
LP samples) to construct barcoded libraries that were sequenced on an
llumina HiSeq 2000 platform at the Institute of Clinical Molecular Biology
using a 2x 101-bp paired-end protocol (Supplemental Experimental
Procedures).

De Novo Transcriptome Assembly

Paired-end sequencing resulted in an average of about 75 million paired-
end reads per library. Raw reads were pre-processed using a combination
of quality checking (FASTQC v0.10.1; http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/), read filtering (FASTQ_ILLU-MINA_FILTER vO0.1;
http://cancan.cshl.edu/labmembers/gordon/fastq_illumina_filter/), and trim-
ming (Flexbar v2.4 [39]). De novo assemblies of digitally normalized
reads (30—50x coverage) were constructed for each species with Trinity
r20140413 [40]. Putative assembly artifacts were excluded by filtering out
lowly expressed contigs (FPKM <1) that did not have an open reading frame
or a BLAST hit in public sequence databases. Redundant contigs (>99%
identity) were clustered with CD-HIT-EST v4.6.1 [41] (Supplemental Experi-
mental Procedures; Table S6).

SNP Marker Design

Reads from all individuals were mapped against the B. azoricus transcriptome,
which we chose as reference for inter-specific marker design. SNP calling
and filtering was done using VarScan v2.3.7 [42] and Reads2SNP v2.0 [43].
Paralogous SNPs were excluded by blasting the SNP contigs against an
unpublished B. azoricus genome (D.J., T. Takeshi, N. Satoh, and A. Tanguy,
Bathymodiolus genome JST project, unpublished data; Supplemental Exper-
imental Procedures). Although the genome has not been completely assem-
bled yet, our preliminary investigations showed that the SNP markers were
widely distributed across different scaffolds. This indicates that our analyses
should not be influenced by physical linkage. After successful in silico primer
tests with the Fluidigm D3 system, 94 SNP Type Assays were ordered for
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Figure 5. Median Dispersal Kernels with Maximum and Minimum
Values for the Known Vents MG, LS, and RB and for Ten Hypothetical
Vent Sites along the MAR

Geographic distance was measured from a reference point at 38.70°N. For the
calculation of probability densities, only larvae that were within 400 meters
above bottom (mab) during their planktonic period of (A) 1 year and (B)
6 months were included. Connectivity between populations is achieved if the
dispersal kernel from one vent reaches over the location of another vent with
probabilities >0.

genotyping. Of these, four SNPs had to be discarded due to ambiguous
scoring or poor amplification (Table S2).

MSAT Marker Design

MSATs were called from the B. azoricus de novo transcriptome using TRF
v4.07b [44]. Transcriptomes or EST libraries are commonly used as sources
for MSAT development, especially when transferability to other taxa is neces-
sary [45]. To enable cross-species marker design, we compared the MSAT
contigs to all other Bathymodiolus transcriptomes using NCBI BLAST
v2.2.29+ [46]. Candidate contigs were multiple aligned in Geneious v8.1.3
(http://www.geneious.com) with the Geneious alignment algorithm and in-
spected for conserved regions within 150 bp upstream and downstream of
the repeat motif. Primers were designed in Primer3Web v4.0.0 [47] and were
ordered from Metabion and Applied Biosystems. After wet testing, we
selected three primer triplexes for genotyping (Table S3; Supplemental Exper-
imental Procedures).

DNA Extraction and Genotyping

Protocols for DNA extraction, PCR procedures, and genotyping analyses are
described in the Supplemental Experimental Procedures and Tables S2 and
S3. For all genotyping and statistical analyses, we used at least 30 individuals
per vent location.

Genetic Structure and Differentiation

We used STRUCTURE v2.3.4 [22] to infer the number of genetic groups K
in our sample set. To obtain accurate insights into population structure, we
incorporated information from all available markers and used a combination
of different marker types (90 SNPs, nine MSATSs, and ND4). The admixture
model with correlated allele frequencies was run for K < 12, with ten replica-
tions performed for each value. In addition, we quantified the genetic differen-
tiation between the ten sampled localities by calculating pairwise Fsr (SNPs
and MSATSs) values in Arlequin v3.5.1.2 [48] (Supplemental Experimental
Procedures).

Fst-Outlier Test

To assess the selective neutrality of the SNP markers for immigration rate
estimation, we determined Fsr-outlier loci by running BayeScan v2.1 [49] on
different data subsets (Supplemental Experimental Procedures) with recom-
mended parameter settings and a q value threshold of 0.1. Note that in hybrid-
izing species, gene introgression can produce the same pattern as divergent
selection. Therefore, some outliers might be misidentified as adaptive. 75
SNPs were found to be neutrally evolving (Table S4), 39 of which were dis-
carded due to near fixation (>95%) of the same allele in more than half of
the populations (Table S2). The remaining 36 SNPs were combined with the
eight most polymorphic MSATS (i.e., excluding c64270_g3_i1) for contempo-
rary gene flow analyses. We used this conservative approach as loci under
natural selection or with a high degree of fixation will largely underestimate
migration rates.

Contemporary Gene Flow

To determine the occurrence and direction of migration between vent sites
over the last two generations, we implemented Bayesian assignment methods
in BayesAss v3.0 [25]. Our approach mirrored the one described in Breusing
et al. [50], except that we used the following parameters to achieve the recom-
mended acceptance rates (20%-60%) for changes in migration rate,
inbreeding coefficient, and allele frequencies: -m, 0.10-0.15; -f, 0.50-0.60;
and -a, 0.30-0.40. To ensure reliability of the estimates, we had to pool
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Table 2. Dispersal Distances in Kilometers to the North and South from Each Defined Vent Site along the Ridge Axis

1 Year (S)

6 Months (N)

6 Months (S)

Depth Dispersal Distance (km)
Vent Latitude Longitude (m) 1 Year (N)
1 38°22'48.0"N 30°36/36.0"W 1,319 13.11 (0.00—49.78)
MG 37°51'36.0’N 31°30'36.0"W 1,061 147.08 (31.11-147.08)
LS 37°17'24.0’N 32°19'12.0"W 1,855 49.28 (0.00—71.38)
2 36°53'24.0’N 33°10'12.0"W 2,233 37.88 (9.96—84.34)
RB 36°16'48.0"N 33°55'12.0"W 2,375  26.10 (26.10—104.81)
3 35°34'48.0"N 34°40'12.0"W 2,353 106.09 (10.09—109.16)
4 35°04'48.0"N 35°27'36.0"W 3,097 22.80 (22.80—22.80)
5 34°52'12.0"N 36°19'12.0"W 1,719 132.49 (23.74—148.91)
6 34°17'24.0"N 37°09'36.0"W 2,704  85.63 (26.62—199.02)
7 33°39'36.0"N 37°48/36.0"W 3,397 101.90 (52.88—118.31)
8 33°42'00.0"N 38°57'36.0"W 3,513 128.94 (28.17—-178.71)
9 32°58'48.0"N 39°33'36.0"W 3,292  48.76 (23.49—134.81)
10 32°28'12.0"N 40°12'36.0"W 2,375 106.30 (10.91—247.10)
Median 85.63

90.84 (0.00—193.11)
78.30 (12.50—78.30)
44.41 (19.47-133.02)
22.24 (0.00—172.95)
26.93 (0.00—103.02)
20.71 (20.71-278.10)
54.02 (13.39-228.17)
26.28 (9.98—110.45)

0.00 (0.00—13.11
97.77 (8.80—147.08
0.00 (0.00—49.28
25.95 (9.96—-25.95
26.10 (8.98—85.94
76.78 (10.09—-108.02

23.74 (23.74-132.49
26.62 (26.62—199.02

25.79 (0.00—90.84)
12.50 (0.00—78.30)
44.41 (19.47-133.02)
16.10 (0.00—70.40)
26.93 (0.00—26.93)
20.71 (0.00—20.71)
24.46 (13.39-54.02)
9.98 (0.00—110.45)
18.02 (0.00—105.77)

(
85.87 (0.00—408.45)
51.01 (0.00—166.92)
42.50 (0.00—120.94)
115.39 (59.61—147.64)
67.23 (67.23—67.23)
51.01

52.88 (29.24—92.15
106.73 (28.17—-128.94
23.49 (23.49-23.49
23.68 (10.91-168.96
25.95

19.45 (0.00—121.52)
0.00 (0.00—106.55)
72.52 (23.50—147.64)
67.23 (67.23—67.23)
20.71

)
)
)
)
)
)
22.80 (22.80—22.80)
)
)
)
)
)
)

Data are given as median values with range (minimum to maximum) for both 1-year and 6-month PLDs. Distances to the farthest measuring point are
reported where observed dispersal probabilities were still >0. For each vent site, geographic coordinates and depth are given as used in the model.
MG, Menez Gwen; LS, Lucky Strike; RB, Rainbow; 1-10, hypothetical vent sites (from north to south).

samples from MG, LS, and RB and samples from SP, IR, QS, and SM, because
the required Fsrthreshold of 0.05 was not met and runs with the unpooled da-
taset did not lead to consistent assignment results among replicates. Pooling
effects were evaluated by running the program with only one population from
each of the two pools.

Larval Dispersal Modeling

Larval trajectories from MG, LS, and RB were modeled with the particle-
tracking routine Ariane [51] based on three-dimensional velocities produced
by the North Atlantic OGCM VIKING20 [52] (Supplemental Experimental
Procedures; Figures S1 and S2). Lagrangian simulations were performed for
~950,000 particles, released from each vent site during the natural spawning
period between January and March [53] and passively drifting with the three-
dimensional time-varying ocean velocities. To consider temporal fluctuations
in current patterns, we modeled releases and dispersal between 1998 and
2007 assuming a typical PLD of 6 months [54] and a maximum PLD of
1 year [16]. Initial particle positions were determined with a power function
that considered entrainment of larvae in rising hydrothermal plumes up to
400 mab [17] (Supplemental Experimental Procedures). After release, larvae
were allowed to drift passively at any depth with the ocean currents, and no
assumptions about mortality were made at any time of the simulations.
Dispersal probabilities were computed as described previously [55]. To assess
the probability of between-vent dispersal in relation to geographic distance,
we positioned hypothetical suitable habitats along the ridge axis assuming
vent occurrences every ~100 km [30]. For the calculations of dispersal kernels,
only larvae that had been present within 400 mab during the dispersal period
were considered. Point measurements of dispersal probabilities were taken
~10 km, ~25 km, and ~50 km to the north and south of each vent and were
then measured every ~50 km along the MAR. Geographic distances and
dispersal kernels were calculated and plotted with the geosphere and ggplot2
packages in R v3.2.3 [56].
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