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Abstract 
How the interplay of biotic and abiotic factors shapes current genetic diversity at the community level remains an open question, particularly in the 
deep sea. Comparative phylogeography of multiple species can reveal the influence of past climatic events, geographic barriers, and species life 
history traits on spatial patterns of genetic structure across lineages. To shed light on the factors that shape community-level genetic variation and 
to improve our understanding of deep-sea biogeographic patterns, we conducted a comparative population genomics study on seven 
hydrothermal vent species co-distributed in the Back-Arc Basins of the Southwest Pacific region. Using ddRAD-seq, we compared the range- 
wide distribution of genomic diversity across species and discovered a shared phylogeographic break. Demogenetic inference revealed 
shared histories of lineage divergence and a secondary contact. Low levels of asymmetric gene flow probably occurred in most species 
between the Woodlark and North Fiji basins, but the exact location of contact zones varied from species to species. For two species, we 
found individuals from the two lineages co-occurring in sympatry in Woodlark Basin. Although species exhibit congruent patterns of spatial 
structure (Eastern vs. Western sites), they also show variation in the degree of divergence among lineages across the suture zone. Our 
results also show heterogeneous gene flow across the genome, indicating possible partial reproductive isolation between lineages and early 
speciation. Our comparative study highlights the pivotal role of historical and contemporary factors, underscoring the need for a 
comprehensive approach—especially in addressing knowledge gaps on the life history traits of deep-sea species.
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Introduction
Hydrothermal vents are one of the most emblematic 
chemosynthesis-based ecosystems that host a highly specialized 
fauna. The vent fauna depends on local hydrothermal activity 
and is likely to share historical patterns of colonization linked 
to the tectonic history of the ridge system (Plouviez et al. 2009; 
Matabos et al. 2011; Matabos and Jollivet 2019). In contrast 
to other deep-sea ecosystems, vents represent a linear but highly 
fragmented and relatively unstable ecosystem based on chemo
synthetic primary producers, which cannot live elsewhere. 
Hydrothermal activity is linked to specific geological features as
sociated with the volcanic and tectonic activities of ocean ridges 
or submarine volcanoes (Hourdez and Jollivet 2020). Plate tec
tonics have previously been cited as a driver of most of the bio
geographic distribution of the vent fauna (Tunnicliffe 1992) 
that may lead to allopatric speciation and possible secondary 
contacts (Hurtado et al. 2004; Johnson et al. 2006, 2013; 
Faure et al. 2009; Plouviez et al. 2009; Matabos et al. 2011).

In contrast to the linear setting of mid-oceanic ridges such as 
the Mid-Atlantic Ridge or the East Pacific Rise, the fauna of 
the vents of the Southwest Pacific is distributed across several 
geological Back-Arc Basins (BABs) separated by abyssal 
plains, ridges, and volcanic arcs, forming a fragmented, dis
continuous complex (Fig. 1). These BAB formations are esti
mated to be between 12 and 1 million years old (My) 
(Schellart et al. 2006). An earlier study on a few species of gas
tropods highlighted contrasting phylogeographic patterns, in
cluding some closely related species, suggesting alternative 
dispersal strategies and evolutionary history to cope with frag
mentation in response to a common geological history of the 
vent habitat in this region (Poitrimol et al. 2022). This situ
ation raises questions regarding the drivers of the spatial distri
bution of genetic diversity of BAB’s hydrothermal fauna.

The vent communities inhabiting these Southwest Pacific 
BABs appear as a single biogeographic unit (Bachraty et al. 
2009; Moalic et al. 2012; Tunnicliffe et al. 2024). In contrast 
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to other hydrothermal communities, which are mainly composed 
of tubeworms, mussels, and shrimps, this fauna consists mainly 
of large symbiotic Provannidae gastropods, such as Ifremeria 
nautilei, Alviniconcha spp., and deep-sea Bathymodiolus mus
sels. These large engineer species create specific habitats for a 
wide assemblage of invertebrate species, including annelids 
from different families (e.g. Polynoidae, Alvinellidae, and 
Siboglinidae), limpets (Lepetodrilus spp. and Shinkailepas 
spp.), barnacles, holothurians, and crustaceans (copepods, am
phipods, shrimps, and crabs) (Desbruyères et al. 2006).

While these vents support thriving oases of life, they also pro
duce metal sulfide deposits, which attract the interest of deep-sea 

mining companies. The future management of the Southwest 
Pacific vent fauna will rely on understanding population delimi
tation and connectivity (gene flow and dispersal), which are of 
crucial importance in conservation biology (Van Dover 2011; 
Gena 2013; Van Dover et al. 2017; Niner et al. 2018; 
Washburn et al. 2019). Anthropogenic exploitation of vent re
sources has already begun on a Japanese site in the Northwest 
Pacific and some prospects have been set up in the Manus 
BAB (Solwara prospects), while the potential consequences of 
these activities are not yet understood (Carver et al. 2020).

Connectivity and renewal of vent populations is mostly 
driven by larval dispersal due to the sedentary nature and 

(a)

(b) (c)

Fig. 1. a) Sampling areas in the Southwest Pacific Ocean. Colors represent the different BABs. Sampling areas for b) Manus BAB and c) NF, Futuna, and 
Lau BABs. Numbers on the panel a) indicate the species sampled in each BAB. 1, I. nautilei; 2, A. kojimai; 3, B. manusensis; 4, B. segonzaci; 5, E. ohtai; 6, 
L. schrolli (& L. aff. schrolli) and 7, S. tollmanni. Small points represent hydrothermal vents. Vents activity data taken from InterRidge Vents Database V3.4. 
Animal pictures are extracted from photographies taken during Chubacarc cruises (© Ifremer).
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the strict relationship of the communities with the vent fluid. 
Some vagile fauna, such as fish, crabs, or shrimp, may contrib
ute to connectivity through adult migration in response to lo
cal environmental changes, but only across very limited spatial 
scale (vent fields) (Lutz et al. 1994; Shank et al. 1998). Direct 
connectivity assessment is not technically feasible for minute 
larvae numbering in the millions (Levin 1990; Vrijenhoek 
2010). Consequently, demographic connectivity needs to be 
assessed by indirect methods such as population genetics, lar
val dispersal modeling, or recent method of elemental finger
prints tracking (Mouchi et al. 2024).

Dispersal modeling in the region suggested possible but limited 
larval exchange between distant BABs (Mitarai et al. 2016). 
However, in the context of the unstable and fragmented habitat 
of deep-sea hydrothermal vents, metapopulation theory predicts 
long-distance dispersal could mitigate risks of inbreeding and lo
cal extinction (Hamilton and May 1977; McPeek and Holt 
1992). Initial genetic analyses of several vent species along 
mid-oceanic ridges, however, revealed conflicting evidence on 
dispersal capabilities, with some suggesting almost panmictic 
populations at the ridge scale, while others hint at patterns of iso
lation by distance and stepwise (re)colonization (Audzijonyte and 
Vrijenhoek 2010; Teixeira et al. 2012).

Studying and disentangling the origin and maintenance of 
species genetic diversities is the main objective of phylogeogra
phy (Avise et al. 1987; Avise 2000, 2009). Expanding this ap
proach, to a multispecies comparative dataset within a given 
biome or ecosystem can highlight the effect of several factors 
shaping the genetic diversity (Hickerson et al. 2010; 
Papadopoulou and Knowles 2016). Using new methods and 
approaches for large genomic datasets, we can start to disen
tangle past and present connectivity patterns and offer a 
unique opportunity to describe species distribution patterns 
at the community level and to improve scientific guidelines 
for conservation (Gagnaire 2020; De Jode et al. 2023).

Our study investigated genetic diversity and connectivity pat
terns across a biogeographic hydrothermal system in the 
Southwest Pacific using comparative population genomics ana
lysis on seven key vent species that form the region’s primary as
semblage. These species, representing different taxonomic 
groups but sharing similar environments and ranges across the 
Southwestern Pacific, were examined for phylogeographic pat
terns through genome-wide analysis while exhibiting different 
life history traits (lecithotrophic vs. planktotrophic larvae). It re
vealed a clear phylogeographic break encompassing all seven 
species around the Solomon–Vanuatu archipelago islands, 
with an additional contact zone on the Woodlark Ridge in 
two species. Based on inferred demogenetic histories, we pro
pose a scenario of vicariance in which the dispersal capacities 
of certain species may have modulated the recontact of previous
ly isolated faunal units. Our findings on genetic diversity and 
gene flow in these communities highlight the need to understand 
population connectivity across different geographical regions.

Materials and Methods
Sampling
Seven hydrothermal vent species from four main vent habitats 
have been sampled over five West Pacific regions (Manus, Wood
lark, North Fiji [NF], Lau back-arc basins) and the Futuna volcan
ic arc (see supplementary table S1, Supplementary Materialonline 
and Fig. 1a to c). These species include the emblematic symbiotic 
snails I. nautilei and Alviniconcha kojimai, the vent mussel 
Bathymodiolus manusensis, the limpets Shinkailepas tollmanni, 

Lepetodrilus schrolli, and L. aff. schrolli which live on the shells 
of I. nautilei and the vent mussels, the barnacle Eochionelasmus 
ohtai, and, finally, the large scaleworm Branchinotogluma segon
zaci. All taxa analyzed presumably represent monotypic species 
with the exception of Lepetodrilus limpets. For these, Chen and 
Sigwart (2023) have recently proposed a taxonomic separation 
by their genetic differences (Plouviez et al. 2019) with the sympat
ric co-occurrence of their mitochondrial haplotypes in Woodlark 
(Poitrimol et al. 2022) without knowing whether the speciation 
process was already achieved. As these entities are likely to hybrid
ize and clearly fall into the gray zone of speciation, we chose to 
treat them as one complex unit (L. schrolli and L. aff. schrolli) 
to model their past demographic history in a single framework. 
Altogether, we chose these seven taxa as they occupy nearly the 
same habitat in at least three distinct basins on both the western 
and eastern sides of this Pacific region and display very different 
dispersal-related life histories, with a larval development assumed 
to be lecithotrophic for I. nautilei, B. segonzaci, E. ohtai whereas 
it is planktotrophic for A. kojimai, B. manusensis, and S. tollman
ni (see “Discussion”).

Animal collections were made during the Chubacarc cruise in 
2019 (chief scientists S.H. and D.J.) on board the RV 
L’Atalante with the ROV Victor 6000 (Hourdez and Jollivet 
2023). All species, except for B. segonzaci (collected on vent 
chimney walls), were sampled from diffuse venting areas with 
the tele-manipulated arm of the ROV and brought back to 
the surface in thermally insulated boxes. Branchinotogluma se
gonzaci were collected using the slurp gun of the ROV and kept 
in 5-L bottles until the ROV recovery. On board, large animals 
were dissected to separate tissues and individually preserved in 
80% ethanol, and/or directly used for DNA extractions. A hier
archical sampling scheme was implemented wherever possible, 
with two replicate sites sampled within each vent field (locality) 
and one to three vent fields sampled per basin, yielding a total of 
21 sampling localities across vent communities (supplementary 
tables S1 and S2, Supplementary Material online). For each lo
cality and species, a minimum of 24 individuals were preserved 
or directly processed for DNA extraction, whenever sample 
availability allowed.

The sampling scheme was not fully achievable for B. man
usensis, which was found only at Manus, Futuna, and one 
single Lau Basin site (Mangatolo) in sympatry with 
Bathymodiolus septemdierum (formerly known as B. brev
ior). It was absent at La Scala in the Woodlark Basin and 
southern Lau Basin sites along the NF Ridge, where only 
B. septemdierum was present. DNA extractions were con
ducted directly on board for I. nautilei, A. kojimai, B. manu
sensis, S. tollmanni, L. schrolli & L. aff. schrolli, and E. ohtai 
from specific tissues (e.g. foot, mantle, and whole body). For 
B. segonzaci, DNA extractions were performed later in the 
lab on ethanol-preserved samples. Extractions used either a 
modified CTAB (Cetyltrimethylammonium bromide) 2%/ 
PVPP (Polyvinylpolypyrrolidone) 2% protocol (Jolly et al. 
2003) or the NucleoSpin® Tissue 96 kit (Macherey-Nagel, 
Germany).

Preparation of the ddRAD Libraries
The preparation of ddRAD genomic libraries was standardized by 
following the protocol described in Daguin-Thiebaut et al. (2021)
and used for I. nautilei in Tran Lu Y et al. (2022). These six 
libraries comprise 294 samples for A. kojimai (generated in 
Castel et al. (2022) and only raw data were reused), 469 individ
uals for S. tollmanni, 282 individuals for E. ohtai, 195 individuals 
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for B. manusensis, 282 individuals for B. segonzaci, and 546 indi
viduals for L. schrolli & L. aff. schrolli. All libraries were pro
duced from gDNA digested with the enzymes Pst1 and Mse1, 
except for B. manusensis that was digested with Pst1 and Msp1.

These libraries also included 8 to 47 replicates (samples repli
cated twice or three times as controls) used for quality control 
and parameter calibration. Single-end (only for B. manusensis) 
or paired-end 150 (all other taxa) sequencing was performed 
on HiSeq 4000 (I. nautilei) or Novaseq 6000 Illumina (all other 
taxa), by the Genoscope, France (I. nautilei), or Novogene 
Europe (Cambridge, UK; all other taxa). The Fastqc Software 
(V.0.1.19) was used to check the raw reads quality prior to 
the de novo assembly for each species.

Genomic assembly was performed for each species independ
ently with the “de novo” Stacks2 module (Rochette et al. 2019) 
after demultiplexing individuals with the Process_radtags mod
ule. Parameter calibration followed the recommendations of 
Mastretta-Yanes et al. (2015) and Paris et al. (2017) (see 
supplementary Calibration, Supplementary Material online). 
For all species, the parameter calibration, data filtering, and the 
Stacks modules used followed the methods described in Tran 
Lu Y et al. (2022). However, for S. tollmanni and L. schrolli & 
L. aff. schrolli, adjustments were made to reduce the individual 
loss due to greater allele divergence (supplementary tables S2 to 
S4, Supplementary Material online). A Minor Allele Frequency 
(MAF) filter at 0.05 was applied except for demographic infer
ences for which singletons were not filtered but masked.

Population Structure and Admixture Across the 
Southwest Pacific
For each species, independent population genomics analyses 
were conducted to examine population structure, phylogeo
graphic, and admixture patterns. Principal component analysis 
(PCA) was performed with SNPRelate (V.1.21.7) to assess spa
tial genetic diversity (Zheng et al. 2012). Admixture proportions 
were analyzed using Admixture (V.1.3.0) (Alexander and Lange 
2011) with k values from 1 to 8 and 10 runs per k. Population 
trees, including migration edges and F3 statistics, were generated 
in Treemix (V.1.13) (Pickrell and Pritchard 2012) with 10 repli
cates and 0 to 5 migration events. The degree of genetic differen
tiation was estimated with pairwise Fst values between groups of 
individuals (genetic units or metapopulations, basins, or local
ities) and with analyses of molecular variance (AMOVA) with 
Arlequin (V.3.5.2.2) (Excoffier and Lischer 2010), and the stat
istical significance of Fst was assessed with 10,000 permutations 
of genotypes between populations.

For visualizations, all plots were generated using R 
(V.4.0.3) and ggplot2 (V.3.3.6). For S. tollmanni, individuals 
from Woodlark were subdivided in two groups based on gen
etic assignment (see “Results”).

The net divergence (Da) between populations was calculated 
from absolute divergence (Dxy) corrected by average nucleotide 
diversity (π), following the Nei and Li (1979) formula. Genetic 
diversity indices (He, Ho, and π) were estimated for each genetic 
unit using the Stacks (V.2.52) population module across the fi
nal dataset. Indices were also estimated at basin scale.

Evolutionary History of Vent Species and 
Metapopulation Connectivity

Relative Gene Flow Direction
Gene flow patterns were assessed using the Divmigrate 
(Sundqvist et al. 2016) module within the R package 

diveRsity (V.1.9.90) (Keenan et al. 2013), which applies allele 
frequencies and Fst-derived estimators to calculate a relative 
migration matrix and normalized between 0 and 1 (where 1 
represents the strongest observed gene flow and 0 indicates 
no gene flow). No filter threshold was applied. Statistical sig
nificance of gene flow patterns between genetic units was 
tested using 1,000 bootstrap and nonoverlapping 95% confi
dence interval considered significant.

Demogenetic History of Species Metapopulations
To understand the demographic history of populations and 
identify the best model of population divergence, we utilized 
the ∂a∂i software (V2.1.0) (Gutenkunst et al. 2009) to fit joint 
allele frequency spectra to specific population models for each 
taxon independently. We focused on scenarios where an an
cestral population splits into two daughter populations, with 
or without migration. This approach was suitable since all 
vent species analyzed present primarily a major subdivision 
into two genetic units (Eastern vs. Western populations).

One main advantage of using this ∂a∂i approach is its con
sideration of linked selection and heterogeneous migration 
across the genome, which are critical for accurate demograph
ic inference (Ewing and Jensen 2016; Ravinet et al. 2017). To 
explore patterns of divergence and past and present genetic 
connectivity, we reused the approach used in Tran Lu Y 
et al. (2022) for I. nautilei for all taxa. These models encom
passed 28 potential scenarios derived from four major diver
gence models: Strict isolation (SI), isolation with migration 
(IM), ancient migration, and secondary contact (SC), initially 
developed in Rougeux et al. (2017). The models accounted for 
various demographic and evolutionary processes, including 
changes in population size (G), the effects of barrier loci 
(from hybrid counter selection or local adaptation) through 
heterogeneous migration along the genome (2 m), and linked 
selection (2N).

Due to the lack of external groups for allele state identifica
tion, we employed folded joint allele frequency spectra (folded 
JAFS). Each model was fitted at least 10 times independently 
for each species to assess convergence, and we compared mod
els using the Akaike information criterion (AIC) for each simu
lation. Given the lack of information on the biology of these 
taxa, we estimated model parameters and divergence times 
(i.e. Ts since divergence, Tsc since SC, and absolute divergence 
time) in generations using a uniform mutation rate of 10−8 

(Lynch 2010; Popovic et al. 2023) across all species to facili
tate comparisons of relative divergence times. Parameter un
certainties were calculated and reported at the 95% 
confidence level using the Fisher information matrix on the 
best-fit model for each species.

Results
Calibration Parameters and Filtering Steps
The 150-bp paired-end sequencing produced an average of 
3.7, 3.3, 3.0, and 2.8 million paired reads per individual for 
S. tollmanni, E. ohtai, B. segonzaci, and L. schrolli & L. aff. 
schrolli, respectively. For B. manusensis, single-read data 
yielded 2.9 million reads per individual. Raw reads for 
A. kojimai were sourced from Castel et al. (2022), 
while I. nautilei results were directly reused from Tran Lu Y 
et al. (2022).

We identified the optimal assembly parameters with Stacks 
(V.2.52) for each species, employing the de novo assembly 
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pipeline for biallelic loci previously used for I. nautilei in Tran Lu 
Y et al. (2022). After testing various parameter combinations, we 
selected assembly parameters ranging between 4 and 6 for m, 4 
and 11 for M, and 5 and 11 for n, depending on the species (see 
supplementary Calibration, Supplementary Material online and 
supplementary table S5, Supplementary Material online). 
Additionally, we applied the same methodologies, analyses, 
modules, and filtering parameters from Tran Lu Y et al. (2022)
to facilitate comparisons of genetic patterns across species (see 
supplementary Calibration, Supplementary Material online). 
The de novo assemblies and filtering steps resulted in a variable 
number of SNPs (Single Nucleotide Polymorphism), ranging 
from 2,904 to 47,547, derived from 159 to 414 individuals re
tained for each of the seven species (see supplementary tables S4
and S5, Supplementary Material online).

Population Structure and Admixture
Population structure analyses revealed consistent patterns in 
the spatial distribution of genetic diversity across the seven spe
cies. PCA demonstrated a clear genetic separation between 
Manus individuals and those from the Eastern zones (NF, 
Futuna, and Lau, hereafter NF/F/L) along the first component 
(PC1), explaining 1.94% to 26.03% of the total variance 
(Fig. 2). Notably, the site La Scala on the Woodlark Ridge (dis
covered during the Chubacarc expedition (Boulart et al. 2022)) 
shows contrasting results. First, I. nautilei, A. kojimai, and 
E. ohtai were clearly divided into two genetic groups: Manus– 
Woodlark (M/W) and NF/F/L (Fig. 2a, b and d). Conversely, 
genetic relationships for Woodlark individuals differed slightly 
among other species. Shinkailepas tollmanni displayed the two 
genetic groups, within Woodlark individuals, clustering either 
with Manus or NF/F/L, while one individual appeared admixed 
(Fig. 2c). For L. schrolli and L. aff. schrolli, all Woodlark indi
viduals were positioned as intermediates between Manus 
(L. schrolli) and NF/F/L (L. aff. schrolli), being genetically clos
er to NF individuals, which slightly diverged from the Futuna/ 
Lau (F/L) individuals on PC1 (Fig. 2g). A similar pattern was 
also observed for B. segonzaci, with Woodlark individuals dis
tinctly separated (but not intermediate) from both Manus and 
NF/F/L groups (i.e. closer to Manus; Fig. 2e). Bathymodiolus 
manusensis, while being absent from La Scala, displayed a simi
lar differentiation pattern (Fig. 2f).

The second component (PC2), accounting for 0.62% to 
0.76% of the total genetic variance, revealed slight regional 
differences for some species (Fig. 2b, e, and g). NF individuals 
exhibited a subtle genetic differentiation from the F/L group 
on PC2 in A. kojimai and L. aff. schrolli, while B. segonzaci 
and L. schrolli showed a similar pattern between Woodlark 
and Manus individuals. Among the species analyzed, the 
L. schrolli & L. aff. schrolli complex exhibited the most pro
nounced basin-specific signature (Fig. 2g and supplementary 
fig. S1, Supplementary Material online).

The shared distribution of genetic variation was corroborated 
by admixture analyses for all species, consistently identifying k = 
2 as the optimal number of clusters (supplementary fig. S2, 
Supplementary Material online). These genetic units correspond 
to M/W individuals on one side and NF/F/L on the other. Except 
for some individuals from Woodlark and NF BABs, where gen
ome admixture varied from 10% to 50% depending on the spe
cies, most individuals exhibited low levels of shared ancestry 
(Fig. 2). Woodlark individuals displayed contributions from 
both genetic clusters for L. schrolli/L. aff. schrolli, S. tollmanni, 
and B. segonzaci. In S. tollmanni, the Woodlark population 

comprised a mix of parental types and a putative F1 hybrid. 
Conversely, all Woodlark individuals showed approximately 
equal (∼50%) shared ancestry from both L. schrolli (Manus 
group) and L. aff. schrolli (Eastern group) when k = 2. For 
this later taxon, admixture analyses indicated additional clusters 
for Woodlark and NF as k increased (k = 3 to 5, supplementary 
figs. S3 and S4, Supplementary Material online).

F3 statistics revealed significant negative values, indicating 
admixture in Woodlark for two species. The first species, 
S. tollmanni, exhibited individuals from the Western popula
tion (Manus type: Woodlark2) with sources from both 
Manus (M) and Eastern (NF/F/L) groups, and the Eastern 
one (NF/F/L type: Woodlark1). The Woodlark Lepetodrilus 
individuals demonstrated a similar pattern of admixture, with 
sources from both Manus (M) and NF/F/L (supplementary 
fig. S5, Supplementary Material online).

Analysis of overall genetic differentiation (Fst) and net diver
gences (Da) between Western and Eastern groups revealed 
three main patterns (Table 1). The first group, comprising 
limpets Lepetodrilus and Shinkailepas, showed a high differ
entiation (0.27091 to 0.36854) and divergence (0.01265 
to 0.01957). The second group (I. nautilei, E. ohtai, and 
B. manusensis) also exhibited high genetic differentiation 
(0.20284 to 0.38773) but lower to moderate divergences 
(0.00148 to 0.00726). The final group, including A. kojimai 
and B. segonzaci, had low genetic differentiation (0.01847 
to 0.03950) and moderate divergences (0.00652 to 0.00669).

When populations were divided into basins, pairwise Fst 

values indicated differentiation within each metapopulation, 
ranging from 0 to 0.36353, depending on the species (see 
supplementary table S6, Supplementary Material online). 
Most significant genetic differentiation between BABs oc
curred in comparisons between Western and Eastern BABs 
(Manus or Woodlark against Lau, NF, and Futuna). Some dif
ferentiation was also observed at the basin scale within 
groups, particularly the separation of NF and Futuna/Lau 
populations for A. kojimai and L. aff. schrolli. However, no 
significant differentiation was noted between Lau and 
Futuna, except for L. aff. schrolli. These patterns are corrobo
rated by the AMOVA results, which indicate that most vari
ation occurs between metapopulations, with only minimal 
differentiation observed among certain basins within metapo
pulations (e.g. Woodlark and NF) (Table 1). Notably, 
L. schrolli and L. aff. schrolli exhibited little but significant 
variation among localities within basins.

Treemix analyses revealed a consistent two-group pattern of 
population differentiation across species, with varying optimal 
numbers of migration events (ranging between 0 and 2) between 
the Eastern and Western groups (supplementary figs. S6 and S7, 
Supplementary Material online). This suggests a primary East 
to West migration event for all species, except E. ohtai and 
B. manusensis. Additionally, a secondary migration event was 
observed only for I. nautilei, A. kojimai, and S. tollmanni occur
ring between two basins within the same genetic group (i.e. meta
population), although the interacting basins varied across 
species. Notably, B. segonzaci displayed a distinct pattern with 
two migration events between the Eastern and Western groups: 
the first from Futuna to Woodlark and the second from Lau to 
Manus.

Genetic Diversity of Species
Regardless of the statistics used (Ho, He, and π; 
supplementary figs. S8 and S9, Supplementary Material
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online), S. tollmanni displayed a genetic diversity twice higher 
than that of the other species. The level of genetic diversity of 
species slightly differed between the Eastern and Western 
groups, but not always in the same direction. Ifremeria 

nautilei, B. manusensis, and L. schrolli/L. aff. schrolli exhib
ited a slightly higher gene diversity in M/W compared with 
NF/F/L, whereas it was the opposite for the other species 
(A. kojimai, S. tollmanni, E. ohtai, and B. segonzaci). 

(a)

(d)

(g)

(f) (e)

(b) (c)

Fig. 2. All PCA (PC1 and PC2) and admixture plots for the best number of genetic clusters (k = 2) for each species (a–g). Colors in PCA plots represent 
regions (Manus, Woodlark, NF, and Lau Back-Arc Basins, and the Futuna Volcanic Arc). Open ellipses represent the multivariate normal distribution of 
each group of points (basins) at 95% in PCA plots. Colors in Admixture plots represent each inferred genetic cluster. M, Manus; W, Woodlark; NF, North 
Fiji; F, Futuna; L, Lau.
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These statistics displayed exactly the same pattern of distribu
tion when calculated per basin (see supplementary fig. S9, 
Supplementary Material online).

Evolutionary History of Populations and 
Connectivity at the Multispecies Scale

Relative Migration Rates
The Divmigrate analysis between the Eastern and Western 
groups revealed a robust and common pattern of bidirectional 
but asymmetrical gene flow in all species. The main direction 
of gene flow is westward from NF/F/L (1) to M/W (2), while 
gene flow in the opposite direction was about half to a two- 
third (Fig. 3). The species L. schrolli/L. aff. schrolli displayed 
a more complex bidirectional pattern with much stronger gene 
flow between Futuna and Lau than between Futuna/Lau and 
NF and virtually no gene flow between Woodlark, Manus, 
and the others BABs.

Demogenetic Inferences

Modes of Divergence. The folded JAFS (Fig. 4 and 
supplementary fig. S10, Supplementary Material online) 
showed the distribution of allelic variants between the 
Eastern and Western metapopulations for each species. Of 
the 28 models tested for each species, the SC model was almost 
always the best-fitting model selected by the weighted AIC 
(supplementary figs. S11 and S12, Supplementary Material
online). The exceptions are I. nautilei (Tran Lu Y et al. 
2022) and B. manusensis, for which the SC model is slightly, 
but not significantly better than the IM model. The SI model 
was the worst model for all species. This indicated that all spe
cies are still able to maintain low levels of gene flow at the re
gional scale despite the large geographical distances and the 
abyssal plain separating the different regions. Increasing the 
complexity of the SC or IM population model by the addition 
of genomic heterogeneity (2N and/or 2 m) or demographic 
change (G) parameters improved the model fit (see 
supplementary figs. S11 and S12, Supplementary Material
online). Capturing linked selection (2N) improved the model 
fit more than the G or 2 m parameters for most species except 
E. ohtai. Alternatively, adding heterogeneous gene flow (2 m) 
to the SC model improved the model fit for E. ohtai (SC2mG), 
although the two metapopulations appeared to be well sepa
rated. This situation of semipermeable barrier also holds for 
S. tollmanni and L. schrolli/L. aff. schrolli, for which genetic 
admixture is locally suspected. For these two latter species 
but also for A. kojimai, B. segonzaci, and I. nautilei, the 
SC2N2mG was the best model after evaluating all possible 

parameter combinations. For B. manusensis, it was, however, 
not possible to discriminate between the models IM2N, 
SC2N, and SC2N2m and both SC2mG and SC2NG 
performed similarly as well as the SC2N2mG model for 
B. segonzaci (Fig. 4 and supplementary figs. S11 and S12, 
Supplementary Material online).

Timing of Divergence and Gene Flow. Depending on the best 
model, we estimated divergence times: Ts (time since the popu
lation split), Tsc (time since SC), and Ttotal (either Ts or Ts + 
Tsc), using a fixed mutation rate of 10−8 (Table 2). Ts ranged 
from 18,194 generations for B. segonzaci to 63,335 for S. toll
manni. Similarly, Tsc varied significantly from 2.892 genera
tions for A. kojimai to 69,371 for I. nautilei and L. schrolli/ 
L. aff. schrolli. The total time since the ancestral split 
(Ttotal) ranged from 33,569 generations for B. segonzaci to 
116,711 generations for L. schrolli & L. aff schrolli. 
Notably, the divergence time for B. manusensis varied 2-fold 
(43,644 to 101,718 generations) based on the model used, 
while I. nautilei and S. tollmanni yielded intermediate values.

All species display heterogeneous gene flow (2 m). Migration 
rate parameters estimated from ∂a∂i show that present-day gene 
flow is stronger from NF/F/L to M/W (East to West) than the 
opposite, with the exception of L. schrolli/L. aff. schrolli (for 
both the two classes of gene flow “neutral” migration m and 
“reduced” [due to barrier loci] migration me, in relative genomic 
proportions P and 1 − P; Table 3). For B. manusensis, migration 
rates were similar in both directions. Ifremeria nautilei and 
E. ohtai had about half of their genome characterized by re
duced gene flow (P ∼ = 1 − P). Only A. kojimai displayed high 
neutral gene flow (with m > me and P >> 1 − P), whereas S. toll
manni, B. segonzaci, B. manusensis, and L. schrolli/L. aff. 
schrolli exhibited a larger proportion of barrier loci (1 − P >> P) 
which strongly reduced gene flow (me << m) between the genome 
of the two genetic groups (Table 3).

Discussion
Population genomics allowed us to gain a deeper understand
ing of factors that have shaped genetic variation within and 
between populations in a context of a discontinuous ridge sys
tem in a well-delimited biogeographic region. Our study was 
aiming to “put the geography (and more) into comparative 
population genomics” (from Edwards et al. 2022) by applying 
such an approach to seven very different taxa strictly associ
ated with the hydrothermal habitat. Using the same sampling 
scheme across all species, we show that these species share a 
common biogeographic break and a similar demographic his
tory despite their different life history traits. This pattern of 

Table 1 Fixation index (Fst) and net nucleotide divergence (Da) measured between the two (Eastern and Western) metapopulations for each species for the 
two first columns

Species Fst 

(M/W vs. NF/F/L)
Da 

(M/W vs. NF/F/L)
Basins within 

metapopulation (FCT)
Localities within 

basins (FSC)
Individuals within 

localities (FIS)

Lepetodrilus schrolli & L. aff. schrolli 0.36854a 0.01957 … 0.00287a −0.00827
Shinkailepas tollmanni 0.27091a 0.01265 −0.00014b 0.00037 −0.06205
Ifremeria nautilei 0.38773a 0.00816 −0.00050c −0.00011 −0.05084
Eochionelasmus ohtai 0.20284a 0.00726 0.00005a −0.00017 −0.05124
Branchinotogluma segonzaci 0.03950a 0.00652 0.00266a 0.00079 −0.04105
Alviniconcha kojimai 0.01847a 0.00669 0.00076a 0.00025 −0.02695
Bathymodiolus manusensis 0.20620a 0.00148 −0.00909 0.00148b −0.02646

Other columns display results of AMOVA performed with Arlequin in a two-step procedure (Basin within metapopulation and then Localities within basin). 
Significance threshold for 10,000 permutations for AMOVA (a<0.001, b0.05, and c0.01).
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differentiation was, however, slightly more complex for the lim
pets L. schrolli & L. aff. schrolli, S. tollmanni, and the scale
worm B. segonzaci, for which a further slight genetic 
subdivision between the Manus and Woodlark Basin was also 
observed.

The multispecies transition zone between the Eastern and 
Western metapopulations is located on the Woodlark 
Ridge or between it and the western part of the NF BAB, iso
lating the Manus Basin to the West and the NF, Lau Basins, 
as well as the Futuna volcanic arc to the East. Based on demo
genetic inferences, we found that after a primary allopatric 
divergence, these metapopulations were secondarily con
nected, resulting in weak, asymmetric, and predominantly 
westward ongoing gene flow. Levels of divergence and differ
entiation, however, varied between taxa, probably because 
of different generation times and life history traits. 
Heterogeneous gene flow was also found in all species in vari
ous proportions, suggesting that primary divergence could 
have led to the generation of genomic incompatibilities, as 
commonly found in hybrid zones (Matute et al. 2010; 
Bierne et al. 2011).

A Suture Zone Around the Woodlark Back-Arc Basin
All seven species share a clear genetic break into two main 
metapopulations across their geographical range, with the 
Manus/Woodlark (M/W) BABs on the one hand and the NF, 
and Lau BABs and Futuna Volcanic Arc (NF/F/L) on the other 
hand. Despite this common phylogeographic pattern, the 
strength of differentiation between these Eastern and 
Western genetic pools estimated by Fst varied from very high 

(0.38773) to very low (0.01847), depending on the species. 
A transition zone, i.e. a region where previously isolated line
ages come into contact and exchange genetic material, appears 
to be located somewhere between NF and Woodlark BAB or 
even at Woodlark itself, where both lineages are found in sym
patry for some species. This is clearly observed for the two lim
pet species complexes, S. tollmanni and L. schrolli & L. aff. 
schrolli, for which the Western and Eastern lineages co-occur 
in Woodlark and hybrid individuals, are detected. This signa
ture is typical of the existence of a tension zone, where selec
tion can operate against hybrid genotypes, probably due to 
the existence of underdominant genetic incompatibilities 
(Bierne et al. 2011) or other reproductive barriers. Variable 
levels of admixture detected between Western and Eastern lin
eages in all species present at Woodlark, and, to a lesser extent 
at NF (Tran Lu Y et al. 2022), reinforced this view. The species 
variability in terms of population structuring can stem from 
diverse origins: differences in life history traits (generation 
time, dispersal capability, fecundity, etc.) or in the genomic 
architecture of species (intensity of linked selection and num
ber of barrier loci [genetic incompatibilities]). These latter fac
tors are noticeably linked with the depth of evolutionary 
history of divergence and the reproductive mode. Our study 
suggests two possible hypotheses. First, geophysical rear
rangements at a given time may have restricted, and still con
tinue to limit the effective dispersal of several species 
according to their life history traits. This could have led to 
shared patterns of isolation, regardless of the timing of their 
origin (isolation with migration, IM, one of the models 
supported by ∂a∂i for I. nautilei and B. manusensis). 
Alternatively, these species may have experienced one or 

Fig. 3. Relative migration (Nm) network plot between populations estimated with Divmigrate. Populations are grouped into two metapopulations (East 
vs. West) for each species, except for L. schrolli & L. aff. schrolli, for which populations correspond to basins (L, Lau; F, Futuna; NF, North Fiji; 
W, Woodlark; and M, Manus). M/W means Manus/Woodlark and NF/F/L NF/Futuna/Lau. For S. tollmanni, the Woodlark population is subdivided between 
individuals genetically related to Lau/Futuna (W1) and Manus (W2). The hybrid individual was excluded from the analysis.
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more vicariance events, resulting in a period of primary diver
gence in allopatry followed (or not) by SC with some amount 
of gene flow. The latter scenario is the most likely, supported 

by the ∂a∂i analyses for most species (Fig. 4). This vicariance 
may have originated elsewhere in the Pacific, and its very 
causes, however, remain to be identified.

Fig. 4. Folded JAFS plots for the best models (bottom) selected by dadi for all species according to the AIC as presented in supplementary fig. S10, 
Supplementary Material online. All four plots represent the observed JAFS between populations (upper left), the simulated JAFS under the specified 
model (upper right); the log scale indicates SNP density in each frequency class. Residuals of data on the simulated JAFS (lower left) and histogram of their 
distribution (lower right).

Comparative Population Genomics · https://doi.org/10.1093/molbev/msaf024                                                                                               9
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/2/m

saf024/7989920 by Station Biologique user on 27 February 2025

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf024#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf024#supplementary-data


While evolutionary processes unfold independently in each 
species, our demogenetic reconstruction indeed indicates a 
scenario of SC for five species. For two species, the approach 
cannot decisively distinguish between SC and IM, possibly 
due to a prolonged period of SC. These results nevertheless 
strongly suggest an allopatric initial divergence for most spe
cies. Modeling also underscored the detection of a genomic 
heterogeneity of differentiation in all species, with both het
erogeneous gene flow across the genome (2 m) and linked se
lection (2N). This finding suggests that the initial divergence 
was extensive enough to generate genomic incompatibilities 
between populations in a genome characterized by substantial 
background selection and low recombination. This pattern 
could be a feature of hydrothermal vent species, which may 
undergo strong purifying selection in this challenging environ
ment (Chevaldonné et al. 2002; Fontanillas et al. 2017; 
Thomas-Bulle et al. 2022).

The contact zone between Western and Eastern lineages, 
presently located at Woodlark for some species and between 
Woodlark and the NF Basin for others, may have shifted since 

SC, likely moving along the Vanuatu or Solomon subduction 
arcs. Manus Basin appears more diversified in terms of species 
(see Poitrimol et al. 2022) and could have served as a source of 
biodiversity for part of the Western Pacific hydrothermal fauna, 
suggesting a possible “out of Manus” hypothesis. In line with 
this idea, recent work on taxa network analysis redescribes 
the Western Pacific region for hydrothermal fauna not as a sin
gle biogeographic province, as suggested by Moalic et al. 
(2012), but as two distinct provinces, the North West Pacific 
and the Southwest Pacific, with the Manus Basin as a possible 
hub connecting both (Tunnicliffe et al. 2024).

Gene Flow Between BABs
The connectivity and dispersal of hydrothermal vent species 
may be influenced by their life history traits, particularly larval 
phases. Species with planktotrophic larvae (if entrained in sur
face waters) are expected to have higher dispersal potential 
and greater connectivity across populations, whereas those 
with lecithotrophic larvae, which rely on yolk reserves, often 
show limited dispersal and connectivity even if lasting long 
in deep waters (Young and Eckelbarger 1994). Our findings 
reveal an asymmetric gene flow, with less eastward gene 
flow, rejecting full isolation between Eastern and Western 
metapopulations regardless of contrasted dispersal traits. 
This aligns partly with prior research showing minimal gene 
flow between Manus and Lau BABs (Thaler et al. 2011, 
2014; Plouviez et al. 2019; Breusing et al. 2021), though stud
ies have also reported a lack of differentiation in S. tollmanni 
(Yahagi et al. 2020; Poitrimol et al. 2022).

While gene flow orientation corresponds partly with 
intermediate-depth larval dispersal models (Mitarai et al. 
2016), the bidirectional flow suggests additional surface disper
sal, where counter-currents flow eastward. The current limited 
biological knowledge hinders assessments of larval develop
ment’s impact on population divergence and gene flow. 
Further study is needed, especially regarding intermediate pop
ulations in the Vanuatu and Solomon archipelagos. Varying SC 
rates may have affected species differently. For instance, high- 
dispersal, long-generation species like A. kojimai and B. segon
zaci show less divergence and differentiation than low-dispersal, 
short-generation species like L. schrolli and L. aff. schrolli, a 
pattern echoed in Lau Basin vent copepods (Diaz-Recio 
Lorenzo et al. 2024). Nevertheless, present-day connectivity be
tween the two metapopulations remains highly limited due to 
the existence of both genetic and physical barriers to dispersal.

Table 2 Estimation of divergence times in generations (estimates are 
calculated with a fixed mutation rate per generation and per site of 10−8 

for all species)

Species Best model Ts Tsc Ttotal

Ifremeria nautilei IM2N2mG 66,951 … 66,951
Ifremeria nautilei SC2N2mG 16,279 54,017 70,295
Ifremeria nautilei AM2N2MG 41 69,372 69,413
Alviniconcha kojimai SC2N2mG 29,157 11,735 40,892
Shinkailepas tollmanni SC2N2m 63,335 5,419 68,754
Shinkailepas tollmanni SC2N2mG 42,683 22,326 65,009
Eochionelasmus ohtai SC2mG 37,278 56,793 94,071
Branchinotogluma 

segonzaci
SC2N2mG 18,194 15,375 33,569

Bathymodiolus 
manusensis

IM2N 101,718 … 101,718

Bathymodiolus 
manusensis

SC2N2m 40,752 2,892 43,644

Bathymodiolus 
manusensis

SC2N 56,394 37,940 94,335

Lepetodrilus schrolli/ 
Lepetodrilus aff. 
schrolli)

SC2N2mG 48,381 68,331 116,712

For I. nautilei using the AM2N2mG model, Ts corresponds to the time of the 
strict split after ancient migration ended (Tsc).
Ts, time since the ancestral population subdivided into two populations; Tsc, 
time since secondary contact. Ttotal, Ts, and Ts + Tsc.

Table 3 Gene flow parameters estimated from ∂a∂i (m and me are the “neutral” and “reduced” migration rate parameters, respectively)

Species Best model m1←2 m2←1 P me1←2 me2←1 1 − P

Ifremeria nautilei IM2N2mG 0.444 0.825 0.483 0.038 0.283 0.517
Ifremeria nautilei SC2N2mG 0.422 0.810 0.439 0.038 0.270 0.561
Ifremeria nautilei AM2N2MG 0.461 0.825 0.471 0.039 0.300 0.529
Alviniconcha kojimai SC2N2mG 4.741 4.389 0.851 0.384 0.841 0.149
Shinkailepas tollmanni SC2N2m 4.334 13.866 0.986 0.321 3.314 0.014
Shinkailepas tollmanni SC2N2mG 2.800 13.990 0.795 0.268 1.048 0.205
Eochionelasmus ohtai SC2mG 0.364 1.386 0.508 0.013 0.124 0.492
Branchinotogluma segonzaci SC2N2mG 2.195 5.412 1 0.579 6.489 0
Bathymodiolus manusensis IM2N 0.436 0.566 … … … …
Bathymodiolus manusensis SC2N2m 3.988 4.891 0.323 0.227 0.646 0.677
Bathymodiolus manusensis SC2N 0.520 0.537 … … … …
Lepetodrilus schrolli/Lepetodrilus aff. schrolli SC2N2mG 0.878 0.308 0.180 0.009 0.007 0.820

P the proportion of the genome characterized by migration rate m, and 1 − P the proportion of the genome affected by reduced migration me. 1, East population 
(NF/F/L); 2, West population (M/W).
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Species-specific Variation
The West/East divergence is clear across species, yet some also 
display basin-specific variations. Branchinotogluma segonzaci 
shows slight differentiation between Woodlark and Manus 
populations, not solely due to introgression from other 
Eastern regions. Similarly, the NF population of A. kojimai 
differs slightly from Lau/Futuna, despite a very low regional 
genetic differentiation (Fst = 0.01847). Bathymodiolus manu
sensis was found far east of its known range, co-occurring 
with B. septemdierum, the only mussel typically in that area, 
suggesting range expansion or relict population but without 
reduced diversity (Dupoué et al. 2021). These slight basin var
iations in B. segonzaci and A. kojimai imply potential limits on 
connectivity, likely influenced by factors such as larval disper
sal depth, demographic turnover, or putative effect of diversi
fying selection within certain populations.

While most species exhibit low genetic divergence, limpets 
L. schrolli & L. aff. schrolli and S. tollmanni show a high di
vergence and minimal gene flow between Western and Eastern 
groups. Shinkailepas tollmanni exhibits admixture in 
Woodlark, where both lineages are sympatric, and one first- 
generation hybrid was identified. Previous studies found no 
mitochondrial Cox1 differentiation (Yahagi et al. 2020; 
Poitrimol et al. 2022) on the same individuals used in this 
study, while our genomic data indicate a strong West/East lin
eage isolation with limited genetic exchange. This indicates a 
strong reduction in gene flow, but few loci can still be ex
changed and captured by one of the two lineages, including 
the mitochondrial genome.

Lepetodrilus schrolli & L. aff. schrolli display comparable 
divergence but with a clearly admixed population in 
Woodlark between the Manus and NF/F/L lineages. This sup
ports Cox1 results, where half of Woodlark individuals reflect 
Manus haplotypes and the other half NF/F/L, consistent with 
previous nuclear marker studies showing very low asymmetric 
gene flow between Manus and Lau (Plouviez et al. 2019; 
Poitrimol et al. 2022). These results suggest mitochondrial 
segregation in sympatry, partly supporting recent taxonomic 
revisions of L. schrolli and L. fijiensis (Chen and Sigwart 
2023); however, our results show that intermediate popula
tions exist, showing that this is in fact a complex of lineages 
undergoing speciation. Furthermore, this suggests that the 
taxonomy of S. tollmanni may also need to be revised.

Life history traits may influence connectivity, though larval 
development type shows limited consistency. Despite their 
different larval modes, B. segonzaci (lecithotrophy) and 
A. kojimai (planktotrophy) display the lowest genetic differenti
ation and divergence between Eastern and Western populations.

Branchinotogluma segonzaci is a free-living, mobile annelid 
with small local populations and large mature oocytes 
(∼150 µm, Stephane Hourdez unpublished data & personal 
communication) suggesting lecithotrophic larval development 
that can persist in cold oligotrophic waters. Alviniconcha ko
jimai, on the other hand, has larger, patchily-distributed pop
ulations and produces much smaller oocytes (∼90 µm), 
implying planktotrophic larvae that can reach the surface 
waters (Warèn and Bouchet 1993; Sommer et al. 2017; 
Hanson et al. 2024). Despite these differences, their low level 
of regional differentiation may be linked to the specific distri
bution of “hot” vent emissions which both species likely dis
perse across.

Bathymodiolus manusensis and E. ohtai also show 
low divergence, but with moderate differentiation across 

metapopulations. Eochionelasmus ohtai is a common sessile 
hydrothermal vent cirriped forming dense populations in dif
fuse areas, and with large oocytes (∼500 µm, Yamaguchi and 
Newman 1997; Tyler and Young 1999) suggesting lecithotro
phic development. In contrast, deep-sea bivalves such as 
B. manusensis typically have small oocytes (∼70 µm) and larvae 
are expected to be planktotrophic, as larvae of Gigantidas 
childressi (formerly known as “Bathymodiolus” childressi) 
that can remain in surface waters for extended periods 
(Arellano and Young 2009).

Ifremeria nautilei has lecithotrophic larvae incubated in a 
maternal pouch (Reynolds et al. 2010; Warèn and Bouchet 
1993), likely limiting dispersal. While the larval mode in 
S. tollmanni and L. schrolli & L. aff. schrolli remains un
known, with large oocytes (∼150 µm; Poitrimol et al. 2024), 
other closely related Shinkailepas species suggest possible 
planktotrophy near the ocean surface (Yahagi et al. 2017), 
but with egg capsule incubation prior to release for S. tollman
ni (Mouchi et al. 2024).

Though focused on the Southwest Pacific BABs, the 
Kermadec Basin—hundreds of miles south of Lau—harbors 
distinct vent fauna, B. segonzaci and L. aff. schrolli also ap
pear there (S.H. unpublished data). This suggests long-term 
dispersal or greater habitat adaptability. Additional individu
als from Kermadec showed no differentiation from NF/F/L for 
B. segonzaci but some in L. aff. schrolli, reinforcing regional 
population structure of this later (see supplementary figs. S13 
to S15, Supplementary Material online and supplementary 
table S6, Supplementary Material online data not shown).

Our work demonstrates the challenges of linking hydrother
mal species genetic structure solely to larval development, as 
other factors, such as population turnover, reproductive ef
fort, and generation time, likely also shape patterns of popula
tion differentiation.

Timing Divergences and the Hypothesis of 
Vicariance
Our comparative study highlights shared phylogeographic pat
terns across the Southwest Pacific Ocean for seven vent species. 
This pattern likely stems from a common initial divergence 
event, due to either geological or climatic factors, generating 
two metapopulations, with the separation lying somewhere be
tween Woodlark and NF BABs, assuming the populations have 
remained in place during isolation. This barrier is semiperme
able to gene flow, allowing some exchange of genetic material 
between metapopulations, through secondary contacts. This re
connection may also be modulated by species-specific life his
tory traits, including type of larvae, larval dispersal depth, 
longevity, reproduction timing, and habitat fragmentation. 
Net nucleotide divergence (Da) estimates, reveal that species 
have undergone different periods of divergence. Notably, the 
smallest species L. schrolli & L. aff. schrolli and S. tollmanni 
display higher net divergence values than other species, suggest
ing longer isolation with probably a greater number of genera
tions since the split. This naturally raises question about cryptic 
species and speciation processes as divergence levels fall within 
the “gray zone” of speciation (Roux et al. 2016), where repro
ductive isolation between populations can vary widely. Our 
analyses not only reveal the gene flow intensity and heterogen
eity (as previously discussed) but also raise interesting hypoth
eses regarding the timing of divergence.

Divergence times among species vary by a factor of three, in
fluenced by unknown mutation rates and mean generation 
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times, which we assumed to be uniform across species, though 
this is unlikely. Variations may be attributed to life history 
traits, where larger species generally grow slower than smaller 
ones (Schöne and Giere 2005), indicating discrepancies in gen
eration times and sexual maturity. Larger species also tend to 
have smaller populations, suggesting potential simultaneous 
demographic changes.

Estimates suggest that primary divergence began between 
∼33,569 and 101,718 generations (which may be easily ex
plained by differences in generation times), while SC ranges 
from 2,892 to 69,372 generations. Assuming a mutation 
rate of 10−8 and one generation per year, these events likely 
occurred during the Holocene amidst climatic oscillations, po
tentially starting around the Last Glacial Maximum (11,500 
to 20,300 years ago for the Tongo Glaciation; 62,000 years 
ago, for the Komia Glaciation; 130,600 to 158,000 years 
ago for the Mengane Glaciation) (Barrows et al. 2011). If we 
consider a 10-fold lower mutation rate (10⁻⁹), common in mo
lecular dating of vent fauna (Chevaldonné et al. 2002; Johnson 
et al. 2006; Matabos and Jollivet 2019), divergence estimates 
would range from 400,000 to 1,000,000 years, with SC be
tween 63,860 and 693,720 years.

Considering this later mutation rate, the primary divergence 
may coincide with magmatic accretion in recent back-arc 
ridges like Lau or Manus (Schellart et al. 2006). Geological 
structures between the two metapopulations, including the 
Woodlark and NF basins, Vanuatu Trough, and the Solomon 
Islands volcanic arc, have older geotectonic histories, with accre
tion starting several million years ago (Woodlark: ∼6 Ma; NF: 
∼3 Ma; Vanuatu Trough and volcanic arc: ∼12 Ma; Solomon 
volcanic arc: Eocene, ∼40 Ma) (Schellart et al. 2006). While 
these timelines align with geological accretion, SC likely oc
curred during the Holocene, influenced by climatic oscillations 
and changes in Pacific water-mass circulation.

Despite challenges in interpreting time estimates due to bio
logical unknowns, divergence patterns suggest a significant cli
matic or geological event initiated a shared primary divergence 
followed by SC for most species, with some species possibly 
experiencing older or prolonged SC based on differing life his
tory traits.

Limits
Our study primarily targeted the most common and emblem
atic species in hydrothermal communities of the West Pacific. 
Previous research on two of these species and others from 
these vent ecosystems has consistently supported our findings 
(Thaler et al. 2014; Lee et al. 2019; Plouviez et al. 2019; 
Poitrimol et al. 2022), revealing similar genetic differentiation 
patterns. However, these results may primarily reflect the evo
lutionary history of the most abundant and large vent species. 
Numerous other species with much lower densities and less re
liance on vent fluids inhabit these ecosystems, potentially 
exhibiting more diverse and complex phylogeographic pat
terns. For instance, basins like Manus show higher species di
versity and endemism (Boulart et al. 2022; Poitrimol et al. 
2022; Diaz-Recio Lorenzo et al. 2024; Tunnicliffe et al. 2024).

Another key limitation from this sampling (mainly because 
of the difficulty to discover new sites) prevents us from con
ducting proper fine-scale isolation-by-distance (IBD) analysis. 
IBD typically requires a quite uniform and continuous sam
pling distribution across the species’ range, which we were un
able to achieve due to the spatial separation of hydrothermal 
vents and logistical constraints in sampling across such a 

vast and fragmented deep-sea landscape. In our case, the study 
area comprised a few unsampled–documented vents (e.g. 
Nifonea in Vanuatu), and other “ghost” undiscovered vent 
sites possibly located on seamounts along volcanic arcs. 
Despite this limitation, the analysis using the current sampling 
scheme does not display an isolation by distance (with the ex
ception of L. schrolli & L. aff. schrolli) but rather a genetic 
cline (supplementary figs. S16 to S23, Supplementary 
Material online).

Additional data from these sites should not affect our main 
conclusions, but they would provide useful information to re
fine our patterns of population connectivity and the timing of 
contact zones. We also cannot rule out the idea that local 
adaptation may exacerbate the degree of genetic differenti
ation between the different hydrothermal populations ana
lyzed, at least for some species. The study that focused on 
the gastropod I. nautilei showed that analysis of genetic differ
entiation using outliers reinforces the isolation of the 
Woodlark Basin from Manus (Tran Lu Y et al. 2022), and 
depth may possibly have a filtering role on some alleles. 
Similarly, the East/West separation (Manus vs. Lau) of hydro
thermal populations in the Western Pacific is also accompan
ied by a change in the composition of hydrothermal fluids 
due to the nature of the rocks within these basins. It is there
fore very difficult to tease apart the role of diversifying selec
tion from other processes.

Distinguishing contemporary from historical gene flow re
mains challenging. Our demogenetic approach with ∂a∂i and 
Fst-based metrics as used in Divmigrate, capture gene flow 
by using allele frequencies that represent cumulative evolu
tionary forces effects over multiple generations rather than 
contemporary migration events (a few generations ago). As a 
result, it is currently very difficult to distinguish between 
very recent and historical barriers and their associated factors.

Implications for Conservation and Future Directions
As previously shown, cases that correspond to geographically 
separated complex species probably need to be managed sep
arately (e.g. L. schrolli & L. aff. schrolli or S. tollmanni). 
Other species depict much lower divergence but with some 
variation in population differentiation. Although sporadic 
and possibly rare, there is now evidence of present-day but 
very low genetic connectivity between the Western and 
Eastern metapopulations with an apparent high genetic homo
geneity within each of them.

Most of our knowledge on the stability of vent ecosystems 
through time is derived from times series established on the 
East Pacific Rise, a fast-spreading mid-oceanic ridge with a 
1D stepping-stone axis of colonization (Audzijonyte and 
Vrijenhoek 2010; Du Preez and Fisher 2018) and some punc
tual physical barriers to dispersal (Plouviez et al. 2009, 2010, 
2013). There, the fast extinction and recolonization rates of 
active sites are likely to select species, which can disperse far 
and grow and reproduce fast. In back-arc basins, the ridge 
spreading rate is rather low but varies between basins (Dick 
2019). Extinction and recolonization events are likely less 
common, which led to concerns about the ability of the popu
lations to recover if the metal sulfide deposits formed by the 
hydrothermal vent activity are mined (Du Preez and Fisher 
2018). Within each of the two metapopulations, high genetic 
homogeneity of local populations can arise from either a sub
stantial population size mitigating genetic drift or the presence 
of a sufficient number of migrants exchanged within BABs. 
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For I. nautilei, A. kojimai, and B. segonzaci, introgressing al
leles between metapopulations seem to reach only as far as the 
Woodlark and NF BABs, suggesting that inter-basin dispersal 
alone may not compensate for population bottlenecks within 
each metapopulation. Consequently, dispersal may be effect
ive between local sites at the scale of either the Western or 
Eastern regions, but much more limited between BABs. 
Because BAB zones are spatially limited with a restricted num
ber of active vent sites, mining the already known sites should 
compromise any local “rescue” effect.

Conclusion
We identified a pronounced phylogeographic break across 
several hydrothermal species in the Southwest Pacific back-arc 
basins, centered between the Woodlark and NF basins. While 
population structure patterns are shared, species show varying 
degrees of differentiation likely influenced by life history traits 
and species-specific demographic histories.

Although the timing of divergence and secondary contacts 
remains uncertain, connectivity between the two regions gen
erally shows asymmetric bidirectional gene flow favoring 
westward movement—except for L. schrolli & L. aff. schrolli, 
which may likely have originated from the Manus Basin. This 
study highlights genetic barriers at intermediate sites, which 
slow gene flow for some species. Overall, vent species resili
ence seems more dependent on robust local population 
networks within each regional metapopulation than on long- 
distance dispersal. Thus, sustainable management of these 
communities requires conservation efforts at the biogeograph
ic unit and at least at basin level, bearing in mind that the ma
jority of current and low genetic exchanges between the 
Eastern and Western basins are more specifically redirected to
ward the Manus Basin.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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