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INTRODUCTION

Since the discovery of the first hydrothermal vent in
1977, many vents associated with chemosynthetic
communities have been documented (e.g. Connelly et
al. 2012). In deep-sea reducing environments within
hydrothermal vent fields, faunal communities mainly
consist of endemic species (Tunnicliffe & Fowler 1996)

that are supported by the primary production of
chemoautotrophic bacteria (Corliss et al. 1979). Ani-
mals endemic to vent systems are expected to have a
high dispersal ability to maintain gene flow among lo-
cal populations (Tyler & Young 2003), as their habi tats,
which were formed by volcanic activities along mid-
ocean ridge systems, in back-arc basins, and on off-
axis submarine volcanoes, are unstable and pat chi ly
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ABSTRACT: Understanding the formative factors of connectivity among deep-sea chemosynthetic
communities may clarify the biogeographic mechanisms that facilitate the establishment and
development of vent/seep fauna. This study identified interspecific differences in the geographi-
cal distribution and genetic population structure of 4 alvinocaridid shrimp species inhabiting
hydrothermal vents in the Okinawa Trough, Northwest Pacific. Shinkaicaris leurokolos popula-
tions were widely distributed at 580 to 1651 m depth, with partial nucleotide sequences of the
mitochondrial COI gene revealing extremely high genetic diversity (haplotype diversity: 0.98 to
1.00). In contrast, local populations of Alvinocaris dissimilis and A. longirostris, both of which have
narrower bathymetric distributions, were characterised by low haplotype diversity (0.29 to 0.52).
In the Okinawa Trough, Alvinocaris sp. only occurs at the Irabu Knoll, but this species also inhab-
its the Suiyo Seamount on the volcanic front of the Izu-Bonin Arc (Northwest Pacific). This unde-
scribed species had relatively high haplotype diversity (0.70 to 0.82), with no genetic differentia-
tion between the 2 sites. Certain factors may allow this species to occur at both sites (e.g. a
chemical environment derived from similar substratum), despite geological differences in
hydrothermal circulation (i.e. a back-arc basin versus an arc volcanic front, respectively). The
findings of this study indicate that (1) the wide geographical and bathymetrical distributional
ranges of the vent shrimp species cause high genetic diversity associated with stable population
connectivity and (2) certain  environmental features (e.g. depth and substratum) and life-history
traits (e.g. feeding habitat and larval characteristics) represent important formative factors in the
connectivity of alvinocaridids in the Northwest Pacific.

KEY WORDS:  Alvinocaridid shrimp · Biogeography · Connectivity · Genetic diversity

Resale or republication not permitted without written consent of the publisher

FREEREE
 ACCESSCCESS



Mar Ecol Prog Ser 529: 159–169, 2015

distributed (Holm & Hennet 1992, Van Dover 2000).
Consequently, dispersal and connectivity among vent
sites have a significant role in both the population dy-
namics and evolution of species endemic to hydrother-
mal vent ecosystems. Understanding the formative
factors of connectivity among deep-sea chemosyn-
thetic communities may clarify the biogeographic
mechanisms that lead to the establishment and devel-
opment of endemic fauna. However, research on the
connectivity of vent-endemic species remains limited
in the West Pacific (Vrijenhoek 2010), despite the evo-
lutionary importance of this region (Moalic et al. 2012).
Comparative analyses of the vent fauna from this re-
gion with other oceanic regions may provide important
information about the biogeographic history of deep-
sea chemosynthetic communities.

The caridean family Alvinocarididae is comprised
of 28 described species belonging to 8 genera, which
are known from chemosynthetic environments be -
tween depths of 252 and 4960 m in the world’s oceans
(Nye et al. 2012, Yahagi et al. 2014). Molecular evi-
dence indicates that they were established during
the late Cretaceous/Early Tertiary (Yang et al. 2013).
In the Northwest Pacific, alvinocaridids have been
reported in the hydrothermal vent fields of the Oki-
nawa Trough, the Izu-Bonin Arc, and the Mariana
Arc, as well as in cold seep areas in Sagami Bay and
the South China Sea (Komai & Segonzac 2005,
Fujikura et al. 2008, Li 2015).

The Okinawa Trough is a back-arc basin located
behind the Ryukyu trench-arc system, where the
Philippine Sea Plate subducts beneath the Eurasian
plate. The recent magmatism related to the rifting
stage of the Okinawa Trough is considered to have
begun ~2 million years ago (Kimura 1996). At least 8
hydrothermal vent fields associated with chemosyn-
thetic communities have been discovered in the Oki-
nawa Trough (Fujikura et al. 2008, Watanabe et al.
2010). These communities are distributed from ap -
proximately 600 to 1600 m depth in the central and
southern parts of the trough, which extend about 800
km in length (Fujikura et al. 2008, Watanabe et al.
2010). Two vent sites, the Yoron Hole (Fukuba et al.
2015a) and the Irabu Knoll of the Yaeyama Central
Graben (Fukuba et al. 2015b), were recently discov-
ered, and little information is available about the
fauna at these sites.

Alvinocaridid shrimps are dominant megafaunal
invertebrates in vent fields in the Okinawa Trough,
in addition to the galatheid crab Shinkaia crosnieri
and Bathymodiolus mussels (Watanabe et al. 2010).
To date, 4 alvinocaridid species have been reported
in this area: Alvinocaris brevitelsonis, A. dissimilis,

A. longirostris, and Shinkaicaris leurokolos (Komai &
Segonzac 2005, Watanabe & Kojima 2015). A. brevi-
telsonis and A. dissimilis were only collected from
the Minami-Ensei Knoll (Komai & Segonzac 2005). A.
brevitelsonis was described based on a single speci-
men collected from this site (Komai & Segonzac
2005), and has not been subsequently recorded. A.
longirostris occurs in the vent fields of the North
Knoll of the Iheya Ridge, Izena Hole, Hatoma Knoll,
and Dai-yon (No. 4) Yonaguni Knoll, in addition to a
cold seep area off Hatsushima in Sagami Bay (Fu-
jikura et al. 1995, 2008, Kikuchi & Ohta 1995, Watabe
& Miyake 2000, Ohta & Kim 2001, Komai & Segonzac
2005). Moreover, this species has been reported to be
present at the Brothers Caldera in New Zealand and
the Jiaolong Cold Seep I in northeastern South China
(Webber 2004, Li 2015). This species might have a
bathymetrically restricted distribution, as it has not
been reported at vent sites shallower than 700 m
depth, even when geographically close to deeper
habitats (Komai & Segonzac 2005). S. leurokolos is
widespread, and is one of the representative species
of the Okinawa Trough (Watanabe & Kojima 2015).
In the latest review on the distribution of alvinocari-
did shrimp, 2 distributional range patterns were ad-
vocated; namely, local (single vent field) and regional
(>3 to 6 vent fields). The distributional ranges of most
Pacific species were classified as the local type,
whereas those of the Atlantic species were classified
as the regional type (Lunina & Vereshchaka 2014).
However, the alvino caridids of the Okinawa Trough
seem to exhibit both local and regional distributional
patterns. Thus, the factors that determine the geo-
graphical distribution and population connectivity of
alvinocaridids require identification.

The present study aimed to reveal the distributional
ranges and genetic population structure of 4 alvino -
caridid species inhabiting the Okinawa Trough to un-
derstand connectivity and its formative factors. This
study is the first to investigate population genetics of
vent shrimps in the Northwest Pacific, facilitating
comparison with the observed patterns on the Mid-
Atlantic Ridge (MAR; Teixeira et al. 2011, 2012), Cen-
tral Indian Ridge (CIR; Beedessee et al. 2013), and in
the southwestern Pacific (SWP; Thaler et al. 2014).

MATERIALS AND METHODS

Sampling

Specimens were collected from 5 hydrothermal
vent fields in the Okinawa Trough; namely, the
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Minami-Ensei Knoll (700 m depth), the Yoron Hole
(580 m depth), the Izena Hole (1600 m depth), the
Irabu Knoll (1650 m depth), and the Hatoma Knoll
(1470 m depth) (Fig. 1). The remotely operated vehi-
cle (ROV) ‘Hyper-Dolphin’ was equipped with a suc-
tion sampler to collect specimens during the cruise
NT11-20 of the R/V ‘Natsushima’ of the Japan
Agency for Marine-Earth Science and Technology
(JAMSTEC) in September and October 2011. Addi-
tional specimens were collected from the Off Hat-
sushima site (930 m depth) in Sagami Bay and the
Suiyo Seamount (1380 m depth) on the Izu-Bonin Arc
using the ROV ‘Hyper-Dolphin’ during the NT11-09
cruise of the R/V ‘Natsushima’ in June 2011. Sam-
pling and observations were conducted from the
vicinity of vents to the peripheral area of each vent
site. Collected specimens were frozen and stored at
−80°C or preserved in 99.5% ethanol. The specimens
were identified, based on their morphology, using
Komai & Segonzac (2005) and Zelnio & Hourdez
(2009) as reference material.

DNA sequencing

All of the collected specimens were used for
molecular analyses. Genomic DNA was extracted
from the muscle of the abdomen using the DNeasy
Tissue Extraction Kit (QIAGEN). A fragment con-

taining part of the mitochondrial COI gene (658 bp)
was amplified by polymerase chain reaction (PCR)
using the LCO1490/HCO2198 universal primer set
(Folmer et al. 1994). Amplification was performed in
20 µl reaction mixture containing approximately
5 ng genomic DNA, 2 µl 10× Ex Taq buffer, 0.3 µM
dNTP mix, 20 µM of each primer, and 0.05 U of EX
Taq DNA polymerase (TaKaRa Bio Inc.). PCR reac-
tions were carried out with an initial denaturation
step at 94°C (40 s), followed by 35 cycles consisting
of a denaturation step at 94°C (40 s), an annealing
step at 50°C (60 s), and an extension step at 72°C
(90 s). The products were purified using Exo-SAP-IT
(United States Biochemical). DNA sequences were
determined using an ABI 3130 automated DNA
sequencer (Applied Biosystems®, Life Technologies
Corporation) with a BigDye Terminator Cycle Se -
quencing Kit Version 3.1 (Applied Biosystems®).
Obtained se quences were edited and aligned using
the computer program package MEGA 5.05 (Ta -
mura et al. 2011), and were corrected by visual
inspection.

Population genetic and demographic analyses

Genetic diversity was determined and statistical
tests were conducted using the program package
ARLEQUIN 3.5 (Excoffier & Lischer 2010). We esti-
mated haplotype diversity h (Nei 1987), mean num-
ber of pairwise difference π1 (Tajima 1983), and
nucleotide diversity π2 (Nei 1987) for each local pop-
ulation of the 4 species. For each species, a parsimo-
nious haplotype network was constructed based on
DNA sequences to represent gene genealogies using
the computer program TCS 1.21 (Clement et al.
2000).

Significance of pairwise FST-values (Hudson et al.
1992) was tested, and the exact test (Raymond &
Rousset 1995) was conducted to show the existence
of genetic differentiation among local populations. In
addition, Tajima’s D-test (Tajima 1989), Fu’s Fs-test
(Fu 1997), and mismatch frequency distribution ana -
lysis (Rogers & Harpending 1992) were performed
using ARLEQUIN to test whether each  population
has experienced a recent population expansion
(rapid increase of population size). The mismatch fre-
quency distribution analysis (Rogers & Harpending
1992) was calculated using Harpending’s raggedness
index (Hri; Harpending 1994). Local populations of
Shinkaicaris leurokolos in the Minami-Ensei Knoll
and Irabu Knoll were excluded in these analyses
because of a limited number of specimens.
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Fig. 1. Research locations in the Northwest Pacific. Black
squares: vent fields in the Okinawa Trough; white square: 
a cold seep area in Sagami Bay; black triangle:  seamount 

volcano in the Izu-Bonin Arc
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RESULTS

Distributional range of the 4 species

The occurrence of the 4 alvinocaridid species in
the Okinawa Trough is summarised in Table 1.
None of the collected specimens could be identified
as Alvinocaris brevitelsonis during the study.
Alvino caris sp. is an undescribed species that will
be described elsewhere by R. Hiraoka, S. Tsuchida,
and T. Komai (R. Hiraoka pers. comm.). Alvinocaris
sp. was collected from 2 geographically separate
locations: the Irabu Knoll in the Okinawa Trough
and Suiyo Seamount in the Izu-Bonin Arc. The geo-
graphical distance between the 2 locations is
approximately 1500 km. At both locations, this spe-
cies was mainly observed on volcanic rocks covered
by bacterial mats and vent barnacles. A. dissimilis
was only collected from the Minami-Ensei Knoll.
This species inhabited Bathymodiolus mussel beds.
A. longirostris was collected from the Irabu Knoll, in
addition to its known habitats. Shinkaicaris leuroko-
los was collected from the Minami-Ensei Knoll, the
Yoron Hole, the Izena Hole, the Irabu Knoll, and 
the Hatoma Knoll. A. longirostris and S. leurokolos
exhibited different spatial distributions around the
hydrothermal vent. Specifically, A. longirostris was
distributed around Bathymodiolus mussel beds and
colonies of Shinkaia crosnieri in the peripheral
areas, whereas S. leurokolos was distributed in the
part of the vent edifice closest to where the
hydrothermal fluid reached (Fig. 2).

Population genetic analyses

In total, 174 nucleotide sequences of the partial
COI gene (658 bp) were read for the 4 vent shrimp
species. A total of 77 haplotypes were deposited in
DDBJ/EMBL/GenBank databases (Accession Num-
bers LC029809 to LC029885). The 4 species ex -
hibited highly different genetic diversity (Table 2).
A. dissimilis and A. longirostris exhibited low gen -
etic diversity; Alvinocaris sp. had moderate di -
versity, and S. leurokolos showed extremely high
diversity.

The haplotype network of A. dissimilis consisted
of a common haplotype expressed by 14 individuals
and the remaining haplotypes with 1 to 3 point
mutations from the most common haplotype. The
haplotype network of A. longirostris showed a star-
like topology which consisted of a common haplo-
type expressed by 51 individuals and the remaining
haplotypes with 1 to 4 point mutations from the
most common haplotype (Fig. 3). The test of pair-
wise FST-values and the exact test showed no sig-
nificant genetic differentiation among the vent/seep
local populations of A. longirostris (Table 3). The
haplotype network of Alvinocaris sp. consisted of 2
most common haplotypes which did not depend on
the geographic origin or the remaining haplotypes,
with 1- or 2-point mutations from the 2 most com-
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Sampling locations     Code Depth Species      Total
                                                  (m)    Ad  Al Asp Sl

Okinawa Trough
Minami-Ensei Knoll     MK    700   17   −     −   2   19
Yoron Hole                    YH    580     −     −     −   17   17
Izena Hole                     IH     1617     −   20    −   11   31 
Irabu Knoll                     IK     1651     −   20   19   3   42
Hatoma Knoll                HK    1477     −   19    −   20   39

Sagami Bay
Off Hatsushima (seep) OH    928     −     7     −     −   7

Izu-Bonin Arc
Suiyo Seamount             SS     1387     −     −    19   −   19

Total                                                     17   66   38   53   174

Table 1. Sampling locations and numbers of individuals
 collected per alvinocaridid shrimp species per location. Ad:
Alvino caris dissimilis; Al: A. longirostris; Asp: Alvinocaris
sp.; Sl: Shinkaicaris leurokolos; −: not recorded for the 

location

Location N K Nh h π1 π2 (×10−2)

Alvinocaris dissimilis
MK 17 4 4 0.33±0.14 0.68±0.54 0.10±0.09

Alvinocaris longirostris
IH 20 6 7 0.52±0.13 0.60±0.50 0.09±0.08
IK 20 4 5 0.39±0.14 0.67±0.53 0.10±0.09
HK 19 5 5 0.39±0.14 0.53±0.46 0.08±0.08
OH 7 1 2 0.29±0.20 0.29±0.34 0.04±0.06

Alvinocaris sp.
IK 19 11 10 0.82±0.08 2.74±1.52 0.42±0.26
SS 19 9 7 0.70±0.10 2.16±1.25 0.33±0.21

Shinkaicaris leurokolos
MK 2 5 2 1.00±0.50 5.00±3.87 0.76±0.83
YH 17 26 17 1.00±0.02 4.88±2.50 0.74±0.43
IH 11 25 10 0.98±0.05 5.38±2.81 0.82±0.48
IK 3 4 3 1.00±0.27 2.67±1.92 0.41±0.36
HK 20 24 18 0.99±0.02 3.74±1.97 0.57±0.33

Table 2. Genetic diversity based on the nucleotide se -
quences of the mitochondrial COI gene of alvinocaridids
collected in the Northwest Pacific. N: number of specimens;
K: number of polymorphic sites; Nh: number of haplotypes;
h: haplotype diversity; π1: mean number of pairwise
 differences; π2: nucleotide diversity. Error values are ± SD. 

For location codes, see Table 1
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mon haplotypes (Fig. 3). The test of pairwise FST-
values and the exact test showed no significant
genetic differentiation between the 2 local popula-
tions (IK and SS; FST = –0.0167). Haplotype di -
versity values of S. leurokolos were at least 0.98 for
all local populations. Compared to the other 3 spe-
cies, the haplotype network of S. leurokolos was
complicated (Fig. 3). The test of pairwise FST-values
and the exact test of S. leurokolos showed no sig-
nificant genetic differentiation among local popula-

tions at Yoron Hole, Izena Hole, and Hatoma Knoll
(Table 4).

The Hri-values were not significant in any popula-
tion of the 4 species (Table 5). Tajima’s D- and Fu’s
Fs-tests showed significant negative values (p < 0.05)
for local populations of A. longirostris and S. leuroko-
los at the Izena Hole and Hatoma Knoll sites
(Table 5). In addition, significant negative Fs-values
were obtained for local populations of A. longirostris
and Alvinocaris sp. at Irabu Knoll and of S. leurokolos
at Yoron Hole (Table 5).
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Fig. 2. Different spatial distributions of Shinkaicaris leurokolos and Alvinocaris longirostris around a hydrothermal vent: 
(a) S. leurokolos was distributed in the central areas where hydrothermal fluid was reached, whereas (b) A. longirostris was 

distributed in the peripheral areas around Bathymodiolus mussel beds or colonies of Shinkaia crosnieri

Location               IH               IK               HK              OH

IH                                              ns                ns                ns
IK                      0.0091                               ns                ns
HK                    −0.0960       −0.0092                               ns
OH                   −0.0298       −0.0047       −0.0249             

Table 3. Alvinocaris longirostris. Exact test (upper right) and
pairwise FST-values (lower left) based on haplotype frequen-
cies. FST-values were non-significant (ns; p > 0.05). For loca-

tion codes, see Table 1

Location                         YH                     IH                   HK
                                          
YH                                                             ns                   ns
IH                               −0.0231                                         ns
HK                               0.0267             −0.0320                 

Table 4. Shinkaicaris leurokolos. Results of the exact test
(upper right) and pairwise FST-values (lower left) based on
haplotype frequencies. FST-values were non-significant (ns; 

p > 0.05). For location codes, see Table 1
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DISCUSSION

Distributional range of the 4 alvinocaridids

In this study, the 4 alvinocaridid species inhabiting
the Okinawa Trough partly showed bathymetric dis-
tribution patterns. However, Lunina & Vereshchaka
(2014) suggested that depth might not control the
distribution of alvinocaridids significantly, based on
the distributional information of 26 vent and cold-
seep endemic species of alvinocaridids. Komai &
Segonzac (2005) suggested bathymetrical separation
between Alvinocaris longirostris and 2 other Alvino -
caris species, A. brevitelsonis and A. dissimilis. In -
deed, in this study, specimens of A. dissimilis were
only collected from the Minami-Ensei Knoll at a
depth of 700 m. The absence of A. longirostris in the
2 shallow vent fields of the Minami-Ensei Knoll and
the Yoron Hole (580 m depth) indicates that the dis-
tribution of this species is restricted to greater depths.
The haplotype diversity of A. dissimilis and A. lon-
girostris was low. In contrast, Shinkaicaris leurokolos
had a wide bathymetric distribution range, spanning
between 580 and 1651 m depth and showed high
haplotype diversity. Furthermore, Alvinocaris sp. had

an interesting geographical distribution pattern. This
species is the first alvinocaridid that has been
recorded in both the Okinawa Trough and Izu-Bonin
Arc. In the Okinawa Trough, this species was only
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Fig. 3. Haplotype networks of (a) Alvinocaris dissimilis, (b) A. longirostris, (c) Alvinocaris sp., and (d) Shinkaicaris leurokolos
based on the nucleotide sequences of the mitochondrial COI gene. Each circle represents a haplotype; its area is proportional
to the frequency of the haplotype, and the sectors correspond to the sampling locations, with numbers indicating number of
individuals with that haplotpye at that location (1 if not stated). Small white circles represent undiscovered haplotypes. Each 

line represents 1 mutational step. For location codes, see Table 1

Location D p(D) Fs p(Fs) τ p(Hri)

Alvinocaris dissimilis
MK −1.31 0.08 −1.06 0.10 3.00 0.56

Alvinocaris longirostris
IH −2.06 0.01 −5.66 0.00 0.73 0.52
IK −1.18 0.26 −2.18 0.02 3.00 0.52
HK −1.97 0.00 −2.91 0.00 1.02 0.85
OH −1.01 0.25 −0.09 0.22 2.98 0.65

Alvinocaris sp.
IK −0.47 0.34 −3.35 0.03 5.21 0.46
SS −0.56 0.34 −1.07 0.24 5.68 0.45

Shinkaicaris leurokolos
YH −1.48 0.05 −15.08 0.00 5.16 0.51
IH −1.70 0.03 −4.24 0.01 5.41 0.26
HK −1.73 0.04 −15.81 0.00 3.90 0.54

Table 5. Results of population expansion tests. D: Tajima’s
D-value; p(D): p-value of Tajima’s D; Fs: Fu’s Fs-value; p(Fs):
p-value of Fu’s Fs; τ: τ-value of mismatch distribution; p(Hri):
p-value of Harpending’s raggedness index. Values in bold
type are significant (p < 0.05). For location codes, see Table 1
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collected from the Irabu Knoll. Yet, it should have an
extremely high dispersal ability, as no genetic dif -
ferentiation was detected between the populations at
the Okinawa Trough and Izu-Bonin Arc sites. Hydro -
thermal activity at Irabu Knoll is considered as
hosted by basaltic magma (Watanabe et al. 2006). In
fact, continuous exposures of fresh basaltic pillow
lava were observed along a steep slope of the Irabu
Knoll (Matsumoto et al. 2001). Among the 8 hydro -
thermal vent fields located in the Okinawa Trough,
only Irabu Knoll shows evidence of basaltic magma
activity on the seafloor, whereas the other fields are
exposed to felsic magma (Ishibashi et al. 2015). In the
Izu-Bonin arc, a magnetic survey indicated that the
Suiyo Seamount is mainly composed of basaltic rocks
(Fujiwara et al. 2007). Hydrothermal vents in the Lau
back-arc basin of the SWP contain distinct fauna that
are distributed according to the bottom substrate
(basalt and andesite lava), which determines the
chemical characteristics of hydrothermal vent fluids
(Podowski et al. 2010, Kim & Hammerstrom 2012).
The Okinawa Trough and Izu-Bonin Arc have differ-
ent geological settings, with the former being an arc-
back arc system and the latter a system of seamounts.
However, the 2 sites share certain environmental fac-
tors (namely, the substratum and chemical composi-
tion of vent fluid), which might permit the establish-
ment and distribution of this alvinocaridid species.
Thus, the key factor determining the distribution of
this species may be the environmental conditions of
the habitat, rather than larval dispersal ability.

On the Hatoma Knoll, S. leurokolos and A. lon-
girostris exhibited different microdistributions; A.
longirostris was distributed at the base and periphery
of the vent edifice and S. leurokolos aggregated in
the hydrothermally active zones. When the 2 species
were reared under atmospheric conditions, different
optimum temperatures were required for the eggs of
the 2 species to hatch, which indicates that these 2
species preferentially inhabit different thermal envi-
ronments (H. Watanabe et al. unpubl. data). The
microhabitat preferences of S. leurokolos are similar
to those of Rimicaris exoculata, which is the domi-
nant species on the MAR. R. exoculata, which has
symbiotic relationships with epibiotic bacteria, feed
on the symbiotic bacteria and free-living filamentous
bacteria associated with chimney walls (Gebruk et al.
2000, Guri et al. 2012), while little is known about
the feeding ecology of S. leurokolos. In contrast,
Alvinocaris species feed on both bacteria and other
animals, including Bathymodiolus mussels and bar-
nacles inhabiting the base and periphery of the vent
edifice (Gebruk et al. 2000, Stevens et al. 2008, Zel-

nio & Hourdez 2009). This difference in feeding pref-
erence may also determine the microhabitats in
which they live. Studies of symbiotic associations,
food sources, and the reproduction of alvinocaridids
are required to understand the physiological charac-
teristics of these species, as well as the mechanisms
that regulate habitat segregation among species.

Genetic diversity and population expansion

The 4 species exhibited different levels of genetic
diversity. The genetic diversity of Alvinocaris sp. was
moderate, of S. leurokolos was high, and of A. dis-
similis and A. longirostris was low. Both the fre-
quency of long-distance dispersal and fluctuations in
population size influence the genetic diversity of vent
species (Vrijenhoek 1997). In particular, pioneer spe-
cies that quickly colonise hydrothermal vents at the
initial stages of formation tend to sustain higher
genetic diversity than species that slowly establish
colonies (Vrijenhoek 2010). In the present study, high
haplotype diversity was observed for each local
 population of S. leurokolos (haplotype diversity:
0.98 to 1.00) and no genetic differentiation was
detected among the local populations. S. leurokolos
is assumed to have a high colonisation ability com-
pared to the other 3 alvinocaridids because this spe-
cies (1) is broadly distributed both spatially and
bathymetrically and (2) rapidly colonised a newly
developed hydrothermal vent site at Yoron Hole,
where all of the collected chimneys and ores are
<400 yr in age (Fujiwara et al. 2015). Another domi-
nant decapod species in the Okinawa Trough,
Shinkaia crosnieri, also has high genetic diversity
(Kumagai et al. 2015). Shinkaia crosnieri and S.
 leurokolos share some ecological characteristics:
namely, aggregation in areas that are directly
affected by vent fluids and wide bathymetric ranges
in the Okinawa Trough. Two species of Rimicaris
shrimp, R. exoculata and R. kairei, also exhibit high
haplotype diversity (0.69 to 0.89) in all local popula-
tions within their wide distributional range on the
MAR and CIR, respectively (Teixeira et al. 2011,
Beedessee et al. 2013). Moreover, a pair of synony-
mous species, A. muricola/markensis, which were
suggested to exhibit connectivity across the Gulf of
Mexico, the MAR, and West Africa, exhibit quite
high haplotype diversity in each local population
(0.80 to 0.91; Teixeira et al. 2013). Populations of an
undescribed Chorocaris shrimp, which are distrib-
uted in both the Manus and North Fiji basins in the
SWP, also exhibit high haplotype diversity (0.70 to
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1.00; Thaler et al. 2014). In contrast, local populations
of A. dissimilis and A. longirostris, which have nar-
rower bathymetric distributions (Table 1), are char-
acterised by low haplotype diversity (0.29 to 0.52).
The wide geographical and bathymetrical distribu-
tional ranges seem to cause high genetic diversity
associated with stable population connectivity, with
these factors being influenced by complex evolution-
ary processes (Hurtado et al. 2004).

The population expansion tests indicate that ex -
pansion has occurred in all 4 alvinocaridids, as the
Hri-values were not significant. Recent population
expansion was suggested to have occurred for each
local population of vent shrimp on the MAR and CIR
(Teixeira et al. 2011, 2013, Beedessee et al. 2013).
Although detailed information about the fecundity
and generation times of all 4 alvinocaridids are
required to infer expansion ages accurately, higher
τ-values of the mismatch distribution correspond to
older expansion ages (Harpending 1994). The popu-
lations of A. dissimilis and A. longirostris have ex -
panded recently after a bottleneck or founder event
(τ: 0.73 to 3.00). Such recent population growth is fre-
quently found for vent organisms (Vrijenhoek 2010).
In contrast, the populations of Alvinocaris sp. and S.
leurokolos remain stable after expansion events at
older ages (τ: 3.90 to 5.68), which might lead to high
genetic diversity. Pioneer species are expected to be
highly tolerant to temporal and regional changes in
hydrothermal activity, which might allow them to
maintain local populations under inadequate condi-
tions. Differences in the expansion ages between
conspecific local communities might indicate unsyn-
chronised hydrothermal activity in the Okinawa
Trough.

Genetic population structure

Geographical barriers, ocean currents, and species
life-history traits influence the genetic population
structure of vent animals (Vrijenhoek 2010). Alvino -
caridids exhibit high connectivity between distinct
local populations on the MAR and CIR (Teixeira et al.
2011, 2013, Beedessee et al. 2013). In the present
study, Alvinocaris sp. did not show genetic differenti-
ation between the Okinawa Trough and the Izu-
Bonin Arc either, suggesting stable connectivity over
long distances. The Ryukyu Arc lies between the 2
sea areas, and might prevent the dispersal of the lar-
vae of some species, such as Neoverruca barnacles
(Watanabe et al. 2005). In fact, haplotypes were not
shared between Neoverruca sp. populations in the

Okinawa Trough and Izu-Bonin Arc, whereas local
populations within each area exhibited no significant
genetic differences (Watanabe et al. 2005). The dif-
ference in genetic population structure between
Alvinocaris sp. and Neoverruca sp. may be attributa-
ble to the 2 species having different modes of larval
development. All known larvae of alvinocaridid
shrimp are planktotrophic, which enable them to dis-
perse over long distances (e.g. Ramirez-Llodra et al.
2000, Copley & Young 2006, Ramirez-Llodra &
Segonzac 2006, Nye et al. 2013), whereas neoverru-
cid larvae are lecithotrophic (Watanabe et al. 2004).
Under atmospheric pressure, the survival rate of
neoverrucid larvae drastically decreases at tempera-
tures >15°C, which corresponds to temperatures
above the sill of the Ryukyu Arc (Watanabe et al.
2005). Although the temperature tolerance of the lar-
vae of Alvinocaris sp. has not yet been examined, this
species would need to exhibit higher tolerance to
high water temperature than neoverrucid larvae to
maintain high connectivity between the 2 sea areas.
In addition, alvinocaridid larvae have eyes (Ramirez-
Llodra et al. 2000, Miyake et al. 2007), while neover-
rucid larvae lack eyes (Watanabe et al. 2004). This
difference might indicate that alvinocaridid larvae
adapt easily to the euphotic environment near the
sea surface. Fatty acid biomarker and stable isotope
analyses of small juvenile alvinocaridids indicate that
individuals may use photosynthetic products during
the pelagic larval phase (Gebruk et al. 2000, Stevens
et al. 2008). Therefore, larval characteristics might
represent one of several key factors determining
population connectivity between the Okinawa
Trough and the Izu-Bonin Arc.

A. longirostris showed no genetic differentiation
among 3 vent sites in the Okinawa Trough (Hatoma
Knoll, Izena Hole, and Irabu Knoll) and a seep site in
Sagami Bay (the Off Hatsushima site). Similarly, no
genetic differentiation was detected between local
populations of alvinocaridids at seep sites in the Gulf
of Mexico and West Africa, and the Logatchev vent
field (Teixeira et al. 2013). These results indicate that
differences between vent and seep environments are
not primary factors in determining the geographical
distribution and genetic population structure of cer-
tain alvinocaridids. Instead, these species may use
different chemosynthetic environments as stepping
stones for long-distance dispersal.

The present study revealed interspecific differ-
ences in the geographical distribution (local and
regional type) and genetic population structure of 4
alvinocaridid shrimp species in the Okinawa Trough.
Environmental parameters (such as depth and sub-
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stratum) and life-history traits (such as feeding habits
and larval characteristics) may represent important
formative factors of connectivity in this region. Addi-
tional information on oceanographic and geomorphic
data and life-history traits (such as reproductive biol-
ogy and larval ecology), as well as more detailed
examinations of population structures using suffi-
cient numbers of samples of S. leurokolos and addi-
tional DNA markers, are anticipated to provide a
more detailed understanding about the biogeogra-
phy and connectivity among chemosynthetic com-
munities in the Northwest Pacific.
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