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ABSTRACT: We sought to evaluate the genetic variability of largehead hairtail (Trichiurus japonicus) in the western North Pacific
for the purpose of determining natural management units applicable to the fisheries regulation and ecological conservation. To
achieve this, we analyzed two homologous segments in each fish's mitochondrial DNA using the AMOVA statistical model. In total,
180 DNA samples were collected from the continental shelves of Japan, the Yellow Sea (YS), the East China Seas (ECS), the
Taiwan Strait (TS), and the South China Sea (SCS). In general, the haplotype diversity in the Cyt-b gene and D-loop region was high
(>0.92), while the nucleotide diversity was moderate (<0.011). Our AMOVA model showed statistically significant genetic
difference between the SCS and pan-ECS (Japan+Y S+ECS+TS) populations. These subpopulations likely diverged as a result of the
last geological sea-level recession event that created an outcrop within the Taiwan Strait, closing the waterway and gene flows
between the ECS and SCS populations. Currently, sedentary life, limited dispersal ability, and modern monsoon-influenced marine
flow patterns are the major forces that maintain the separation of these two hairtail populations. Our results support the creation of
two independent management units for Trichiurus japonicus in the East China Sea and the South China Sea to protect the diversity

of this species.
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INTRODUCTION

Largehead hairtail (Trichiurus japonicus) is an
important species of interest to fisheries in the demersal
ecosystems of the western North Pacific due to being
the most commonly caught trichiurid and gempylid
(Lin et al., 2007). Formerly regarded as a subspecies of
T. lepturus, T. japonicus is now recognized as a
separate taxonomic species. By recent fishery surveys,
it has even surpassed T. lepturus as the most abundant
hairtail commonly caught in the western North Pacific
(Tzeng et al., 2007).

Most hairtail adults spawn in neritic shelf waters;
their larvae are retained in near-shore coastal areas, far
removed from the mid-shelf zones where hairtail
juveniles and subadults will subsequently inhabit
(Martins and Haimovici, 2000). Due to the low
likelihood of large-scale cross-basin migration by
juveniles and adults, limited dispersal ability, and inshore
retention of larvae, gene flow among hairtail populations
from different marine basins is kept a minimum (Lee,
1978; Omori and Seino, 1993). Cursory studies have
found genetic differences among several local hairtail
populations (Lin et al., 1965; Wang et al., 1994),
however, a more extensive study was still necessary to
produce a comprehensive phylo-geographic description

of this species. Extensive area samples, effective
molecular markers, and quantitative statistical analyses
were needed to delineate natural management units and
construct a preliminary conservation plan.

Demersal hairtails, such as T. japonicus, live
extensively in the western North Pacific, and practice
neritic spawning behavior. The natural borders of marine
provinces and regional flow patterns may have divided T.
japonicus into several genetic units, while organisms that
dwell extensively in marine environments are generally
considered to have low levels of genetic differentiation
compared to terrestrial and freshwater organisms (Ward
et al, 1994). Through vast migratory patterns,
subpopulations of a species that are separated
geographically can become a panmictic meta-population
with low genetic differences (McQuinn, 1997). For
example, tunas have low genetic diversity because they
occupy the ocean pelagic zone where there are minimal
barriers impeding migration (Palumbi, 1994). While
some demersal populations have less-restricted gene
pools due to their eggs and larvae dispersing over long
distances in their early pelagic life (Grosberg and Levitan,
1992), this may not be the case for all demersal
populations. Knutsen et al. (2003) found significant
genetic structuring in demersal Atlantic cod, probably
due to their limited passive transportation of eggs and
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larvae. Since hairtails are neritic spawners with
restricted dispersal ability, regional flow patterns have a
profound effect in shaping their stock structures.

Demersal marine fish species that live along
continental shelves are also greatly influenced by
historical changes in sea level due to recurrent
glaciations. When glaciation proceeds, the sea level
drops, continental shelves narrow, and thus demersal
habitats shrink. Large-scale habitat rearrangement can
significantly shape the composition and the amount of
intraspecific genetic variation. This is due to
fluctuations in population size during range contraction
and expansion events (Avise, 2000; Hewitt, 2000).
Genetic  diversity may be lost in small-sized
populations because of habitat shrinkage and
fragmentation, and conversely, genetic diversity may
recover after post-glacial population growth because
natural  selection  pressure is relaxed and
sub-populations are reconnected.

The continental shelves of the East (ECS) and
South China Seas (SCS) are the largest two demersal
habitats located in the marginal seas of the western
North Pacific. Historically, declines in the sea level
during glacial periods would have profoundly reduced
the depths of the ocean basins and the shelf areas, and
consequently might have weakened or stopped
prevailing water currents that flow between marginal
seas. Understanding marine fragmentation events that
interrupt the gene flow among local populations is
crucial to delineate stock boundaries for marine
conservation. Since fishery stock is by definition a
self-sustaining unit, failure to identify natural
boundaries can lead to local over-fishing and
subsequent unpredictable declines in population size
(Utter, 1991; Waples, 1998).

Because largehead hairtail is the most abundantly
caught species in neritic fisheries in the western North
Pacific (Anon., 2010), we chose to focus our efforts on
this particular species. We collected samples throughout
the western North Pacific from Japan to Vietnam and
covered almost all known commercial fishing grounds in
the area including its marginal seas of the Yellow Sea
(YS), ECS, Taiwan Strait (TS) and SCS. Because the
blue mackerel has a similar distributional ranges (Tzeng
et al., 2009), we hypothesized that during Pleistocene
ice-age maxima, the marine waterway (TS) between the
ECS and SCS was effectively closed, and the blocked TS
facilitated population differentiation of the hairtail in the
western North Pacific.

MATERIALS and METHODS

Sampling

All fish analyzed in our study were collected by
near-shore bottom trawlers or longliners (all worked on
a daily basis, producing samples that were collected at
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most 50 km from the shore) from 12 locations in the
western North Pacific (Fig. 1). Our samples were
divided into one of four marine provinces: samples
from PoC and QiC were from the Yellow Sea (YS);
ZhC, DaT, and HuT were from the East China Sea
(ECS); HsT, KiT, and DoT were from the Taiwan Strait
(TS); and DnT, HaC, and NhV were from the South
China Sea (SCS), and YoJ from Japan served as a
reference. Intensive sampling in the vicinity of Taiwan
was designed to explore ecological and historical roles
that the transitional Taiwan Strait may have played in
differentiation of the population. The number of
samples collected in each location or population is
shown in Table 1. The whole fish or a small piece of
tissue was obtained from freshly sampled specimens,
and preserved in 95% ethanol at -20°C for DNA
preparation.
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Fig. 1. Sampling localities of hairtail populations in the western
North Pacific. Labels of localities are formulized from the first
two letters of sampling site (Da, Dashi; Do, Dongan; Dn, Donsa
Island; Ha, Haikou; Hs, Hsinchu; Hu, Hualien; Ki, Kinmen; Nh,
Nhatrang; Po, Ponlai; Qi, Qingdao; Yo, Yokohama; Zh,
Zhousan), and the third capitalized letter denotes the country (C,
China; J, Japan; V, Vietnam; T, Taiwan).
DNA extraction, amplification, and sequencing
Genomic DNA was isolated from samples of about
5-g muscle or gill tissue. The sample tissue was
homogenized and kept at 55°C overnight in lysis buffer
(0.1 M EDTA, 0.5 M Tris-HCI (pH 8.0), 1% sodium
dodecylsulfate (SDS), and 0.2 mg/mL proteinase K).
Total DNA was purified following a standard
phenol/chloroform extraction protocol (Sambrook & Russell,
2001). The CF (5’-TAGGCTTGAAAAACCACCGT-3)
and CR (5’-ACAAGAGCGGGGCTCTGG-3’) primer
pairs were used to amplify the mitochondrial Cyt-b
gene (Tzeng et al. 2007), and the DF
(5’-ATATATAGTAATATYAACTTYAGTACACAT-3’)
and DR (5’-CTATTGGGGCCTTATCCGGG-3’) primer
pairs were used to amplify the mitochondrial D-loop
(developed in this study). The amplification reaction
was carried out with 100 ng of the template and 1 U
Taq DNA polymerase (TaKaRa, Otsu, Japan) in 50 pL
vials. The final concentrations were 400 nM of the
forward and reverse primers, 100 pM of dANTP, 50 mM
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Table 1. Descriptive statistics for hairtail populations, including sample locations, code for populations, sample size (N), number of
polymorphic sites (S), number of haplotypes (Nh), haplotype diversity (h), nucleotide diversity (1), and average number of pairwise

nucleotide difference (k).

Cytochrome b

D-loop

Location/Pop. Code N

S Np h m

k S Ny h 1l k

Yokohama, Japan YoJ 8 8 7
Ponlai, China PoC 6 10 5
Qingdao, China QiC 14 20 10
Zousan, China ZhC 18 31 17
Dashi, Taiwan DaT 30 42 25
Hualien, Taiwan HuT 30 36 23
Dongan, Taiwan DoT 20 27 14
Hsinchu, Taiwan HsT 18 32 15
Kinmen, Taiwan KiT 11 25 10
Donsa IS., Taiwan DnT 9 28 8
Haikou, China HaC 6 21 6
Nhatrang, Vietnam NhV 10 27 10

0.96+0.08 0.002+0.001
0.93+0.12 0.003+0.001
0.92+0.06 0.003+0.001
0.99+0.02 0.005+0.001
0.98+0.02 0.004+0.001
0.97+0.02 0.004+0.001
0.92+0.06 0.003+0.001
0.97+£0.03 0.005+0.001
0.98+£0.05 0.006+0.002
0.97+£0.06 0.008+0.002 10.0#¢5.7 14 8
1.00+0.10 0.008+0.002
1.00+0.05 0.008+0.002

27#18 16 7 0.96+0.08 0.010+0.002 6.1+3.7
35+24 18 6 1.00+0.01 0.011+0.003 7.3+4.6
3.9+24 26 12 0.98+0.04 0.011+0.003 6.9+3.9
54+#3.0 29 16 0.99+0.02 0.011+0.002 6.8+3.8
4.1+2.3 35 23 0.98+0.01 0.009+0.002 6.0+3.3
44425 38 24 0.98+0.02 0.010+0.002 6.3+3.4
4.0+2.3 28 18 0.99+0.02 0.009+0.002 5.6+3.1
5.6+3.2 29 17 0.99+#0.02 0.009+0.002 6.1+3.4
6.5+£3.8 17 10 0.98+0.05 0.008+0.002 5.3+3.1
0.97+0.06 0.008+0.002 6.0+3.2
9.3t58 16 6 1.00+0.10 0.010+0.003 7.0+4.5
9.2¢5.2 20 10 1.00+0.05 0.009+0.003 6.2+3.7

Total/Average 180 118 107 0.97 0.005

5.7 72 107 0.99 0.009 6.3

KCI, and 1.5 mM KCl,. The cycling conditions of the
polymerase chain reaction (PCR) consisted of an initial
denaturation step at 94°C for 3 min, followed by 25
cycles of reactions consisting of 94°C for 30 s, 57°C for
60 s, and 72°C for 70s, with a final extension at 72°C
for 10 min. The PCR products were purified with a
MinElute PCR Purification Kit, and sequenced on an
ABI automatic sequencing machine (Perkin Elmer
Corp., Norwalk, CA, USA) using a DYEnamic ET dye
terminator cycle sequencing kit (MegaBACE). Sample
DNA was sequenced bi-directionally, and the results
were checked twice at every site of a sequence.
Sequence alignment and data analyses

The sequences obtained were aligned automatically
and edited using Bioedit (vers. 5.0.6, Hall 1999). Gaps
resulting from alignment were treated as missing data.
Population genetic statistics were estimated using the
software Arlequin 3.1 (Excoffier et al. 2005). The
degree of polymorphism for each population was
estimated, including the number of polymorphic sites
(S), the number of haplotypes (N;), the haplotype
diversity (h; Nei 1987), the nucleotide diversity (z; Nei
1987), and the average number of pairwise nucleotide
differences (k; Tajima 1983).

The appropriateness of combining Cyt-b and
D-loop data in an integrated analysis was determined
by a partition homogeneity test (Farris et al. 1995)
installed in PAUP* vers. 4.0 (Swofford 2003). This test
performed 100 replicates of maximum-parsimony
searches on a randomly partitioned dataset. The
outcome suggested that the evolutionary properties of
Cyt-b and D-loop were congruent (P = 0.12), meaning
that it was suitable to combine the two datasets as a unit
for estimating one general genetic distance. Genetic
differences between each pair of populations were
estimated by the fixation index, ®@sr (Excoffier et al.
1992). The significance of the estimations was assessed

by permutation tests with 1000 rearrangements. Based
on analysis of molecular variance (AMOVA)
(Excoffier et al. 2005), genetic variance among
populations was hierarchically partitioned according to
geographic vicinity using the software SAMOVA 1.202
(Dupanloup et al. 2002). This analysis first defines
groups of populations with explicit spatial proximity and
potential homogeneity, before a maximally differentiated
value (@c1) from each other is determined.

Based on the combined dataset of Cyt-b and D-loop,
historical relationships among populations were
estimated using the Neighbor-joining (NJ) method
installed in the software MEGA 4 (Kumar et al. 2008).
We used the NJ method to find intra-specific distinctions
among ecological populations, because it is much simple
and faster than the complex maximum likelihood
Bayesian methods purposed for seeking all possible
inter-specific phylogenetic relationships. For this method,
the evolutionary divergence of nucleotide sequences was
modeled with the likelihood method in Modeltest 3.7
(Posada and Crandall 1998). Genetic distances were
estimated and corrected following the model of Tamura
and Nei model (1993), with among-site rate variations
adjusted by the shape of the gamma distribution (G =
0.813). The robustness of the NJ topology was examined
using 10000 bootstrapped samples. In addition, a
minimum-spanning tree was outlined to illustrate the
genealogical relationships of the haplotypes using
Arlequin 3.1 (Excoffier et al. 2005).

RESULTS

High levels of sequence variation

The combination of a complete Cyt-b gene (1141
bps) and a portion of the D-loop region (628 ~ 630 bps)
of mitochondria exhibited 118 polymorphic sites. These
variable sites were used to define 107 haplotypes
(Table 1). For the Cyt-b gene, genetic diversity was
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Table 2. Pairwise ®st (above diagonal) and associated P-values (below diagonal) generated from a combination of mitochondrial
cytochrome b and D-loop (1771 bps) sequences among hairtail populations in the western North Pacific.

Yellow Sea East China Sea Taiwan Strait South China Sea
YoJ PoC QiC ZhC DaT HuT DoT HsT KiT DnT HaC NhV

YoJ - 0.016 0.001 -0.014 0.041 0.009 -0.013 -0.014 -0.013 0.132 0.091 0.095
PoC 0.326 - -0.060 0.005 -0.018 -0.036 -0.033 0.007 -0.001 0.159 0.113 0.105
QiC 0.436 0.959 - -0.002 -0.004 -0.014 -0.012 0.010 0.021 0.185 0.140 0.133
ZhC 0.582 0.370 0.453 - 0.019 0.021 0.014 0.015 0.023 0.155 0.118 0.121
DaT 0.074 0.684 0.519 0.106 - 0.008 -0.003 0.044 0.045 0.245 0.193 0.177
HuT 0.297 0.904 0.779 0.085 0.209 - -0.018 0.019 0.019 0.210 0.155 0.151
DoT 0.606 0.827 0.704 0.188 0.529 0.941 - 0.016 0.000 0.203 0.156 0.141
HsT 0.612 0.368 0.278 0.178 0.009* 0.094 0.155 - -0.016 0.093 0.054 0.061
KiT 0.537 0.434 0.190 0.154 0.033* 0.157 0.424 0.673 - 0.050 0.012 0.018
DnT 0.027*  0.021*  0.000* 0.001* 0.000* 0.000* 0.000* 0.025* 0.130 - -0.067 -0.031
HaC 0.049* 0.042* 0.001* 0.009*  0.000* 0.000* 0.002* 0.098 0.310 0.795 - -0.080
NhV 0.044*  0.039*  0.000* 0.001*  0.000* 0.000* 0.001* 0.048* 0.251 0.615 0.896 -

* Significant at P = 0.05

high as shown by haplotype diversity (h = 0.97 on
average), while nucleotide diversity was moderate (z =
0.005). The average number of pairwise differences (k)
was 5.7. The SCS populations (DnT, HaC, and NhV)
had higher than average values of = and k (Table 1).

In the D-loop portion (628 ~ 630 bps), an insertion
at nucleotide (nt) 361, and a deletion at nt 286, and 72
polymorphic sites were found. The polymorphic sites
translated into 107 haplotypes. Among them, the most
common haplotype was shared by a group of nine
individuals (1 at Ponlai, 1 at Qingdao, 2 at Dashi, 2 at
Hualien, 1 at Dongan, and 2 at Nhatrang, covered
almost whole studying range), while there were still 85
unique haplotypes. Therefore, the genetic diversity was
high estimated from haplotype diversity of 0.99 on
average, while nucleotide diversity was moderate only
0.009. Homogeneity tests indicated that nucleotide
substitutions were inhomogeneous in the D-loop
segment, and most of the polymorphisms were located
at the positions of nt 340~390. Details of the
descriptive population genetic statistics within each
population are shown in Table 1.
Population structure

The results of pairwise comparisons on the fixation
indices (®sr) across the 12 locations are shown in
Table 2. Significant genetic differences were found in
25 paired cases (at P = 0.05), suggesting certain
populations of the SCS differed from the rest.
Population structuring was further explored by the
hierarchical AMOVA, and a significant level of genetic
structuring was found among all local hairtail
populations (®sr = 0.046, P < 0.001). Hierarchical
partitioning of genetic differences indicated that the
maximized value of &cr was achieved by a
two-gene-pool model as shown by the AMOVA and
SAMOVA analyses. The final two-gene-pool model
exhibited that populations of the SCS (DnT, HaC, and
NhV) were separated from the others, which included
Japan (YoJ), YS (PoC and OiC), ECS (ZhC, DaT,
HuT,), and TS (DoT, HsT and KiT). Both the pairwise
comparisons and the AMOVA analyses confirmed that
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Fig. 2. The neighbor-joining tree constructed using Tamura and
Nei distances with a gamma shape parameter of 1.013
obtained from Modeltest 3.7 for hairtail populations in the
western North Pacific.

hairtail populations in the western North Pacific were
structured into two distinctive geographical subgroups
(i.e., the pan-ECS and the SCS).
Historical relationships

We assessed the influence of historical events on
the hairtail populations by using NJ tree analyses, based
on the combined dataset of the Cyt-b and the D-loop
sequences (1771 bps). The tree estimation was
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Fig.3. Minimum-spanning network constructed from the haplotypes of mitochondrial cytochrome b sequences, obtained from hairtail
populations in the western North Pacific. Filled circles denote samples from the East China Sea (ECS), hollow circles from the South
China Sea (SCS), and hatched circles from the Taiwan Strait (transitional zone) situated between the ECS and SCS. The size of the
symbols is proportional to the number of individuals sharing a particular haplotype. Each bar-symbol cross connection line represents

one mutation step between haplotypes.

parameterized with Tamura-Nei distances and gamma
corrections as determined by Modeltest. The tree first
branched into two major groups of A and B (Fig. 2).
This displayed distinct geographic patterns.

Branch A included 65.3% samples from the locations
in ECS or vicinities (i.e., ECS+YS+YoJ = 65.3%);
detailed by YoJ (4.0%), PoC (4.0%), QiC (9.3%), ZhC
(10.0%), DaT (19.3%) and HuT (18.7%). The remaining
populations in the branch A were from the SCS (8.0%)
and the transitional gateway of TS (26.7%). Branch A
also produced a unique sub-branch A1, which was purely
composed of only SCS samples (in total 75.0%;
including DnT 31.2%, HaC 18.8% and NhV 25.0%) and
TS samples (25.0%; HsT 12.5% and KiT 12.5.0%). It is
intriguing that all members in the subset A-Al, defined
as members of group A without its subgroup Al, were
comprised of samples only from the general ECS and TS
(no SCS). In summary, two subgroups were identified in
the branch A: the major one being formed by the samples
from the ECS and TS, and the minor one by samples
from the TS and SCS. No branches showed mixing of
gene pools of the ECS and SCS.

Three quarters of the branch B was composed of

samples from the SCS (43.3%) and TS (30.0%), with
the following specific composition: DoT (6.7%), HST
(13.3%), KiT (10.0%), DnT (13.3%), HaC (10.0%) and
NhV (20.0%). This branch had a unique sub-branch B1,
which contained no members from the SCS but whose
members were either from ECS (80.0%; YoJ 20.0 %,
ZhC 30.0 %, DaT 10.0 % and HuUT 20.0 %) or TS (DoT,
20.0%). In short, two subgroups were found in the B
branch, the first was composed of members of the SCS
and TS, and the other was formed by members of the
ECS and TS. The ECS and SCS were two sheer
end-members with TS in the midst.

The minimum-spanning network of haplotypes
showed two star-like central groups (E1 and EZ2)
formed by samples from the ECS and the transitional
TS, and three peripheral groups (S1, S2, and S3) which
included samples primarily from the SCS with a small
amount of the TS (Fig. 3). Group S1 containing 80% of
haplotypes from the SCS was three steps removed from
the center of E1, while group S2 with 67% of the
haplotypes from the SCS was five steps away from E1.
Group S3 was composed purely of haplotypes of the
SCS, and was a distant offshoot of the E1 group.
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DISCUSSION

Genetic diversity of hairtail populations

This study is the first to evaluate the genetic diversity
of western North Pacific hairtails using an extensive
mitochondrial DNA collection. There also was a high
rate of allozyme polymorphisms, with heterozygosity
values ranging 0.067 ~ 0.103 (Wang et al. 1994), which
are much higher than the average of 0.059 for other bony
fishes (Ward et al. 1994). In contrast, nucleotide
diversity (z) was relatively low for demersal hairtails
(0.005 for Cyt-b and 0.009 for D-loop; Table 1). A
similar pattern is found in other demersal fishes, such as
willowy flounder (h = 0.94, = = 0.01; Xiao et al. 2008)
and king weakfish (h = 0.515 ~ 0.909, = = 0.001 ~ 0.003;
Santos et al. 2006). This pattern of genetic diversity can
be attributed to rapid population expansion, bottleneck
and founder events (Avise 2000).

For hairtail populations in the marine provinces of
the western North Pacific, it is apparent that the
nucleotide diversity was lower in the YS and ECS (z =
0.004) compared to the SCS (0.008), with an
intermediate level of diversity in the TS (Table 1). A
similar trend of genetic diversity decreasing with
increasing latitude has been found for many other fish
populations (Gobbiesox maeandricus: Hickerson and
Ross 2001; 60 vertebrate species: Martin and McKay
2004; Xiphister:Hickerson and Cunningham 2005; 8
tripterygiid fishes: Hickey et al. 2009). Low
nucleotide diversity can result from a selective sweep,
a recent founding event, or a small effective
population size (Hedrick 2000). A reduction in genetic
diversity might result from a population bottleneck
due to geological events such as climatic changes and
glaciation. Conversely, due to this diversity cline, we
may suppose that geological changes in the past
several millions years were seemingly more drastic in
higher latitudes such as the YS and ECS than in the
subtropical SCS regions.

Marine barrier and population sub-structuring in
various habitats

Hairtail populations in the western North Pacific are
highly structured, as shown by the hierarchical
AMOVA and SAMOVA models - all populations are
classified into one of two distinctive groups of the SCS
and the pan-ECS (including the YoJ, YS, ECS and TS).
However, @sr pairwise comparisons demonstrated that
three local populations (DoT, HsT and KiT) from the
intermediate marine province of the TS, were mixed in
their allocation to the ESC or SCS (Figs. 1 & 2); the
DoT sample could be categorized as belonging to the
ECS, the KiT sample was linked to the SCS, and the
HsT sample was mixed (Table 2). Therefore, these
three populations represent peripheral isolates of the
ECS and SCS primary populations. Our mitochondrial
fingerprint analysis suggested that the TS served as a
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transitional zone, allowing limited intermittent gene
intrusions from the two independent populations of the
ECS and SCS.

If the TS is considered as a marine province, the
result of the AMOVA and SMOVA suggest that the TS
is more closely linked to the ECS rather than the SCS.
Current-day water circulation patterns in the TS change
seasonally, that may account for the closer link between
the ECS samples and the TS samples. During summer
and early autumn, the strong southwesterly monsoon
winds prevent the southbound China Coastal Current
(CCC) from reaching the southern part of the TS (Jan et
al. 2002). During winter and early spring, the
northeasterly monsoon blows the CCC further south
such that it reaches the southern TS, where a
thermo-haline front forms by the confluence of the
CCC and an intruding Kuroshio branch (Wang and
Chern 1987). Sometimes the front progresses a little
further south into the SCS. The spawning period of the
hairtail in the northern Taiwan is around March (Jean
and Lee 1984), and their larvae could therefore use the
CCCtoreach the TS.

The larval ecology and flow pattern support two
independent units of hairtail populations (the ECS and
SCS populations). However, four independent units of
hairtail were suggested by Wang et al. (1994). They
studied allozyme polymorphisms in the YS, ECS, and
SCS, and they concluded that there are four local
populations from the Chinese coasts: Haizhou (YS),
Haigiau (ECS), Sanwue (northern SCS), and Sanya
(SCS). Studies postulated that the YS population had
been wiped out in the mid-1970s by widespread water
pollution and long-term overfishing (Lin 1982). Our
samples from PoC might represent immigrants from the
ECS after the water quality was improved and the
fisheries were more effectively regulated. Using recent
samples taken from the YS, Yang and Gao (2007)
found that the allozyme patterns supported the YS and
ECS being of the same genetic unit. In our study,
mitochondrial DNA findings suggested that there is a
single population genetic unit for the YS and ESC
(Table 2). This pattern may suggest that the ECS
population secondarily expanded its range to the YS
area recently. Regarding the populations in the SCS,
Wang et al. (1994) suggested two groupings off the
coast of southern China: Sanwue in the northern SCS
close to the TS and Sanya in the middle SCS. These
two groups had a rather small allozyme difference of
0.007, which should fall into the category of
intra-population  variations (0.007 ~ 0.192 for
significant inter-population differences according to
Ward and Elliott 2001). Mitochondrial differences
support these findings as the intra-population
differences in the SCS population were low (Table 2).
The subdividing of the SCS was not considered
reasonable. In short, hairtail species in the western
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North Pacific are structured into only two independent
genetic units of the SCS and pan-ECS.

Marine fishes are expected generally to exhibit little
intra-specific genetic structuring among geographic
regions, because oceans often lack effective physical
barriers. However, for hairtails in the western North
Pacific, a growing number of studies indicated that
marine fishes also have a substantial amount of
population structuring in marginal seas. Molecular
genetic surveys have found evidence of cryptic
population structuring in many coastal and neritic
species caused by the limited dispersal capacity of fish
larvae (Swearer et al. 2002). Knutsen et al. (2003)
found that the genetic structure of Atlantic cod was due
to limited passive transport of eggs and early larvae
across marine boundaries. Even the highly migratory
mackerel (Scomber scombrus) was found to exhibit
genetic structuring due to its homing behavior (Zardoya
et al. 2004). Both reasons could explain sub-structuring
of the hairtails in the western North Pacific.

Hairtails usually spawn pelagic eggs in inshore
areas, and their larvae feed in nearshore waters (Martins
and Haimovici 2000). Teleost fishes with pelagic eggs
often match their spawning in environment with
favorable physical conditions, such as current transport,
horizontal advection, stability of the water column, and
coastal upwelling (Bakun and Parrish 1980). Hairtail
larvae and juveniles mainly eat anchovies, whereas
larger adults shift to prey on other fish, such as
priacanthids, sphyraenids, and sciaenids (Lee 1978). In
order to increase the survival rate and long-term
adaptation of their offspring, adult fishes should spawn
in areas that are rich in larval food and that harbor
larvae from suboptimal habitats. Hairtails chose to
spawn when and where anchovies are abundant (Kim et
al. 2005). In the ECS, the spawning period of the
hairtails ranges from October to August, and it peaks
around March in the vicinity of Taiwan (the southern
part of the ECS; Jean and Lee 1984), and May to
August in the middle of the ECS (Wu 1984). As hairtail
maturation is related to water temperature, a
geographical gradient of spawning periods that follows
latitudinal temperature differences can be observed
(Jean and Lee 1984; Wu 1984; Kwok and Ni 1999).
The SCS population spawns two months earlier than
the ECS population. Although there are widespread
spawning locations in the ECS, the locations are most
concentrated in the southern portion and least
concentrated in the northern region (Wu 1984).
Juvenile hairtails migrate northward with prevailing
surface currents driving by the SW monsoon in order to
feed during spring and summer, and they return back
south by the end of autumn as the monsoon begins to
switch (Misu 1961). This circular migration route and
restricted spawning period highlight a homing behavior
that maintains a self-sustained genetic unit in the ECS.
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Seasonal water movements also assist the divergence of
the ECS population from the SCS, because spawning in
the ECS occurs in February through April, at which
time the NE monsoon wanes and thus the southern
movement of the ECS water is weakened. SCS hairtails
spawn during December through February, and in this
period, the NE monsoon wind carries the newborn
larvae southward. At this point, the TS serves as a
northern boundary that prevents the dispersal of eggs
and larvae from the SCS to the ECS. Without the help
of water circulation, there is little chance for eggs or
larvae being dispersed across the marine boundary, thus
explaining the geographic subdivision of the hairtails in
the western North Pacific.

CONCLUSIONS

Hairtails are a ubiquitous marine species, widely
distributed around the world, and primarily captured
commercially in the western North Pacific. They were
long treated as a single biological species (T. lepturus)
in catch statistics before the specific status of T.
japonicus was confirmed by recent morphometric and
Cyt-b analyses. This newly recognized species is the
most abundant and most widely distributed trichiurid in
the ECS and SCS. Based on the genetic sub-structuring
found in this study, we suggest that two independent
management units of the ECS and SCS should be
implemented to manage these resources.
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