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Abstract.

A nucleotide sequence analysis of the mitochondrial DNA control region was conducted to re-

veal the genetic population structure and demographic history of the mottled spinefoot Siganus fuscescens
(Houttuyn, 1782), and we discussed the taxonomic treatment of S. fuscescens and white-spotted spinefoot
S. canaliculatus (Park, 1797) in terms of population genetics and morphological studies. Sequence analysis

indicated that the haplotypes could be clearly divided into three lineages. Morphological analysis indicated no

significant differences among measurements for the three genetically divergent lineages. We concluded that

each lineage had once been isolated, and then former allopatric lineages may have resulted in the sympatric
distribution of lineages due to secondary contact. Siganus fuscescens regards as valid species, and S. canaliculatus is a junior synonym of S. fuscescens.
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et al.(2006), however, suggested that the Kuroshio

Introduction

plays an important role not only in transporting but
The dispersal among populations in coastal fishes

also in forming a strong barrier against dispersal, and

primarily occurs achieved during their pelagic larval

the Ryukyu Archipelago are relatively isolated by the

phase, as most adult coastal fishes do not move far

Kuroshio barrier from the main islands of Japan, Tai-

from their home. Dispersal may take place over large

wan and the Philippines since marine organisms are

distances, particularly if larvae drift passively with

hard to cross this strong current (Aoki et al. 2008a;

the ocean currents (Roberts, 1997). The Kuroshio is

Aoki et al. 2008b; Imai and Aoki, 2012; Iwamoto et

a western boundary current that transports marine

al. 2012; Imai et al 2013; Kuriiwa et al. 2014).

organisms long distances northwards rapidly. Senou

The mottled spinefoot Siganus fuscescens (Hout-

———————————————————————

tuyn, 1782) is a species of siganid with the greatest

#Present address: WDB Enrironmenntal & Reserch Institute CO. LTD., Yamagawauchi, Minami-cho, Tokushima
779-2307, Japan.
*Corresponding author: imai@sci.u-ryukyu.ac.jp

latitude range of that family. Siganus fuscescens
lives in shallow water on the flats and lagoons of
coral reefs throughout the Indo-West Pacific (Woodland, 1990). This is an economically important fish
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resource, and it is important to conserve this species

from type locality location of S. canaliculatus; Su-

against overfishing (Soliman et al. 2009). At the

matra.

same time, S. fuscescens is regarded as harmful,

The objective of this study was to elucidate the

because browsing by herbivorous fishes has recently

genetic variability and population structure in S.

caused seaweed/sea-grass bed reduction in warm

fuscescens by mitochondrial DNA control region

temperate waters in the coastal areas of Japan (Fujita,

sequence analyses. We discuss the influence of the

2006). With the rising seawater temperature due to

ocean currents and geographical situation on the

global warming, these fish browse throughout the

genetic population structure and refer to the rela-

year, causing rocky-shore denudation (Hasegawa et

tionship between S. fuscescens and S. canaliculatus

al. 2003). Thus, we need to elucidate and understand

in terms of population genetics and morphological

the genetic structure and connectivity of siganids if

study.

we manage commercial aquatic resources and monitor the dynamics of the coastal environment.

Materials and Methods

The white-spotted spinefoot S. canaliculatus
(Park, 1797) is also an herbivorous fish widely dis-

Ethics statement

tributed in shallow waters throughout the Indo-West

Fish in this study were purchased from local com-

Pacific, and its range overlaps with that of S. fusce-

mercial fishers and fully complied with local fisher-

scens (Woodland, 1990). These species are morpho-

ies management and marine protected area controls.

logically very similar, and these sibling species have

Therefore, no specific permits were required for the

caused considerable taxonomic confusion (Wood-

described field sampling as the fishers were required

land, 1990). The two species are usually morphologi-

to comply with local laws regarding capture. The

cally identified based on the number of rows of spots

species sampled are not endangered or protected.

between the first dorsal fin spine and the lateral line,

Specimens

and the head length to pectoral fin length ratio, as

For genetic structure analysis based on mtDNA con-

described in Woodland (1990) and Shimada (2000).

trol region sequences, a total of 715 specimens were

Siganus fuscescens has four to six rows of spots and

collected from around the main islands of Japan [Tat-

a head length to pectoral fin length ratio of 1.3–1.5,

eyama in Chiba Prefecture (CB, n = 47), Shimizu and

whereas S. canaliculatus has two to three rows of

Omaezaki in Shizuoka Prefecture (SZ, n = 56), Ohsumi

spots and a head length to pectoral fin length ratio of

in Kagoshima Prefecture (KG, n = 52)], the Ryukyu

1.1–1.3. The authors of previous studies, however,

Archipelago [Amami Island in Kagoshima Prefecture

have been divided in their taxonomical opinions:

(AM, n = 53), Okinawa Island (OK, n = 53), Miyako

Yamaoka et al. (1994), Kuriiwa et al. (2007) and

Island (MY, n = 54), and Ishigaki Island (IS, n = 45) in

Hsu et al. (2011a) have considered that what appears

Okinawa Prefecture], Cheju Island in Korea (CJ, n =

as two species is actually only color morphs within

36), Pingtung in Taiwan (TW, n = 49), the Philippines

species (i.e., synonyms), whereas Borsa et al. (2007)

[Cebu Island (PH1, n = 42) and Tabaco (PH2, n = 30)],

and Ravago-Gotanco et al. (2010) have suggested

Songkhla in Thailand (TH, n = 27), Hai-Phong in Viet-

that these are distinct species.

nam (VT, n = 49), Carp Island in Palau (PA, n = 20),

In this study, we consider S. canaliculatus as a

Sorong in Indonesia (SR, n = 49), and the type lo-

population of S. fuscescens, according to the de-

cality location of S. canaliculatus which was Indian

scription by Shimada (2000) and also sampled fish

Ocean side of Sumatra Island in Indonesia (SM, n =
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Table 1. Summary of Siganus fuscescens sample abbreviations, sampling localities, sample size (N), year and genetic diversity. SD,
Standard deviation are in parentheses. Nh, number of haplotypes; ti, transition; tv, transversion; h, haplotype diversity; k, mean
pairwise differences; π, nucleotide diversity
Localities

Abbr. Geographic coordinate

N

Year

Nh Substitutions
Indels
[ti + tv]

h (SD)

k (SD)

π (SD)

Tateyama, Chiba, Japan

CB

34°58’N, 139°48’E

47

2010

15

35 [28 + 7]

5

0.709 (0.071) 3.520 (1.824) 0.008 (0.005)

Shimizu & Omaezaki, Shizuoka, Japan

SZ

34°37’N, 138°12’E

56

2008

25

32 [30 + 2]

4

0.784 (0.059) 4.320 (2.170) 0.010 (0.005)

Ohsumi, Kagoshima, Japan

KG

31°01’N, 130°40’E

52

2008

21

41 [33 + 8]

5

0.786 (0.060) 4.072 (2.064) 0.009 (0.005)

Cheju Island, Korea

CJ

33°30’N, 126°31E

36

2011

17

35 [29 + 6]

5

0.881 (0.047) 4.775 (2.389) 0.011 (0.006)

Amamioshima Is., Kagoshima, Japan

AM

28°22’N, 129°29’E

53

2009

20

27 [26 + 1]

3

0.918 (0.020) 8.025 (3.787) 0.018 (0.009)

Okinawajima Island, Okinawa, Japan

OK

26°19’N, 127°50’E

53

2007

19

27 [26 + 1]

3

0.898 (0.024) 7.811 (3.694) 0.018 (0.009)

Miyakojima Island, Okinawa, Japan

MY

24°48’N, 125°16’E

54

2008

21

27 [25 + 2]

3

0.867 (0.037) 7.769 (3.675) 0.017 (0.009)

Ishigakijima Island, Okinawa, Japan

IS

24°23’N, 124°11’E

45

2007

12

21 [20 + 1]

2

0.864 (0.034) 6.268 (3.031) 0.014 (0.008)

23

43 [36 + 7]

4

0.781 (0.064) 7.220 (3.442) 0.016 (0.009)

Pingtung, Taiwan

TW

22°02’N, 120°41’E

49

20072008

Cebu Island, Philippines

PH1

10°20’N, 123°51’E

42

2007

18

16 [16 + 0]

2

0.896 (0.034) 2.480 (1.367) 0.006 (0.003)

San Miguel, Tabaco, Philippines

PH2

13°21’N, 123°51’E

30

2010

13

11 [11 + 0]

2

0.938 (0.018) 3.143 (1.675) 0.007 (0.004)

Hai Phong, Vietnam

VT

20°48’N, 106°48’E

49

2011

27

42 [35 + 7]

5

0.874 (0.044) 9.862 (4.591) 0.022 (0.011)

Songkhla, Thailand

TH

7°12’N, 100°35’E

27

2009

17

39 [30 + 9]

3

0.926 (0.039) 9.444 (4.474) 0.021 (0.011)

Sibolga, Sumatra, Indonesia

SM

0°57’S, 100°21’E

53

2009

31

51 [43 + 8]

4

0.921 (0.027) 9.054 (4.234) 0.020 (0.011)

Carp Island, Palau

PA

7°5’N, 134°16’E

20

19992005

13

16 [16 + 0]

2

0.911 (0.054) 2.474 (1.394) 0.006 (0.003)

Sorong, West Papua, Indonesia

SR

0°52’S, 131°14’E

49

2012

15

28 [25 + 3]

5

0.872 (0.027) 5.231 (2.574) 0.012 (0.006)

53) between 2007 and 2012 (Table 1; Fig. 1).
Molecular methods
Total genomic DNA was extracted from approximately 50 mg of fresh, frozen, or ethanol-preserved
muscle tissue or fin clip using the proteinase K,
phenol-chloroform procedures with TNES-8M urea
buffer (Imai et al. 2004).
The partial mitochondrial control region was
amplified for population genetic analysis using forward primers L15926 (Kocher, 1989) or L15923
(Shields and Kocher, 1991) and H16498 (Meyer et
al. 1990). Several samples showed no amplification
products using these primers. Therefore, a new forFig. 1. Sampling locations for Siganus fuscescens and clades
frequencies. Frequencies of individuals belonging to
three phylogenetic clades of Siganus fuscescens from
16 localities . The Kuroshio current is shown with solid
arrows.

ward primer L-Siganus-Thr (5’-GCACTAGTAGCTCAGCTTCAGAGC-3’) situated within the transfer
RNA region (tRNAThr) gene was designed for siganid
species based on the complete mitochondrial genome
sequences of Siganus fuscescens (DNA Data Bank
of Japan (DDBJ) Accession Number: EF025185)
and Siganus unimaculatus (AP006031). Subse-
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quently, the polymerase chain reaction (PCR) was

Population genetic structure analysis

performed with L-Siganus-Thr and H16498. PCR
was performed using BIOTAQ
(Bioline Ltd.), Ex Taq

TM

TM

The number of mtDNA haplotypes, haplotype

DNA Polymerase

diversity (h) (Nei, 1987), nucleotide diversity (π)

DNA polymerase (TaKaRa

(Tajima, 1983), and mean number of nucleotide

Bio, Inc.), or KAPATaqTM EXtra DNA Polymerase

pairwise differences (k) (Tajima, 1983) were cal-

(Kapa Biosystems). Each 50-µl aliquot of reaction

culated for each population using the computer

mixture contained the following reagents with ster-

software program ARLEQUIN version 3.5 (Ex-

TM

ile distilled H2O: For BIOTAQ , 1 µl of template

coffier and Lischer, 2010). To depict phylogenetic

DNA, 12.5 pmol of each primer, 5 µl of 10×NH4

and geographical relationships of the haplotypic

reaction buffer, 5 µl of 10 mM deoxyribonucleotide

sequences with the number of individuals, we cre-

triphosphate (dNTP) mixture, 4 µl of 50 mM MgCl2

ated a minimum-spanning tree (MST) using AR-

solution, and 2.5 units of Taq Polymerase; for Ex

LEQUIN and then drew the results by hand. The

TM
Taq , 1 µl of template DNA, 12.5 pmol of each

MST of haplotypes was constructed under haplotype

primer, 5 µl of 10×Ex Taq

TM

buffer, 5 µl of 2.5 mM

pairwise differences, showing the number of muta-

dNTP mixture, and 2.5 units of Taq Polymerase; for

tion steps between haplotypes. In addition, PAUP

TM

KAPATaq , 1 µl of template DNA, 12.5 pmol of

version 4.0 (Swofford, 2002) was employed for

each primer, 10 µl of 5×KAPATaq EXtra buffer, 1.5

phylogenetic analysis of S. fuscescens haplotypes.

µl of 10 mM dNTP mixture, 3.5 µl of 25 mM MgCl2

Genetic distances were calculated using Kimura’s

solution, and 2.5 units of Taq Polymerase. The PCR

two-parameter (K2P) model (Kimura, 1980), and

conditions consisted of plate heating (94ºC, 2 min)

a neighbor-joining tree (Saitou and Nei, 1987) was

and 30 cycles of denaturation (94ºC, 30 s), annealing

constructed based on the distance. To evaluate the

(51–58ºC, 30 s), and extension (72ºC, 1 min), and a

robustness of the internal branches, 1,000 bootstrap

single final extension (72ºC, 7 min) using the ther-

replications (Felsenstein, 1985) were executed. The

mal cycler GeneAmp 9700 (Applied Biosystems).

mtDNA control region sequence data of S. spinus

PCR products were purified using ExoSAP-IT

obtained in this study was used as the outgroup.

(USB Co.) or a PCR Product Pre-Sequencing kit

Pairwise fixation indices (FST) and gene flow (Nm)

(USB Co.). Amplified DNA was sequenced on a

between populations were estimated, and the signif-

CEQ 8800 automated DNA sequencer (Beckman

icance of the F statics for population comparisons

Coulter) using the GenomeLab DTCS – Quick Start

was assessed using 10,000 permutations. The genetic

kit (Beckman Coulter) and on the ABI 3700 genetic

structure was examined by analysis of molecular

analyzer (Applied Biosystems) with the Big Dye

variance (AMOVA) (Excoffier et al. 1992) in AR-

Terminator Cycle Sequencing kit ver. 3.1 (Applied

LEQUIN. Groups for AMOVA, defined according

Biosystems). Obtained sequence data were aligned

to pairwise FST dendrograms based on pairwise FST

using Clustal W (Thompson et al. 1997) and edited

using the unweighted pair group method with arith-

manually for each analysis. The sequences obtained

metic mean (UPGMA) (Sokal and Michener, 1958),

in the present study were deposited in the DNA Data

were estimated using Phylip ver. 3.6 (Felsenstein,

Bank of Japan (DDBJ) under Accession Numbers

2004). A pairwise mismatch distribution, comprised

AB998923 to AB999078.

of the pairwise differences among all haplotypes,
was performed for the historical demographic test.
In addition, the Tajima’s D (Tajima, 1989) and Fu’s
− 64 −
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Fs (Fu, 1997) tests were employed to find departures

upper jaw length; (e) snout length; (f) orbit diame-

from mutation-drift equilibrium and to examine the

ter; (g) suborbital length; (h) interorbital width; (i)

demographic history. The neutrality test was applied

predorsal length; (j1) dorsal fin base length; (j2) first

to examine deviations of Tajima’s D and Fu’s FS

dorsal spine length; (j3) second dorsal spine length;

values from a neutral state. Furthermore, the popula-

(j4) longest dorsal spine length; (j5) last dorsal spine

tion expansion parameters τ (time since expansion),

length; (j6) longest dorsal ray length; (k) longest

θ0, and θ1 (the population size before and after ex-

pectoral fin length; (l) prepelvic length; (m) longest

pansion, respectively) and their probabilities were

pelvic fin length; (n) preanal length; (o1) anal fin

calculated in ARLEQUIN (Rogers and Harpending,

base length; (o2) first anal spine length; (o3) second

1992; Rogers, 1995). Tau (τ) can be used to estimate

anal spine length; (o4) longest anal spine length; (o5)

the time (T ) since the population expansion as T =

last anal spine length; (o6) longest anal ray length; (p)

τ/2u and u = 2µk, where µ is the mutation rate for the

caudal peduncle length; (q) caudal peduncle width;

entire DNA region under study and k is the length

(r1) length of upper lobe of caudal fin; (r2) middle

of the sequence (Rogers and Harpending, 1992;

caudal fin length; (r3) length of lower lobe of caudal

Harpending, 1994). The mutation rates of 4–10%

fin (Fig. 2). To assess differences in morphometric

-1

MY were used for the current study (Iwamoto et al.

characteristics among genetically defined clades in

2012).

the genetic analysis of the present population, we

To determine whether the extent of genetic differ-

conducted a principle component analysis (PCA)

entiation was correlated with the geographic distance

on 30 characteristics using the PCA macro program

among populations, we performed a Mantel test

with Microsoft Excel on the Windows platform (Fig.

with pairwise FST values and geographical distance

2). We also plotted the relationship between head

between sampling locations over the entire study

length and longest pectoral fin length to reconfirm

area in ARLEQUIN. This test was also carried out

the validity of the most common taxonomic key for

separately for the populations in the regions affected

identifying S. fuscescens and S. canaliculatus (see

by the Kuroshio (i.e., CB, SZ, KG, CJ, AM, OK,

the Introduction). All morphometric characteristics

MY, IS, TW, PH1, and PH2) to assess the influence

were standardized by log transformation. Voucher

of the Kuroshio on genetic connectivity in this spe-

specimens were deposited at the Okinawa Churau-

cies. Geographic distances were measured according

mi Fundation (formerly University of the Ryukyus)

to the shortest distance between the midpoints of

(Appendix 1).

sampling locations in km using the path tool in Google Earth 5.2 (available at http://earth.google.com).

Results

A pattern of isolation by distance (IBD) would be
supported by a positive correlation between genetic

Genetic variability

differentiation and geographical distance. The test

A total of 449 base pair (bp) of the DNA segment
containing the 45-bp partial tRNAThr gene, entire

incorporated 10,000 permutations.

68-bp tRNA Pro gene, and partial mtDNA control
region was determined from 715 specimens of S.

Morphological analysis
Thirty body dimensions were measured by digital

fuscescens sampled from 16 localities. There were

caliper (to 0.1 mm) after fixation in 70% ethanol: (a)

77 polymorphic sites within the fragment, which

standard length; (b) body depth; (c) head length; (d)

defined 68 transitions, 15 transversions, and 6 indels.
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Fig. 2. Morphometric measurements of Siganus fuscescens. Diagram showing 30 body dimensions: (a) standard length; (b)
body depth; (c) head length; (d) upper jaw length; (e) snout length; (f) orbit diameter; (g) suborbital length; (h) interorbital
width; (i) predorsal length; (j1) dorsal fin base length; (j2) first dorsal spine length; (j3) second dorsal spine length; (j4)
longest dorsal spine length; (j5) last dorsal spine length; (j6) longest dorsal ray length; (k) longest pectoral fin length; (l)
prepelvic length; (m) longest pelvic fin length; (n) preanal length; (o1) anal fin base length; (o2) first anal spine length;
(o3) second anal spine length; (o4) longest anal spine length; (o5) last anal spine length; (o6) longest anal ray length; (p)
caudal peduncle length; (q) caudal peduncle width; (r1) length of upper lobe of caudal fin; (r2) middle caudal fin length;
(r3) length of lower lobe of caudal fin. Plot of head length vs. longest pectoral fin length of three clades of Siganus fuscescens. (left). Plots of the first two principal component (PC) scores based on 30 morphometric characteristics of three
clades of Siganus fuscescens (right).

Of these 77 variable sites, 24 were phylogenetically

these clades did not appear to have a clear geograph-

informative. One hundred and fifty-six haplotypes

ic structure, and there were no significant genealogi-

(Sf1 to Sf156) were identified among 715 sampled

cal branches or clusters of samples corresponding to

individuals, 108 of which were unique or endemic

sampling locality. Although the nucleotide sequences

to the sampling sites. Haplotype Sf1 was common to

among the three clades were clearly different (K2P

144 sampled individuals (20.14%) and was shared

distance 1.6–5.7%), the genetic distances were

among all sampling sites, with the exception of two

smaller than the inter-specific difference between S.

Philippine populations (PH1 and PH2) and Sorong

fuscescens and one of the closest congeners in the

population (SR) (Appendix 2 and Fig. 3). Haplotype

family Siganidae, S. spinus (K2P distance 6.7–8.0%).

diversity indices for each population ranged from

The MST also indicated that the haplotypes could

0.709 (CB) to 0.938 (PH2). Nucleotide diversity var-

be divided into three clades (Fig. 3). Of the 715

ied among populations, ranging from 0.006 (PH1) to

sampled individuals, 535 belonged to clade A, 113

0.022 (VT) (Table 1).

belonged to clade B, and 67 belonged to clade C.
In the Ryukyu Archipelago (i.e., AM, OK, MY, and
IS), the percentage of individuals belonging to clade

Genetic structure
The neighbor-joining tree of the haplotypes of S.

B was higher than that in other populations, and in

fuscescens (Fig. 4), clearly indicated that the haplo-

the populations of the main island of Japan (i.e., CB,

types of S. fuscescens are divided into three clades

SZ, and KG), Cheju Island (CJ) and Sorong Island

with high probabilities of bootstrapping. However,

(SR), most of the examined individuals belonged to
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Fig. 3. Minimum spanning tree presenting relationships among 156 haplotypes of Siganus fuscescens.
Numerals indicate haplotype numbers. The relative size of each circle represents the number of
individuals. The scale bar indicates one substitution.

clade A (89–94%). The proportion of individuals be-

Archipelago populations (i.e., AM, OK, MY, and

longing to clade C was larger toward the southwest,

IS) were high, with highly significant differentiation

although no individuals belonging to clade C were

(FST = 0.107–0.365, P < 0.001). In all comparisons

found in the SZ, the two PH sites, the PA, or the

of paired populations, the SM was obviously iso-

Ryukyu Archipelago (Fig. 1).

lated alone, with extremely high pairwise FST and

The calculated pairwise FST values among popu-

significant P values (FST = 0.474–0.700, P < 0.001).

lations are shown in Table 2. Most of the pairwise

The estimated gene flow per generation (Nm) varied

FST values between paired populations were highly

from 0.215 to infinite (Table 2). The pairing among

significant (P < 0.01, 0.001) corroborated with the

the CB, SZ, KG, and CJ populations showed infinite

Bonferroni test [34]. The values did not significantly

Nm values, indicating that an extremely high level

differ among groups of populations, as follows: CB,

of gene flow has occurred between these populations

SZ, KG, and CJ (FST = 0.000, P > 0.05); TW, VT,

over a large geographic distance. The Nm values be-

and TH (FST = 0.000–0. 014, P > 0.05). Although

tween the VT and TW or TH populations were also

the Ryukyu Archipelago lie between these regions,

very high. Similar to pairwise FST values, gene flow

pairwise comparisons of FST indicated no significant

between populations of the main island of Japan and

genetic differentiations between populations of the

CJ, and TW (Nm = 25.116–41.523) was very high,

main island of Japan (i.e., CB, SZ, and KG) and CJ,

whereas values between these five populations and

and TW (FST = 0.012–0.020, P > 0.05), whereas FST

the Ryukyu Archipelago populations were smaller

values between the five populations and the Ryukyu

(Nm = 0.871–4.172). In addition, Nm showed re-
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tic means (UPGMA) dendrogram showed that pop-

ulations from 16 localities were grouped into three

clades, as follows: the first clade contained popu-

lations from the main island of Japan (CB, SZ, and

KG), CJ, TW, PH1, PH2, VT, TH, PA, and SR, the

second clade contained populations from the Ryukyu

Archipelago (AM, OK, MY, and IS), and the third

clade included the SM population (Fig. 5). AMOVA

among three groups was performed on the basis of

clades inferred from the UPGMA-based of pairwise

FST values. A significant AMOVA test (P < 0.001)

resulted in the proposed population subdivision into

three groupings: (CB, SZ, KG, CJ, TW, PH1, PH2,

VT, TH, PA, and SR), (AM, OK, MY, and IS), and

(SM). Only 3% (FSC = 0.063) of variance was as-

cribed to variation among populations within groups,

whereas 39.20% (FCT = 0.392) was ascribed to vari-

ation among groups, and 57.26% (FST = 0.430) to

variation within populations (Table 3).

The Mantel test indicated a significant correlation

(r = 0.483, P < 0.05) for geographic distance versus

pairwise FST values over the entire study area, in-

dicating isolation by distance. However, there was

evidence of significant correlation for the 11 localities

in the regions affected by the Kuroshio (CB, SZ,

KG, CJ, AM, OK, MY, IS, TW, PH1, and PH2). The

matrix correlation explained little of the variation

(r = 0.250) and was not statistically significant (P >

0.05) (data not shown).

Demographic history

were multimodal, with the exception of those for the

The mismatch distributions of the populations

PH1and PH2 populations, which were unimodal.

The range of the distributions of the PH1 and PH2

populations was obviously smaller than that of the

others. The mismatch distribution of our entire set
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populations (Nm = 0.215–0.556).

Locality a

Table 2. Pairwise FST values (below the diagonal) and Nm values (above the diagonal) for the mitochondrial DNA control region among 16 sampling localities of Siganus
a
fuscescens. Abbreviations of localities are shown in Table 1; Negative FST values were set to zero Significance thresholds: *P < 0.05; **P < 0.01; ***P < 0.001. ¶
Significant p-value after Bonferroni correction (α = 0.05)
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of samples was tri-modal, with three small modes

Morphological study

(Fig. 6). The model of sudden expansion could not

Morphometric measurements of S. fuscescens

be rejected for any of the populations and pooled

were compared among the three clades defined by

sample by using the raggedness index (Harpending,

the above molecular analysis. The results of mea-

1994) (Table 4). This goodness of fit test, however,

surements are shown in Appendix 3. The principal

can rarely cause rejection of the sudden expansion

component analysis (PCA) of morphometric char-

model, even though there is obvious deviation from

acteristics was conducted on 82 specimens using 30

expected distributions under the model (Schneider

measurements. In the PCA of measurements, the first

and Excoffier, 1999). It seems that only the PH1 and

and second principal components (PC) accounted

PH2 populations have undergone purely demograph-

for 25.70% and 11.66% of the variance, respective-

ic expansion (Slatkin and Hudson, 1991). Since three

ly. PC1 was loaded on predorsal length, first dorsal

clades were detected in S. fuscescens, mismatch

spine length, second dorsal spine length, longest dor-

distribution analysis was also performed for each

sal spine length, last dorsal spine length, longest dor-

observed clade. The mismatch distributions for the

sal ray length, longest pectoral fin length, first anal

three clades were unimodal, fitted the expected dis-

spine length, second anal spine length, longest anal

tributions under the sudden expansion model well,

spine length, longest anal ray length, middle caudal

and did not cause rejection of the model of sudden

fin length, snout length, and orbit diameter. PC2 was

expansion with a non-significant Harpending’s rag-

loaded on head length, last anal spine length, caudal

gedness index (P > 0.05) (Fig. 6).

peduncle length, length of upper lobe of caudal fin,

The results of Tajima’s D and Fu’s Fs neutrality

length of lower lobe of caudal fin, and upper jaw

tests were significantly negative in several popu-

length. The PCA revealed only 37.36% of the total

lations and the pooled sample (P < 0.05) (Table

variance expressed in the first two principal com-

4). Fu’s tests of the three clades were negative and

ponents, these being taken for principal component

highly significant (P < 0.001), which indicated pop-

scores. In the measurements, the results showed that

ulation demographic expansion for each clade of the

individuals of the three clades overlapped complete-

species (Fig. 6). The tau value (τ), which provides a

ly (Fig. 2), indicating that no significant differences

rough estimate of when the rapid population expan-

existed in the measurements for these genetically

sion started, varied widely from 0.00 to 23.72. The

defined clades in the present genetic analyses. In

population size before and after expansion, θ0 and

addition, the plots of head length versus longest pec-

θ1, also indicated a wide range of values from 0.00

toral fin length for three clades also overlapped, and

to 11.08, and from 4.32 to 9999, respectively (Table

we could not separate them (Fig. 2).

4). Similar to the magnitude of values of Fu’s Fs, the
demographic estimated parameters τ and θ were at

Discussion

similar levels in the three clades (Fig. 6). The τ values of clades A, B, and C in S. fuscescens were 3.219,

Our results indicated that no significant genetic

3.312, and 3.172, respectively. The estimated time of

structure was observed among populations around

expansion was approximately 18,000–46,000 years

the main island of Japan (CB, SZ, and KG) and CJ,

ago.

and these populations were genetically the same
over a large geographical range, whereas most of
the other populations examined in the present study
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Fig. 4. Neighbor-joining tree based on genetic distances estimated from the partial mitochondrial segment (449
bp) containing the partial tRNAThr gene, entire 68-bp tRNAPro gene, and partial control region of Siganus fuscescens. Distance estimations based on Kimura’s two-parameter model. Numbers above the major
nodes indicate bootstrap support using the neighbor-joining method with equal weights for transitions and
transversions based on 1,000 replicates. The congener, S. spinus, was used as an outgroup.
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Fig. 5. Dendrograms of Siganus fuscescens. Constructed by the
unweighted pair group method with arithmetic means
(UPGMA) based on the pairwise FST values (Table 2). IO
means the Indian Ocean.

Table 3. Summary of analysis of molecular variance (AMOVA) for mitochondrial DNA control region sequence of Siganus fuscescens. Abbreviations of localities are shown in Table 1; Significance thresholds: ***P < 0.001. df, degree of freedom; %
var, percentage of variance Groups defined according to the pairwise FST (Table 3) and the dendrogram (Fig. 5).
Comparisons
All sites

(CB, SZ, KG, CJ, TW, PH1, PH2, VT, TH, PA, SR),
(AM, OK, MY, IS), (SM)

Source of variance
Among populations
Within populations

df
15
69 9

% var
30.48
69.52

Fixation indices

Among groups
Among populations
Within populations

2
13
69 9

39.20
3.84
56.97

FCT = 0.392***
FSC = 0.063***
FST = 0.430***
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FST = 0.312***

Genetic isolation of Siganus fuscescens population

Fig. 6. Pairwise mismatch distributions for Siganus fuscescens by location, pooled samples and clades. The
observed frequencies (bar) and the expected mismatch distributions under a model of sudden expansion
(solid line) are shown for the mitochondrial DNA control region.

− 72 −

Kensuke Iwamoto, Muhamad Fadry Abdullah, Chih-Wei Chang, Tetsuo Yoshino and Hideyuki Imai

Fig. 6. Continued
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were genetically distinct (Table 2). Most individuals

water fishes. Because the founder population, con-

from the CB, SZ, KG, and CJ populations belong to

sisting of individuals belonging to the dominant

clade A. Paleo-climatic oscillations produced chang-

genotypic group “clade A” in the study area (as iden-

es in temperatures and ocean current patterns, and

tified using analysis of the mtDNA control region

displacement or eradication of coastal habitats (Bond

sequences), may have colonized and expanded to the

et al. 1997; Kennett and Ingram, 1995; Kotilainen

northernmost distribution areas (CB, SZ, KG, and

and Shackleton, 1995; Lambeck et al. 2002; Petit et

CJ) after glaciation, these populations will have the

al. 1999). In the study area, the northwestern Pacific

same genotype composition clustered on clade A.

region, shallow water habitats for coastal fishes in-

The pairwise FST and estimated Nm values of gene

cluding siganid species must have disappeared as the

flow between the pairing of populations from CB,

sea level declined in association with glaciation. The

SZ, KG, and CJ indicate extremely high levels of

sea level was approximately 120 m lower than the

gene flow and genetic homogeneities among these

present level during the glacial maxima (Bard et al.

populations. The TW, VT, and TH populations were

1996; Rohling et al. 1998). Warm water fishes must

also genetically the same populations based on the

have escaped to the south (to warmer areas), while

calculated pairwise FST and estimated Nm values (Ta-

some species stayed in habitats unsuitable for sur-

ble 2), although sampled populations from TW, VT,

vival and faced extinction during glaciation resulting

and TH are more distant from each other. Geograph-

from atmospheric cooling. After glaciation, many

ically, the relationships among the CB, SZ, KG, and

species re-expanded or re-colonized northward.

CJ populations are similar to those among the TW,

Siganid fishes are considered to have originated

VT, and TH populations, which means that sampling

in the central Indo-Malayan area (that is, a tropical

sites are relatively contiguous to each other along the

area) (Woodland, 1990), and thus they are warm

coastal habitats. Siganus fuscescens inhabits coastal

Table 4. Results of the mismatch analysis and neutrality tests for Siganus fuscescens.
a
Abbreviations of localities are shown in Table.1; corresponding P-values for each parameter are in parentheses.τ, expansion
parameter; obs. mean, mismatch observed mean; θ0, θ1, mutation parameter before (θ0) and after (θ1) expansion. Ragged,
raggedness index of Harpending (1994).
Localitya
CB
SZ
KG
CJ
AM
OK
MY
IS
TW
PH1
PH2
VT
TH
SM
PA
SR
Pooled

parameter Test of goodness of fit
τ
obs.
0.000
3.520
0.000
4.32
0.414
4.072
3.453
4.775
0.785
8.025
0.000
7.811
14.484
7.769
14.330
6.268
21.688
7.22
2.795
2.48
3.453
3.143
23.719
9.862
0.611
9.444
1.217
9.054
2.523
2.474
5.201
5.231
4.395
8.7

θ0
0.000
0.000
2.693
0.007
11.079
0.000
0.000
0.000
0.000
0.002
0.011
0.000
7.044
4.196
0.072
0.000
0.000

θ1
9999
9999
6.194
7.994
14.670
9999
12.348
8.256
4.319
26.406
31.367
8.921
50.803
25.664
59.062
10.947
9.318
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Neutrality tests
Ragged (P) Tajima’s D (P)
0.039 (1.000) -2.272 (0.000)
0.034 (1.000) -1.632 (0.022)
0.018 (0.963) -2.113 (0.005)
0.027 (0.765) -2.041 (0.004)
0.025 (0.469) 1.081 (0.891)
0.038 (1.000) 1.041 (0.888)
0.031 (0.252) 1.031 (0.887)
0.079 (0.103) 1.049 (0.865)
0.025 (0.888) -1.099 (0.138)
0.032 (0.579) -1.144 (0.114)
0.023 (0.760) 0.131 (0.612)
0.036 (0.373) -0.235 (0.498)
0.026 (0.568) -0.592 (0.311)
0.022 (0.492) -0.824 (0.222)
0.029 (0.834) -1.843 (0.012)
0.053 (0.135) -1.063 (0.138)
0.015 (0.790) -0.813 (0.254)

Fu’s Fs (P)
-3.336 (0.124)
-11.452 (0.002)
-7.677 (0.009)
-4.502 (0.048)
-1.521 (0.331)
-1.109 (0.394)
-2.210 (0.228)
1.249 (0.722)
-4.824 (0.077)
-10.415 (0.000)
-3.981 (0.026)
-5.669 (0.063)
-2.466 (0.146)
-9.971 (0.005)
-8.083 (0.000)
-1.100 ( 0.383)
-23.872 (0.003)
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waters, which may have permitted a very high level

main island of Japan into parts. The biogeographical

of gene flow over a large geographical distance due

isolation of the Ryukyus is often explained by the

to the exchange of pelagic larvae along continuous

distribution of the black seabream Acanthopagrus

shorelines.

schlegelii and the Okinawa seabream A. sivicolus,

In the Ryukyu Archipelago, although the sam-

which originated from a common ancestor (that is,

pling sites are located within 700 km of each other,

they are sister species) (Hsu et al. 2011b). There are

restricted gene flow and genetic differentiation were

various documented reports on this kind of phenom-

observed (Table 2). Magsino and Juinio-Meñez

enon occurring in not only fish species, but also mol-

(2008) investigated the influence of contrasting life

lusks and crustaceans (Aoki et al. 2008a; Aoki et al.

history traits and oceanic processes on the population

2008b; Imai and Aoki, 2012; Imai et al. 2013; Ab-

genetic structure of S. fuscescens and S. argenteus

dullah et al. 2014). Therefore, as a result of restrict-

along the eastern Philippine coast using isozyme

ed gene flow between populations from the Ryukyu

analysis. They have reported that populations of S.

Archipelago and from Taiwan, the main island of Ja-

fuscescens were highly structured, whereas genetic

pan, or Cheju, the Ryukyu Archipelago populations

structure was not observed between populations of

are genetically isolated. On the other hand, although

S. argenteus. It is, however, still unclear how much

the island of Taiwan is more than 1,500 km from

distance they can be dispersed. The present results

the main island of Japan and Cheju Island, genetic

suggest that S. fuscescens will be able to cross less

differentiation was not observed in the pairwise FST

than the distance between Miyako and Ishigaki (ca.

comparisons. This result suggests that there is a large

120 km) in the oceanic environment by the transport

distant gene flow among populations of these local-

of pelagic larvae, and there are several islands that

ities due to larval transport by the Kuroshio. Indeed,

may have worked as stepping-stones between Ama-

several studies have reported the northward transport

mi and Okinawa Archipelago. The gene flow be-

of pelagic eggs and larvae by the Kuroshio for fish

tween Okinawa and Miyako/Ishigaki islands seems

species (Tsukamoto, 1990; Sassa et al. 2006; Mukai

to be restricted because of biological factors.

et al. 2009). This indicates that the Kuroshio works

Based on the pairwise FST and Nm values and

for S. fuscescens not only as a strong barrier against

the UPGMA dendrogram, the Ryukyu Archipela-

their dispersal but also as a kind of conveyor for

go populations (AM, OK, MY, and IS) seem to be

transporting, as proposed by Senou et al. (2006).

genetically isolated from other populations of the

The MST and NJ tree of mtDNA control region

Kuroshio region. The hierarchical AMOVA test and

haplotypes (Figs. 3 and 4) revealed that S. fuscescens

the Mantel test supported the existence of this phe-

is composed of three genetically divergent groups

nomenon. These results suggest that the boundaries

(clade A, clade B, clade C). Ravago-Gotanco et al.

between the Ryukyu Archipelago and Taiwan or the

(2010) and Hsu et al. (2011a) have also revealed the

main island of Japan obviously exist and support the

presence of three genetic clades based on mtDNA

presence of barriers that prevent gene flow between

control region and cytochrome b gene sequences.

them. The Kuroshio is a strong boundary current in

Although specimens were morphologically identified

the northwestern Pacific Ocean that begins off the

as S. fuscescens, in previous study, Ravago-Gotanco

Philippine islands, flows between the Ryukyu Archi-

et al. (2010) regarded individuals of clade C as S.

pelago and the island of Taiwan, and moves north-

canaliculatus. All of the studies, including those

eastward, dividing the Ryukyu Archipelago and the

by Ravago-Gotanco et al. (2010) and Hsu et al.

− 75 −

Genetic isolation of Siganus fuscescens population

(2011a) referring to taxonomic issues, noted a lack

did not appear to have clear geographic structure,

of detailed morphological data that would allow one

which also might be the signature of admixture fol-

to make a distinction between S. fuscescens and S.

lowing past divisions. Because mtDNA is a non-re-

canaliculatus. Most of these studies have distin-

combinant and maternally inherited gene in at least

guished S. fuscescens and S. canaliculatus based

fish species, genetic divergence formed during past

on color patterns (i.e., spot density). Color pattern,

isolation might be retained after secondary contact.

however, is often an uncertain basis for taxonomy of

Although the mismatch distribution analyses showed

fishes (Rocha, 2004), because of their color varia-

unimodal shapes for the PH1 and PH2 populations,

tions, especially in the case of some tropical fishes.

the mismatch distributions for each population were

Our results using the PCA of 30 morphometric

multimodal profiles (Fig. 6), and each small mode

characteristics showed that morphological differ-

corresponded to individuals within a clade compar-

ences were not observed among the specimens of

ison. The mismatch distribution of entire samples

three genetically divergent groups. Plots of head

was trimodal, which suggests a conformation of the

length versus longest pectoral fin length for three

expectation of secondary contact and that data might

clades overlapped (Fig. 2), also indicating this most

include several genetically independent lineages.

common taxonomic key for distinction between S.

The development of methods to test mutation drift

fuscescens and S. canaliculatus was not sufficient

equilibrium (MDE) allows tracing of the historical

for identifying them. The genetic distances of the

demography of a population from mtDNA data

mtDNA control region among three were 1.6–5.7%

(Rogers and Harpending, 1992; Slatkin and Hudson,

(K2P model), which were smaller than interspecific

1991). The frequency distribution of pairwise diver-

distance between S. spinus (K2P distance 6.7–8.0%)

gences between pairs of individuals, also known as

(Fig. 4). Kuriiwa et al. (2007) reported that the two

mismatch distributions (Harpending et al. 1993), has

morphotypes identified based on morphometric char-

been proposed as an alternative to sorting through

acteristics and color patterns constructed a genetic

phylogenetic trees to resolve the population history

mosaic and were not reciprocally monophyletic for

(Rogers, 1995). However, genetic discontinuities

either nuclear DNA (ITS1) or mtDNA cytochrome

produced in isolation may generate mismatch dis-

b, suggesting that these are genetic color morphs

tributions similar to those of a population at equi-

within a single biological species. As a consequence

librium (Marjoram and Donnelly, 1994). A spurious

of these results and reports, it should be appropriate

signal of this nature is of particular concern when

that S. fuscescens and S. canaliculatus are consid-

studying the population history of widely distributed

ered a single biological species.

species. When there is evidence indicating secondary

The present molecular analyses revealed three

contact, it is appropriate to conduct MDE tests sepa-

genetically distinct lineages, whereas the morpho-

rately for each clade to avoid Type II errors resulting

logical analyses did not reveal such distinctions.

from the failure to reject a false null hypothesis of a

The presence of divergence in the mtDNA and the

population at equilibrium (Bowie et al. 2004; Gifford

absence of morphological divergence may be ex-

et al. 2004; Marmi et al. 2004; Michaux et al. 2004;

plained by the hypothesis that the three clades had

Viñas et al. 2004). For these reasons, mismatch dis-

once been isolated but are found in the same areas

tributions and demographic history statistics for S.

due to consequent secondary contact. In addition,

fuscescens were calculated for each clade.

three genetic clades were detected, but these clades
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were unimodal, and they fit the expected distribu-

et al. 2003). For clade C, this kind of inter-oceanic

tions under the sudden expansion model well (Fig. 6).

differentiation between the Indian and Pacific oceans

The calculated Fs results were negative and highly

has been investigated in many coral reef fishes, such

significant, which agreed well with the mismatch

as the Daisy parrotfish, Chlorurus sordidus (Bay et

distribution analyses. These results indicate popu-

al. 2004), three-spot dascyllus, Dascyllus trimacu-

lation demographic expansion for each clade of S.

latus (Bernardi et al. 2001; Leray et al. 2010), and

fuscescens, and the estimated time of expansion was

false clownfish, Amphiprion ocellaris (Nelson et al.

approximately 18,000–46,000 years ago. According

2000). This separation of Indian Ocean and Pacific

to the frequency of individuals of each clade for

Ocean biotas and lineages coincides with a major

local populations (Fig. 1), clade A might have orig-

marine biogeographic break referred to as the Sunda

inated in the Coral Triangle, which is considered as

Shelf Barrier (reviewed by Carpenter et al. 2011).

an area of refuge from extinction by glaciation, and

During sea level lows associated with glaciations, the

clade B might have originated around the Ryukyu

increased isolation of the Indian and Pacific oceans

Archipelago. Similar to this hypothesis of the origin

may have promoted speciation. Such a scenario may

of these clades, in previous study, Ravago-Gotanco

account for the sibling species S. fuscescens and S.

et al. (2010) noted that clade B might have devel-

canaliculatus, the former a Pacific Ocean species

oped in the northwest Pacific, while clade C may

and the latter an Indian Ocean species (Woodland,

be an Indian Ocean lineage. Kuriiwa et al. (2007)

1990). The dynamic change of land shapes may have

investigated genetically different lineages of the

influenced the speciation. Indeed, this pattern of

Indian-ocean specimens and regarded one group of

Indian-Pacific Ocean speciation associated with the

specimens as an Indian Ocean type of S. fuscescens,

Sunda Shelf Barrier characterized by vicariant events

as confirmed by Hsu et al. (2011a).

resulting from Pleistocene sea level fluctuation has

During interglacial periods and/or after the last

been reported in various marine species, such as but-

glacial maxima (LGM), re-colonization might have

terflyfishes (McMillan and Palumbi, 1995; Timm et

resulted in demographic and spatial expansion. Our

al. 2008) and anemonefishes (Timm et al. 2008). On

results suggest that population expansion occurred

the other hand, no phylogenetic structure across the

during the late Pleistocene in the three districts we

Indo-West Pacific has been observed in marine fishes

studied. After that, the lineage of clade A might

such as the soldierfish or surgeonfish species Craig

have colonized and expanded northward with the

et al. 2007; Klanten et al. 2007; Horne et al. 2008).

Kuroshio and along continuous shorelines. Clade

Carpenter et al. (2011) concluded that these species

B might have developed in the coastal areas along

lacking phylogenetic structure might have continued

the paleo-Ryukyu Arc when the Kuroshio flowed

to successfully disperse during periods of glacial

eastward from the southern Ryukyu Archipelago due

maxima, reestablished gene flow quickly after gla-

to the existence of a land bridge connecting the cen-

cial maxima, lost divergent lineages, and undergone

tral-southern Ryukyu Archipelago to Taiwan during

selective sweeps. In conclusion, the Sunda Shelf

the last glacial stage (Ujiie et al. 1991; Ujiie et al.

Barrier associated with Pleistocene fluctuations in

1999; Ujiie et al. 2003). Following lineage develop-

the sea level might be not sufficient to explain why

ment, this lineage might have been relatively isolat-

Indian-Pacific Ocean types of S. fuscescens speciat-

ed because of the course change of the Kuroshio axis

ed to two distinct species. Since our results indicated

to the modern current pattern after the LGM (Ujiie

that most of the examined populations are composed
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of the signatures of two or three formerly allopatric

Churashima Foundation for his help in depositing

lineages, the sympatric occurrence of lineages might

specimens. This study was partly supported by the

have resulted from secondary contact of genetically

Elucidation of “the Life History and Genetic Popu-

distinct lineages, which might have prevented spe-

lation Structure for Important Fisheries Fishes” from

ciation.

the Okinawa Prefectural Government, the Scientific

Another opinion is that the Indo-Pacific biogeo-

Research Grant from the Saito Ho-on Kai and Inter-

graphic border for fishes is not on the Sunda Shelf,
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Appendix 1. Summary of samples for morphological studies of Siganus fuscescens.
Locality
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Clade
A
A
A
A
A
A
A
A
A
A
A
A
A
B
A
B
A
A
A
A
A
A
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A
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B
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A
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46414
46415
46416
46417
46418
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46421
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44839
44840
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44847
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44866
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44877
44881
44882
44883
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PH1

PH2
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Clade
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Appendix 2. Haplotype composition of 16 localities of Siganus fuscescens.
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Sf4
Sf5
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Appendix 3. Morphometric characters of three genetic clades (A–C)a of Siganus fuscescens.
clade A
clade B
clade C
Number of specimens
55
13
14
Standard length (mm)
90.7–261.1
110.3–282.5
114.3–226.6
In % of standard length
body depth
34.9–42.7 (39.3)
37.5–41.1 (39.3)
36.8–42.3 (39.0)
head length
22.3–27.1 (24.6)
22.6–27.1 (25.4)
24.8–26.8 (25.5)
predorsal length
26.1–31.6 (28.8)
25.8–30.1 (28.1)
28.4–30.3 (29.2)
dorsal fin base length
67.7–73.9 (70.8)
69.6–73.3 (71.7)
69.7–71.8 (70.8)
first dorsal spine length
5.9–9.8 (8.2)
7.5–9.5 (8.5)
7.5–9.5 (8.6)
second dorsal spine length
9.2–12.7 (11.0)
10.1–12.9 (11.4)
8.8–13.5 (11.6)
longest dorsal spine length
9.9–15.3 (12.6)
10.5–14.4 (12.8)
12.4–15.1 (13.9)
last dorsal spine length
4.8–8.3 (6.4)
5.5–8.4 (6.7)
5.7–8.6 (7.5)
longest dorsal ray length
9.3–12.5 (11.1)
10.3–12.7 (11.5)
10.3–12.9 (11.7)
longest pectoral fin length
17.7–21.9 (19.7)
18.8–21.0 (20.3)
18.9–21.5 (20.2)
prepelvic length
30.5–35.0 (32.8)
31.4–34.3 (32.6)
31.9–34.1 (33.0)
longest pelvic fin length
12.3–14.8 (13.7)
12.5–14.9 (13.7)
13.4–15.3 (14.3)
preanal length
51.1–57.0 (54.1)
51.8–54.6 (53.7)
51.9–54.4 (52.8)
anal fin base length
39.2–46.8 (43.2)
42.2–45.0 (43.8)
43.0–46.0 (44.5)
first anal spine length
6.5–10.0 (8.4)
7.8–9.5 (8.8)
7.7–9.9 (8.7)
second anal spine length
9.8–13.0 (11.5)
10.2–12.9 (11.5)
11.5–13.0 (12.3)
longest anal spine length
9.0–13.8 (11.6)
10.6–12.8 (11.8)
11.6–14.0 (12.9)
last anal spine length
6.6–10.2 (8.7)
8.1–10.5 (9.1)
9.1–11.4 (10.2)
longest anal ray length
8.6–11.1 (9.8)
8.9–10.7 (9.8)
9.2–11.2 (10.4)
caudal peduncle length
8.4–11.6 (9.8)
8.3–10.6 (9.6)
9.5–11.0 (10.3)
caudal peduncle width
4.9–6.4 (5.8)
5.4–6.2 (5.8)
5.2–6.6 (6.0)
length of upper lobe of caudal fin
23.6–31.7 (27.5)
25.3–30.5 (28.1)
26.7–30.3 (28.7)
middle caudal fin length
15.3–20.2 (17.8)
16.5–18.5 (17.7)
17.2–20.3 (18.7)
length of lower lobe of caudal fin
20.4–30.0 (25.6)
23.0–27.4 (25.8)
25.1–27.8 (26.4)
In % of head length
upper jaw length
24.0–29.4 (26.5)
23.4–26.7 (24.9)
24.1–27.7 (26.0)
snout length
37.6–46.1 (41.6)
37.6–44.0 (40.7)
37.3–42.2 (39.4)
orbit diameter
24.4–34.9 (29.3)
24.0–30.9 (27.5)
29.8–34.0 (31.8)
suborbital length
32.4–43.8 (37.6)
33.2–41.1 (36.7)
33.3–38.3 (35.5)
interorbital width
25.9–38.6 (32.0)
27.5–31.9 (29.7)
27.5–31.6 (29.6)
a
Each group (clade A–C) was defined by molecular analysis.					
Data include ranges, with means in parentheses
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