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Abstract

Freshwater species on tropical islands face localized extinction and the loss of genetic

diversity. Their habitats can be ephemeral due to variability in freshwater run-off and

erosion. Even worse, anthropogenic effects on these ecosystems are intense. Most of

these species are amphidromous or catadromous (i.e. their life cycle includes a marine

larval phase), which buffers them against many of these effects. A long pelagic larval

duration (PLD) was thought to be critical to ensure the colonization and persistence in

tropical islands, but recent findings indicated that several species with short PLDs are

successful in those ecosystems. To test the potential of a short PLD in maintaining

genetic connectivity and forestalling extirpation, we studied Kuhlia rupestris, a catadro-

mous fish species with an extensive distribution in the western Pacific and Indian

Oceans. Using a combination of molecular genetic markers (13 microsatellite loci and

two gene regions from mtDNA) and modelling of larval dispersal, we show that

a short PLD constrains genetic connectivity over a wide geographical range. Molecular

markers showed that the short PLD did not prevent genetic divergence through evolu-

tionary time and speciation has occurred or is occurring. Modelling of larvae dispersal

suggested limited recent connectivity between genetically homogeneous populations

across the Coral Sea. However, a short PLD can maintain connectivity on a subocean

basin scale. Conservation and management of tropical diadromous species needs to

take into account that population connectivity may be more limited than previously

suspected in those species.
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Introduction

Island populations are more prone to localized extinc-

tion than mainland populations (Vitousek 1988; Case

et al. 1992) and they generally have less genetic diver-

sity, which is the raw material that allows populations

to evolve in response to environmental changes,

whether natural or anthropogenic (Frankham 1997).

Tropical freshwater species in insular systems are no

exception. In addition, anthropogenic pressures in tropi-

cal islands are often particularly intense (Smith et al.

2003). Freshwater ecosystems are also affected in the

short term by climatic events such as storms, floods,

hurricanes and droughts and in the longer term by ero-

sion as mountainous islands are converted to atolls with
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limited running water (Craig 2003). To meet this chal-

lenge, the life cycles of most of the freshwater species

include a dispersive marine larval phase. This way,

exogenous recruits could ensure their persistence if local

reproduction fails (MacArthur & Wilson 1963). They are

diadromous (i.e. they undergo regular migration

between fresh and marine waters), either amphidrom-

ous or catadromous. Amphidromous species spawn in

fresh water, followed by an almost immediate down-

stream migration of larvae to the sea; the marine larval

phase ends with recruitment into rivers of juveniles for

growth and maturation. Catadromous species reproduce

at sea, and juveniles recruit into fresh water for growth

and maturation (McDowall 1988). Due to these special

features, catadromous and amphidromous species can

have adult populations in locations separated by thou-

sands of kilometres. For example, the catadromous

freshwater eel Anguilla marmorata is widely distributed

from the western Indian Ocean to the North Pacific and

South Pacific (Minegishi et al. 2008), as is the amphidr-

omous goby Sicyopterus lagocephalus (Keith et al. 2005).

A long (i.e. from around 80 to more than 200 days)

pelagic larval duration (PLD) was thought to be critical

for amphi- and catadromous species to maintain gene

flow between widespread populations and to ensure

regular recruitment into tropical islands streams (Rad-

tke et al. 1988; Keith 2003). However, recent research

showed that for some of these species inhabiting tropi-

cal islands streams, there is little or no relationship

between the geographical extent of the adult popula-

tions and PLD. These species include Gobiidae or

Kuhliidae with either restricted distributions in Vanua-

tu (e.g. Akihito vanuatu; PLD = 55.4 � 7.5 days) or New

Caledonia (e.g. Smilosicyopus chloe; PLD = 53.6 � 5.7

days), moderate distribution in the West Pacific (e.g.

Sicyopus zosterophorum; PLD = 54.6 � 5.6 days) or in the

West Indian Ocean (e.g. Kuhlia sauvagii; PLD =

32.3 � 3.4 days) or extensive distribution across the

Indo-Pacific region (e.g. Kuhlia rupestris; PLD = 40.6

� 6.9 days; Feutry et al. 2012a,c; Taillebois et al. 2012).

These findings raise the question of the potential of

short PLDs in maintaining connectivity between remote

islands.

Kuhlia rupestris (jungle perch) is of particular interest

as a model species to test this hypothesis. First, this

diadromous species (Feutry et al. 2012b) has an Indian

and Central Pacific distribution from Japan southwards

to Australia and from Africa eastwards to American

Samoa (Fig. 1). It is unique in being the only diadro-

mous species with a short PLD that occurs in two

oceans. Its dispersal relies entirely on its pelagic larval

phase, as after the juveniles recruit in fresh water, they

stay in fresh or brackish water (Feutry et al. 2012b) and

reproduction occurs close to the growth habitat, proba-

bly in the plume of estuaries (Merrick & Schmida 1984;

Hogan & Nicholson 1987). It represents a unique oppor-

tunity to examine how well a short PLD facilitates intra-

specific gene flow across distances ranging from

hundreds to more than 14 000 km. Second, this species

has a high conservation status. Within Australia, jungle

perch occurs in streams draining the tropical eastern

coast and is a popular freshwater recreational sport fish.

However, barriers to migration and habitat degradation

have been implicated in the decline of southern

Queensland stocks since the end of the last century

(Hutchison et al. 2002). Fishways and restored habitat

have been in place since the 2000s that has led to recol-

onization by many diadromous species like mullet

Mugil cephalus, Australian bass Macquaria novemaculeata

and barramundi Lates calcarifer, but this has not

occurred for jungle perch (Hutchison et al. 2002). Two

main hypotheses exist: (i) habitat quality is still below

the requirements of the species despite restoration, and

(ii) recruitment from adjacent populations is nonexistent

or too low to facilitate population recovery. Information

on connectivity between populations and the dispersal

ability of this species would help to distinguish

between these hypotheses and to develop measures for

this species’ conservation and restoration in southern

Queensland.

When trying to evaluate the connectivity between

populations through marine larval dispersion, several
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Fig. 1 Sampling locations of Kuhlia rupes-

tris indicated by white stars. Bold lines

show the presumed distributional range

of this species.
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approaches are available. These approaches include

both direct and indirect methods using genetic (e.g.

mitochondrial DNA or microsatellites) or geochemical

markers (e.g. microchemical signatures in otoliths or

shells), as well as the utilization of high-resolution

biophysical models (see review by Cowen & Sponaugle

2009). All methods have different strengths and weak-

ness. For example, using geochemical markers can be

time- and resource-consuming and often limits the

observations to a single event. To the contrary, a genet-

ics-based approach provides a view of the connectivity

that has taken place over hundreds or thousand of

generations through evolutionary time but may not nec-

essarily reflect extant processes (Nielsen & Wakeley

2001; Hedgecock et al. 2007). Model-based approaches

are promising because advances in computing power

and model frameworks allow more complex models to

be developed, integrating both biological (i.e. particle

behaviour) and physical parameters (i.e. ocean cur-

rents). Besides, they allow repeated measures through

time and space, thereby capturing the expected environ-

mental variability. Nonetheless, the validation of mod-

els requires considerable empirical work and much is

required to understand how the interactions between

biological and physical processes affect larval dispersal

(Cowen & Sponaugle 2009). In addition, modelling

approaches predict connectivity over shorter timescales

compared to genetics. Combining multiple approaches

may help to evaluate accurately the larval dispersion

(Gilg & Hilbish 2003; Viard et al. 2006; Leis et al. 2011).

In this study, we developed two different approaches

to evaluate the potential of short PLDs in maintaining

connectivity between populations of K. rupestris. The

first investigates connectivity through evolutionary

time. It uses molecular markers, including mitochon-

drial sequences and 15 microsatellite loci to analyse the

population genetic structure of jungle perch within its

whole Indo-Pacific range. As suggested by Feutry et al.

(2012c), its short PLD suggests low dispersal abilities

and one would expect to find a high genetic structure

within the geographical range of the species. The alter-

native hypothesis is an absence of genetic structure,

indicating that despite short PLDs, K. rupestris is able to

maintain genetic homogeneity through evolutionary

time. The second approach focuses on larval dispersal

over one generation and uses ocean-current modelling

and particle-tracking techniques to predict the actual

connectivity between populations in the Coral Sea

(southwest Pacific). The combination of these

approaches provides new insights into the mechanisms

of genetic structuring, speciation and larval dispersal in

this species and contributes to the discussion of the

colonization and persistence of freshwater fauna in

tropical insular streams.

Material and methods

Sampling and DNA extraction

A total of 487 Kuhlia rupestris were collected from 10

locations throughout its range: Queensland South

(QS, n = 82), Central (QC, n = 55) and North (QN,

n = 78) in Australia, New Caledonia (NC, n = 58),

Vanuatu (Efate Is., Pentecost Is., Mal�ekula Is.) (Va,

n = 40), Japan (Okinawa Is.) (Ok, n = 33), Philippines (Ph,

n = 6), R�eunion Is. (R�e, n = 57), Mayotte (My, n = 73) and

Madagascar (Mg, n = 5) (Fig. 1, Table 1). Nonlethal fin

clips were collected and stored in 90% ethanol.

Laboratory work was carried out in two different

institutions, at the Molecular Fisheries Laboratory in

Brisbane, Australia (MFL), and at the Mus�eum national

d’Histoire naturelle in Paris, France (MNHN).

Total genomic DNA was extracted using DNeasy Tis-

sue Kits (QIAGEN) at the MFL or using the semi-auto-

mated ABI PRISMe 6100 Nucleic Acid PrepStation

(Applied Biosystems) at the MNHN.

Mitochondrial DNA analysis

We amplified a 795-bp region of the mtDNA ATP gene

with the primers ATP8.2 (AAA GCR TYR GCC TTT

TAA GC) (Hurwood & Hugues 1998) and PSGR (5′

GTGATATGCGTGCGCTTG) (Broderick et al. 2011) and

a 838-bp region of the mtDNA ND4 gene with the

primers H122293-LUE (TTG CAC CAA GAG TTT TTG

Table 1 Summary of Kuhlia rupestris samples that were used

in the mitochondrial DNA (ATP, ND4 gene regions) and mi-

crosatellite (MS) analyses (13 loci)

Geographical area Locality

Number of individuals

for each analysis

ATP ND4 MS

Southwestern Pacific QS 24 56 75

QC 30 42 54

QN 18 37 78

NC 53 56 36

Va 36 40 33

Northwestern Pacific Ok 30 33 31

Ph 6 6 6

Southwestern Indian R�e 28 53 35

Mg 5 5 —

My 53 70 37

Total 10 283 398 385

NC, New Caledonia; QC, Queensland Central; QN, Queens-

land North; QS, Queensland South; Va, Vanuatu; Ok, Okinawa

Is.; Mg, Madagascar; My, Mayotte; Ph, Philippines; R�e,

R�eunion Is.

© 2012 Blackwell Publishing Ltd
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GTT CCT AAG ACC) (Inoue et al. 2001) and ND4r

(CAC CTA TGA CTA CCA AAA GCT CAT GTA GAA

GC) (Ar�evalo et al. 1994), in subsets of 281 and 394 sam-

ples, respectively. Thermal cycling conditions consisted

of an initial denaturation at 94 °C for 1 min 30 s fol-

lowed by 35 cycles of 94 °C for 5 s, 55 °C for 30 s and

72 °C for 30 s, with a final extension step of 72 °C for

5 min. PCR products were cleaned up prior to sequenc-

ing using a Qiagen QIAquick PCR cleanup kit protocol.

Approximately 20 ng of DNA was used in standard

ABI Dye Terminator sequencing reactions and capillary

gel separated on an ABI3130XL (MFL) or an ABI3730XL

(MNHN) sequencer. Sequences were verified by for-

ward and reverse comparisons. All sequences for both

the ND4 and the ATP genes were manually aligned

using BIOEDIT v. 7.1.3 (Ibis Biosciences).

Bayesian and maximum-likelihood (ML) phylogenetic

trees were constructed for both ATP and ND4 genes in

MrBayes v. 3.1.2 (Huelsenbeck & Ronquist 2001) and

TREEFINDER (Jobb et al. 2004), respectively. Kuhlia sauvagii,

which was the most closely related species to K. rupes-

tris among the Kuhliidae family (Feutry et al. in press),

and K. marginata were used as outgroups. Based on the

Akaike information criterion in JMODELTEST v. 0.1.1 (Guin-

don & Gascuel 2003; Posada 2008), the GTR + I + Γ and

the HKY + I + Γ models for nucleotide substitution

were selected for ATP and ND4 sequences, respectively.

Analyses were run using 1st–2nd and 3rd codon

positions as two different partitions. MEGA v. 4 (Tamura

et al. 2007) was used to calculate the mean net diver-

gence (i.e. p-distance) between the major clades found

in the haplotype tree.

To investigate the genetic differentiation between

K. rupestris lineages, we calculated the fixation index

(ΦST) for all pairwise comparisons among different lin-

eages and a permutation test (10 000 permutations) was

conducted using Arlequin v 3.5.1.2 (Excoffier & Lischer

2010). ΦST statistic is a molecular analogue of FST that

includes information on mitochondrial haplotype fre-

quency and genetic distance (here Kimura 2P, Kimura

1980). Different indices, such as number of haplotypes,

gene diversity (h) and mean nucleotide diversity (p),

were also calculated in Arlequin to measure the genetic

diversity within each lineage.

Recent historical demography in the Coral Sea deserved

particular attention in this study. Fu’s F and Tajima’s D

indexes were generated with Arlequin for ATP and ND4

genes for each location in this region (i.e. QS, QC, QN, NC

and Va) to test for population equilibrium.

Microsatellite analysis

A subset of 389 samples was genotyped at 15 microsat-

ellite loci. Primers and PCR conditions are described

elsewhere (Peters et al. 2009). PCR products were analy-

sed by electrophoresis on an ABI3130XL (MFL) and an

ABI3100 (MNHN) capillary sequencers. Alleles were

sized against an internal size standard (GeneScan500

LIZ; Applied Biosystems) and scored using GENEMAPPER

v. 3.7 (Applied Biosystems). Sixteen samples were geno-

typed in both laboratories to confirm allele homology.

Departure from Hardy–Weinberg equilibrium (HWE)

within each population by locus and over all loci and

linkage disequilibrium among loci was tested using

GENEPOP v. 4.0.10 (Raymond & Rousset 1995), using 1000

dememorization steps, 1000 batches and 1000 iterations

per batch to reduce the standard errors of P-values

below 0.01. MICRO-CHECKER v. 2.2.3 (Van Oosterhout et al.

2004) was employed to check for scoring inconsistencies

and to explore whether any deviations from HWE were

due to the presence of null alleles.

Genetic differentiation between locations was charac-

terized using F-statistics theta (h) (Weir & Cockerham

1984) as implemented in Arlequin v 3.5.1.2 (Excoffier &

Lischer 2010). Because microsatellite data sets have

maximum fixation index values of <1 (Hedrick 2005),

values of population subdivision were standardized to

a scale of 0–1 (h′) using the program RECODEDATA v. 0.1

(Meirmans 2006).

The presence of intraspecific genetic structure was

tested using the Bayesian model-based clustering

method developed by Pritchard et al. (2000), as imple-

mented in Structure v. 2.3.2. Given a number of clusters

(K), Structure assigns individuals to the clusters so as

the clusters are in Hardy–Weinberg and linkage equilib-

rium. Because sample sizes and within-group diversity

affect splitting order (Rosenberg et al. 2002), we used a

‘hierarchical Structure analysis’ as described in the

study by V€ah€a et al. (2007) to account for varying levels

of population structure among its geographical range.

A first round of Structure was carried out with the

entire data set. A second round, and where appropriate

a third round, of Structure analysis was conducted on

each of the identified clusters. The admixture model

was used with 100 000 iterations and a burn-in period

of 100 000 during the first round, but 500 000 iterations

and a burn-in of 200 000 were necessary for subsequent

rounds to achieve both convergence of statistics (a, F,

Di,j and the likelihood) and an accurate estimate of the

[ln Pr (X|K)] parameter. For all analyses, ten indepen-

dent runs for each K (2–6) were performed to evaluate

the reliability of the results. The true value of K was

determined from posterior probabilities of K and the

values of DK as recommended by Evanno et al. (2005).

To visualize the data, the run of highest value for [ln Pr

(X|K)] was selected for the true K found. Individuals

were regarded as correctly assigned to a cluster when

their posterior probability of belonging to that cluster

© 2012 Blackwell Publishing Ltd
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(q) was at least 0.80 (Pritchard et al. 2000; V€ah€a & Prim-

mer 2006). Others were categorized as ambiguous.

Modelling of larval dispersal in the Coral Sea

We used the web-tool Connie 2 (Condie 2005) to answer

questions such as (i) can larvae from healthy popula-

tions (i.e. QN, QC, Va and NC) reach the low-density

populations in QS? and (ii) where would larvae

released in QS most probably go? Connie 2 uses

archived current activity from oceanographic models

and particle-tracking techniques to predict particle dis-

persal trajectories from user-specified source regions.

Particles are seeded within the user-specified source

region at a constant rate of 25 particles per day over a

release period specified by the user. Because the calcu-

lation of all possible connections over time and space

around the Coral Sea would have required far too

many simulations, we adopted the following strategy in

this study. For all simulations, particles were released

each year from the 1 January to the 31 May, which cor-

responds with the approximate breeding season for

K. rupestris (Hogan & Nicholson 1987). Our approach

assumed that larvae were neutrally buoyant and were

passively dispersed with no larval behaviour or mortal-

ity. For each location, we considered multiple release

points for particles. In Va, particles were released from

the western coast of three islands, Santo, Malekula and

Efate. In NC, particles were released at each cardinal

point of the main island. For both QN and QC, we

defined three release points separated by about 100 km.

The southern point for QN was at the southern limit of

the wet tropics area, just north to Townsville, and the

southern point for QC was near Mackay, the southern

limit for healthy populations of jungle perch according

to Hutchison et al. (2002). In QS, we considered four

release points, the first one near the border with New

South Wales and the other locations to the north about

every 100 km. For all Coral Sea source regions, we con-

sidered three depth zones per release point (5, 15 and

25 m) as fish larvae are most concentrated in the upper

30 m of the water column in the Australian region

(Smith 2000; Gray & Kingsford 2003). To examine

whether larvae from NC, Va, QN or QC can reach QS,

the dispersal time used for simulations was 58 days.

This value corresponds to the maximum PLD reported

for this species (Feutry et al. 2012c). To investigate the

most probable scenario for the dispersion of larvae

released in QS, we used the mean PLD of 44 days

reported by Feutry et al. (2012c) for the population in

the Pacific Ocean. Simulations were run for each year

from 1994 to 1999. This period covers a wide range of

climatic conditions as it includes two El Ni~no (1994,

1997) and three La Ni~na years (1995, 1998, 1999). The

results from all years were pooled, and we estimated

the dispersal of particles with kernel density estima-

tions at 50%, 90%, 95% and 99% for each depth in each

region using HAWTH’s tool extension v. 3.27 for ARCGIS

v. 9.2 (Beyer 2004).

Results

Mitochondrial DNA

Sequence data of 795 nucleotides of the ATP gene from

283 individuals (EMBL accessions HF542116–HF542398)

revealed 34 variable positions defining 17 haplotypes.

Sequence data of 838 nucleotides of the ND4 gene from

398 individuals (EMBL accessions HF542399–HF542796)

revealed 36 variable positions defining 21 haplotypes.

A summary of this genetic diversity is given in Table 2.

Both ML and Bayesian phylogenetic trees recon-

structed using ATP sequences strongly supported the

existence of three monophyletic lineages, but the rela-

tionships between these lineages are uncertain (i.e. the

bootstrap and posterior probability values were lower

Table 2 Summary of the genetic diversity (ATP, ND4; mitochondrial DNA gene regions and 13 microsatellite loci) of Kuhlia rupestris

from the Indian and Pacific Oceans

Marker N Na/H h/H0 � SD p � SD

Lineage 1 ATP 32 5 0.6915 � 0.0639 0.0013 � 0.0010

ND4 38 6 0.5491 � 0.0878 0.0012 � 0.0009

Microsatellite 22 7.2 0.6698 � 0.2196 —

Lineage 2 ATP 52 2 0.3639 � 0.0391 0.0013 � 0.0010

ND4 86 6 0.2925 � 0.0619 0.0004 � 0.0004

Microsatellite 50 7.2 0.5756 � 0.2508 —

Lineage 3 ATP 197 10 0.5068 � 0.0173 0.0009 � 0.0007

ND4 270 9 0.3944 � 0.0354 0.0013 � 0.0010

Microsatellite 313 17 0.7159 � 0.2064 —

N, number of individuals; Na or H, average number of alleles across loci or haplotypes; h, haplotype diversity (�standard deviation);

H0, observed heterozygosity (�standard deviation); p, nucleotide diversity.

© 2012 Blackwell Publishing Ltd
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than 0.55) (Fig. 2). Lineage 1 consisted of five ATP hapl-

otypes, all found exclusively in My. Half of the individ-

uals from this lineage had haplotype Hap06. This

lineage was defined by six unique single base pair sub-

stitutions (Table S1, Supporting information), and it

included three-nucleotide transitions and one-nucleotide

transversion. Lineage 2 consisted of only two haplo-

types with approximately equal frequencies and differ-

ing by two-nucleotide transitions. This lineage was

characterized by five single base pair substitutions

(Table S1, Supporting information). These haplotypes

comprised all samples from Mg and R�e and 22 samples

from My. Ten haplotypes were found in lineage 3,

including nine-nucleotide transitions and sharing ten

single base pair substitutions (Table S1, Supporting

information). The most frequent haplotype was Hap01,

being shared by all locations in the Pacific Ocean. It

was connected to the other eight haplotypes by one or

two steps in a ‘starlike’ haplotype network. These other

haplotypes were rare and found only in Va, NC and

QN, except Hap14 and 15, which were only found in

Ok and the Ph. Hap14 was the most frequent haplotype

in these two locations (Fig. 3).

Phylogenetic trees based on ND4 sequences also iden-

tified three monophyletic lineages, but only the two lin-

eages from the Indian Ocean had high values of

support. However, this gene was more helpful in

resolving the phylogenetic relationships between lin-

eages (Fig. S1, Supporting information). Lineage 2 was

the most basal, and lineages 1 and 3 were found to be

monophyletic. The single base pair substitutions shared

by each lineage and the haplotype networks for the

ND4 gene are given as supplementary material (Table

S2 and Fig. S2, Supporting information). The mean

inter- and intralineage divergences for the two mito-

chondrial markers are given in Table 3.

The fixation index showed a significant differentiation

among the three lineages (ΦST = 0.952, P < 0.00001). The

pairwise ΦST values between lineages 1–2, 1–3 and 2–3

were 0.930 (P < 0.00001), 0.957 (P < 0.00001) and 0.959

(P < 0.00001), respectively.

As expected due to the presence of divergent lin-

eages, the ΦST tests based on the ATP gene showed sig-

nificant differences in 42 of the 55 lineage–location

pairwise comparisons (Table 4). Four groups could be

distinguished. Two corresponded to the mtDNA lin-

eages in the Indian Ocean, and two groups were found

within the mtDNA lineage 3 in the Pacific. The first one

comprised the North Pacific locations, Ok, and the Ph.

The second one was made of all other Pacific locations,

although a significant difference was found between Va

and NC. ΦST tests based on the ND4 gene gave roughly

the same results except that the population from Va

diverged slightly from QS and QC (Table 4).

Neutrality indices revealed contrasting demographic

histories around the Coral Sea. Except ATP-based F val-

ues in QN and ND4-based D values, F and D values for

0.03

Hap05

Hap11

Hap12

Hap01

Hap02

Hap03

Hap09

Hap14

Hap17

Hap15

Hap07

Hap16

Hap04

Hap06

Hap13

Hap10

K. marginata

K. sauvagii

Hap08

//

//

0.88–84
0.95–74

0.97–83

0.99–99

16

3

1

6

6

1012 2

1114 3

5 27

1

1 2 24 30 17 50 30

1

1

1

3

1

1

1 1

//

//

// MyRé Mg Ph Ok QS QC QN NC Va

Lineage 1

Lineage 3

Lineage 2

Fig. 2 Phylogenetic tree inferred from 17 ATP sequence haplo-

types of Kuhlia rupestris. The geographical distribution of hapl-

otypes is given (see Table 1 for location names). The values

next to the nodes are posterior probabilities and bootstrap

values for Bayesian and maximum likelihood, respectively.
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Fig. 3 Network of Kuhlia rupestris ATP sequences from ten

collection locations in the Pacific and Indian Oceans. Each cir-

cle represents a haplotype, whose diameter is proportional to

the number of individuals with that haplotype (see Fig. 2). The

lengths of the connecting lines are in relation to the number of

mutations between haplotypes. See Fig. 1 for location names.

C
o
lo
u
r
o
n
li
n
e
,
B
&
W

in
p
ri
n
t

C
O
L
O
R

© 2012 Blackwell Publishing Ltd

6 P. FEUTRY ET AL.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54



both ATP and ND4 genes were negative and significant

in QN, NC and Va, suggesting historical expansion in

these locations (see Table 5). In QC and QS, neither F

nor D values were significant.

Microsatellites

A total of 263 alleles were observed across the 15 loci,

ranging from six (KRU14) to 44 (KRU03) alleles per

locus. All loci were polymorphic except for locus

KRU14 in R�e. Significant deviations from HWE were

observed among three of the 135 locus–location combi-

nations (eight loci including KRU22 in My and KRU22

in R�e and Va), and the global test (Fisher’s method)

across locations for each locus showed significant

departure from HWE for loci KRU06 and KRU22 (more

likely due to unresolvable scoring problems than the

presence of null allele). In addition, linkage disequilib-

rium was detected between loci KRU06 and KU014 in a

global test. Based on these results, loci KRU06 and

KRU22 were excluded from further analyses. After

these two loci were removed, the global test across loci

for each location deviated from HWE for My only

(Table S3, Supporting information).

Pairwise h values using microsatellite data between

allopatric populations of distinct mtDNA lineages (from

0.091 to 0.136) indicated significant genetic differentiation

and were one to two orders of magnitude higher than at

the intra-mtDNA lineage level (�0.178 to 0.008). Pairwise

h showed genetic homogeneity within each mtDNA line-

age after Bonferroni correction. In My, where populations

from lineages 1 and 2 are found in sympatry, the genetic

variability estimated between those populations was

Table 3 Intralineage and interlineage mean divergence (per-

centage of net number of differences) using ATP gene (above)

and ND4 gene (below) of mtDNA from Kuhlia rupestris sam-

pled from the Indian and Pacific Oceans

Lineage 1 Lineage 2 Lineage 3

Intra 0.2 0.3 0.3

L1 0.3 1.9 2.3

L2 0.2 2.6 2.3

L3 0.4 1.8 1.5

Boldface indicates intralineage mean divergence.

Table 4 Genetic differentiation between Kuhlia rupestris from collection locations (see Fig. 1 for location names) per mtDNA lineage

using pairwise ΦST for ATP gene (above, upper value) and ND4 gene (above, lower value) and h (below, upper value) and h′ (below,

lower value) for microsatellite loci

Localities

Lineage 1 Lineage 2 Lineage 3

My My R�e Ma Ph Ok QN QC QS NC Va

N 33 20 26 5 6 30 18 30 24 53 36

L1 My 22 0.893 0.896 0.879 0.912 0.941 0.927 0.944 0.938 0.955 0.938

0.970 0.974 0.960 0.926 0.944 0.961 0.967 0.972 0.968 0.954

L2 My 15 0.04 �0.046 �0.178 0.947 0.966 0.964 0.977 0.974 0.980 0.967

0.118 �0.002 �0.104 0.956 0.962 0.975 0.981 0.984 0.979 0.964

R�e 35 0.091 0.003 �0.126 0.946 0.964 0.961 0.973 0.970 0.977 0.964

0.249 0.007 �0.036 0.966 0.967 0.978 0.983 0.985 0.981 0.987

Ma — — — — 0.950 0.976 0.977 0.992 0.990 0.989 0.975

— — — 0.912 0.954 0.977 0.987 0.990 0.982 0.959

L3 Ph 6 0.100 0.112 0.136 — �0.046 0.808 0.934 0.920 0.895 0.770

0.364 0.328 0.365 �0.005 0.860 0.901 0.922 0.893 0.804

Ok 31 0.100 0.102 0.128 — 0.006 0.858 0.915 0.906 0.902 0.833

0.371 0.321 0.370 — 0.023 0.891 0.913 0.926 0.909 0.860

QN 78 0.113 0.116 0.127 — 0.005 0.004 0.030 0.016 �0.000 �0.026

0.406 0.362 0.371 — 0.019 0.015 �0.005 �0.001 �0.015 �0.024

QC 54 0.100 0.111 0.127 — 0.008 0.003 0.000 0.000 �0.012 0.040

0.374 0.356 0.378 — 0.031 0.0118 0.000 �0.018 �0.018 0.053

QS 75 0.116 0.116 0.128 — 0.001 0.005 0.001 0.002 �0.017 0.030

0.409 0.356 0.368 — 0.004 0.019 0.004 0.007 �0.012 0.064

NC 36 0.101 0.103 0.116 — �0.001 0.002 0.001 0.002 0.000 0.043

0.360 0.314 0.328 — �0.004 0.008 0.004 0.008 0.000 0.048

Va 33 0.092 0.098 0.117 — �0.003 0.006 0.005* �0.004 0.004 �0.001

0.347 0.313 0.343 — �0.012 0.024 0.019* �0.016 0.015 �0.004

Bold ΦST, h and h′ have P-values <0.05 after false discovery rate (FDR) adjustments (Benjamini & Hochberg 1995).
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about half of what was reported between allopatric pop-

ulations of a distinct lineage (Table 4).

The first round of Structure analyses supported the

existence of two clusters within the whole data set based

on the DK method (Evanno et al. 2005) (Table S4, Sup-

porting information). The posterior probabilities corre-

sponding to the assignment of individuals (q) were all

above 0.80 except for seven individuals, one from the

Indian Ocean and six from the Pacific (Fig. 4). The first

cluster was exclusively made of individuals from loca-

tions in the Indian Ocean (grey bar). The second cluster

was exclusively made of individuals from locations in

the Pacific Ocean [green bar, hereafter denoted as cluster

3 (as it corresponded to the mtDNA lineage 3)]. During

the second round of analysis, no genetic structure was

found within the Pacific Ocean samples, but two distinct

genetic groups were distinguished in the Indian Ocean.

The first Indian group was composed of 20 individuals

from My (blue bar, hereafter denoted as cluster 1). The

second Indian group was composed of 11 and 32 indi-

viduals from My and R�e, respectively (red bar, hereafter

denoted as cluster 2). Assignment to either cluster 1 or

cluster 2 was unclear for nine individuals (Fig. 4). The

third round of analysis did not find any further cluster-

ing within any of the Indian or Pacific Ocean groups.

Therefore, the finest population structure detected by

Structure consisted of three populations, one in the Paci-

fic Ocean and two in the Indian Ocean.

Microsatellites vs. mtDNA

The results of the clustering analyses based on micro-

satellites were roughly congruent with the mtDNA

Table 5 Fu’s F and Tajima’s D for Kuhlia rupestris per sam-

pling location around the Coral Sea

Locations

ND4 ATP

F D F D

Va �2.13 �1.08 �3.19 �1.51

NC �2.84 �1.38 �4.41 �1.69

QldN �2.53 �1.41 0.07 �1.51

QldC �0.26 �0.58 0 0

QldS �0.52 �0.69 0 0

Location names are given in Fig. 1.

Bold values have P-values <0.05 after FDR adjustments (Benja-

mini & Hochberg 1995).

0.00

0.20

0.40

0.60

0.80

1.00

MtDNA

Microsatellites

MtDNA

Mayotte Réunion Is.

My Ré OkPhQNQCQSVaNC

0.00

0.20

0.40

0.60

0.80

1.00

Lineage 1 Lineage 3Lineage 2

Fig. 4 Correspondence between mtDNA lineages and nuclear Structure clusters. First and last rows are the distribution of the 3

mtDNA lineages from nine collection locations of Kuhlia rupestris from the Indo-Pacific and from collection locations from the Indian

Ocean, respectively (see Table 1 for location names). Second row is the result of the first round of the Structure assignment test based

on the microsatellite data. Third row is the result of the second round of assignment test for the samples from the Indian Ocean only.

Each cluster (K) is designated by a different colour with vertical bars representing individuals and the proportion of a bar assigned

to one colour representing the posterior probability that an individual is assigned to that cluster (the colours were attributed accord-

ing to the mtDNA lineage roughly corresponding to each cluster, grey colour was used for the Indian cluster found in the first round

before it was split into clusters 1 and 2 in the second round). The results are only given for K = 2.
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lineages (Fig. 4). Except five individuals classified as

ambiguous, all individuals with mtDNA of lineage

1 were assigned to the cluster 1. Moreover, 43 of 50

individuals assigned to the cluster 2 harboured mtDNA

representing lineage 2. Among the seven remaining

samples, four had ambiguous microsatellite genotypes

and three were assigned to the cluster 1. Two different

ND4 haplotypes were found among those three individ-

uals (ATP was not sequenced). All 313 individuals har-

bouring mtDNA from the Pacific lineage were assigned

to the cluster 3, and samples with the Pacific lineage

mtDNA were not found outside the region.

Larval dispersal in the Coral Sea

According to our simulations of larvae dispersal in the

Coral Sea, it was clear that assuming a PLD of 58 days

and a passive dispersion in the upper 5, 15 and 25 m of

the water column, less than 1% (if any) larvae released

during the simulation period (from 1994 to 1999) from

Va, NC, QN and QC populations (i.e. healthy) will be

able to reach the coast of QS. Exceptions are simulations

of larvae dispersal at depth 15 m released from QC and

at depth 25 m released from QC and QN, for which up

to 5% of larvae per generation may have reach the coast

of QS. The extent of larval dispersal along the coast of

Queensland seemed to increase with depth of particle

dispersion, whereas the connectivity between NC/Va

and QS showed the opposite pattern (Fig. 5).

The most probable scenario for larvae released in QS

is that they will drift southward or stay along the coast

of southern Queensland, and very few will disperse

northward and reach QC (Fig. 5).

Discussion

Population structure of Kuhlia rupestris and
connectivity through evolutionary time

In the present study, the genetic results suggested that

the dispersal capabilities of K. rupestris were not suffi-

cient to maintain intraspecific genetic homogeneity

through evolutionary time. However, K. rupestris popu-

lations were homogenous across a fairly large geo-

graphical distribution in the Pacific. This species

comprises three populations (or stocks), one in the Paci-

fic Ocean, one in the Indian Ocean and a third with

a more restricted distribution in My, which is sympatric

50%

95%
99%

90%
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N

50%

95%
99%

90%

QNQCVaNC

N

N
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PLD: 58 days
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PLD: 44 days

Depth: 25 m

PLD: 44 days

Depth: 15 m

PLD: 44 days

Fig. 5 Kernels of dispersion (50%, 90%,

95% and 95%) for Kuhlia rupestris larvae

in the Coral Sea using the web-tool Con-

nie 2 according to different depths (5, 15

and 25 m), pelagic larval duration (44 or

58 days) and locations for particle release

(Queensland North, Queensland Central,

Queensland South, New Caledonia and

Vanuatu). Bold line indicates the extent

of the QS region with low-density popu-

lations.
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with the widespread Indian Ocean stock. Both mito-

chondrial genes and microsatellite loci identify two

co-occurring populations at My. It is unlikely that the

restricted population only occurs at My because this

island is close to the other islands of the Comoros

Archipelago. Moreover, sampling in Mg was not

exhaustive and several areas within the distribution

range of K. rupestris were not sampled. For example,

the adjacent eastern coast of Africa or Sumatra was not

sampled here, which proved to be genetically connected

with Western Indian populations in the diadromous

giant mottled eel Anguilla marmorata (Minegishi et al.

2008). The population found in all locations from the

Indian Ocean appeared to be fully panmictic, as no sig-

nificant structure was found between locations, either

for mtDNA or for microsatellites. In the Pacific, the dif-

ferentiation observed between samples from the north-

ern locations (Ok and Ph) and southern locations (QS,

QC, QN, Va and NC) based on mtDNA indicated a

more subtle structure, which was not readily detected

by nuclear markers. Greater population differentiation

using mitochondrial than nuclear markers is often

observed, as mtDNA drifts to fixation more rapidly

than nuclear genes (Zink & Barrowclough 2008).

Larvae dispersal of K. rupestris in the Coral Sea

Our analyses indicated that the short PLD of K. rupestris

fails to maintain a homogeneous genetic pool across its

whole distributional range, but can connect populations

on a subocean basin scale over evolutionary times. Fur-

thermore, the larval dispersal modelling we applied in

one of the subocean basins (i.e. Coral Sea) suggested

that the actual connectivity of this species might be

even more limited over one generation. Particles

released in NC, Va, QN or QC may be able to reach the

southern coast of Queensland, but this is rare. Also, the

PLD was set at 58 days, the maximum value found for

K. rupestris by Feutry et al. (2012c); thus, the real pro-

portion of larvae reaching the coast of QS would be a

subfraction of the numbers presented here. Our simula-

tions suggested that given the actual currents and

assuming a passive dispersion of larvae in the upper 5,

15 and 25 m of the water column, the southern popula-

tion in Queensland mostly depends on self-recruitment.

Five per cent of larvae released from QN and QC popu-

lations may reach QS if the larvae were advected at a

depth of 15 or 25 m. However, the model of larval dis-

persal has limitations as it predicts the presence of

adult populations in rivers flowing into the Gulf of Car-

pentaria. The model predicts that larvae from eastern

Queensland would be advected into and beyond the

Torres Strait. However, adult populations are not

known west of Torres Strait despite the presence of

suitable habitat on the western side of Cape York.

Moreover, our simulations suggest a strong connectivity

between NC and Va, which is not consistent with the

genetic data. Shanks (2009) 2demonstrated that for PLDs

longer than 10 h, both genetic methods and passive lar-

val dispersion models generally overestimate dispersal.

He attributed this difference to the behaviour of larvae

retarding their movement. Similar retention mecha-

nisms may also occur in K. rupestris, and present con-

nectivity is probably even more limited than suggested

by our data.

Systematic status of K. rupestris

The population structure revealed in this study by both

nuclear and mitochondrial markers implies that

K. rupestris may be a complex of separate species or

subspecies more than only one widespread species.

Randall & Randall (2001) recently reviewed the system-

atic of genus Kuhlia, but they focused on Pacific species

and they only included one specimen from the Indian

Ocean (Mauritius) in their analysis of K. rupestris.

In the absence of morphological data to identify new

species and because the variation in ATP and ND4

genes is similar to that of the cytochrome c oxidase sub-

unit I gene (COI, Feutry et al. in press), one can con-

sider the ‘barcoding method’ based on the mtDNA

distances reported in this study (Hebert et al. 2003b).

ATP and ND4 interlineage mean divergences (1.9–2.3%

and 1.5–2.6%, respectively) are slightly below the 3%

threshold suggested by Hebert et al. (2003a), 3but Meyer

& Paulay (2005) demonstrated the value would create

many false negatives (i.e. rejected real new species) in

some taxa. The Kuhliidae family is one of them, for

example the mean divergence between K. marginata and

K. malo is as low as 1.5% for the ND4 gene (Feutry,

unpublished data 4) or 1% for the COI gene (Feutry et al.

in press). Another method to screen for novel taxa is to

compare inter- and intralineage mean divergences

(Hebert et al. 2003a). In this study, the ATP and ND4

interlineage divergences exceed intralineage mean

divergences (0.2–0.3% and 0.2–0.4%, respectively) by a

ratio of 4–13, which falls into the range of values that

indicate cryptic species in other groups (Hebert et al.

2004; Meyer & Paulay 2005). Another aspect in favour

of multiple cryptic species within K. rupestris is the eco-

logical difference found between two populations of

K. rupestris. Feutry et al. (2012c) reported that the PLD

of individuals from R�e in the Indian Ocean was signifi-

cantly lower than the PLD of individuals from NC in

the Pacific (37.3 � 4.7 days in the Indian Ocean and

44.3 � 6.7 days in the Pacific, Feutry et al. 2012c). The

congruency between mtDNA, nuclear markers and eco-

logical data strongly suggests K. rupestris is a complex

© 2012 Blackwell Publishing Ltd
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of cryptic species (Dasmahapatra & Mallet 2006),

although the matter warrants further investigation

including morphological analysis. If two species are

sympatric in My, further studies should investigate

whether secondary contact is occurring after diver-

gence, or whether occurred through the loss of connec-

tivity, or possible ecological speciation is occurring

in situ.

Survival on self-recruitment

This study has implications beyond the ecology of

K. rupestris only. As for many other diadromous species

inhabiting mainly tropical insular systems, the marine

larval phase of K. rupestris provides it with the ability

to invade vacant habitats following perturbations.

Indeed, in case of perturbations lasting longer than their

maximal PLD, the persistence of those species in tropi-

cal islands depends on external recruitment. An island

has to be on a dispersal route to prevent from extinc-

tion. The population expansion revealed by the analysis

of demographic history of jungle perch in Va, NC and

QN suggested that this sequence of extinction/coloniza-

tion has occurred naturally in the past. In the wet tro-

pics of northeastern Australia, steep coastal mountain

streams are similar to ephemeral tropical insular

streams. These streams are faunally more similar to dis-

tant Pacific island communities, than to the nearby fau-

nas of large rivers on the Australian mainland (Thuesen

et al. 2011). In QC and QS, where no signs of popula-

tion expansion were detected, K. rupestris is found in

perennial streams. We hypothesize this is why the

population was able to persist with low external recruit-

ment. When assessing the potential impact of human-

mediated perturbation, we recommend that actual

dispersal should be investigated before assuming that

recovery will occur easily for diadromous species.

Conclusion

This study combined population genetic data with an

estimation of larvae dispersal using PLD data and cur-

rent modelling. To the best of our knowledge, this

study is the first attempt to combine genetic and model-

ling estimates of connectivity for a diadromous species.

These estimates provided insights into the connectivity

of Kuhlia rupestris at different timescales and thus were

complementary. This study is also an example of how

combining these methods can help for the development

of management plans for threatened populations.

At an evolutionary timescale (i.e. genetic data),

despite a short PLD, K. rupestris has been able to colo-

nize remote islands and to extend its distribution to

two oceans. However, it was not sufficient to maintain

its genetic homogeneity and speciation is probably

occurring (or has already occurred) across its distribu-

tion range. Three different management units (subspe-

cies?) should be considered, possibly four, considering

that mtDNA seemed to indicate a barrier to gene flows

between the north and the south Pacific. Importantly,

genetic data indicated a strong connectivity between the

locations in the Coral Sea. Based on these results alone,

the best explanation for the absence of recovery in QS

is that despite restoration, the habitat quality is still

below the species requirements. However, the larval

dispersal modelling brought additional insight into the

connectivity of K. rupestris. At a real timescale, the mod-

elling approach suggested locations across the Coral

Sea to be poorly connected over one generation. If this

reflects reality, low external recruitment from adjacent

populations rather than the quality of restored habitats

could explain why recovery has not occurred yet in QS.

If managers want to implement measures with ‘rapid’

effect on populations (i.e. within years or decades),

a fine spatial scale may be considered (i.e. each river or

watershed). In QS, recovery will probably occur natu-

rally, but it will take a long time. In order to accelerate

the recovery process, we would suggest restoring as

many habitats as possible along the coast of Queens-

land in order to maintain a continuum of healthy popu-

lation and increase the connectivity between locations.
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