
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 449: 263–276, 2012
doi: 10.3354/meps09557

Published March 8

INTRODUCTION

Populations of benthic marine organisms, such as
many marine fishes, are often described as metapopu-
lations (Kritzer & Sale 2006), where reproductive
adults form isolated sub-populations (called stocks by
fisheries biologists) that exchange migrants via a dis-

persive pelagic larval phase. Although relatively short
in duration, the events that take place during the
pelagic larval phase are critical in determining the
geographic boundaries of marine populations. For this
reason, larval mediated migration has long been an
important area of marine biology and is relevant to
studies on speciation, ecology, fisheries biology and
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data is not available for many species. We present a phylogeographic survey of the king threadfin
Polydactylus macrochir across its species range in northern Australia and at a temporal scale of
1 and 10 yr. Spatially, the overall AMOVA fixation index was Φst = 0.306 (F ’st = 0.838), p < 0.0001
and isolation by distance was strong and significant (r2 = 0.45, p < 0.001). Temporally, genetic pat-
terns were stable at a time scale of 10 yr. However, this did not hold true for samples from the east-
ern Gulf of Carpentaria, where populations showed a greater degree of temporal instability and
lacked spatial genetic structure. Temporal but not spatial genetic structure in the Gulf indicates
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Generally, genetic patterns were similar to another co-distributed threadfin species Eleu -
theronema tetradactylum, which is ecologically similar. However, the historical demography of
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level and indicate that the king threadfin may be sensitive to habitat disturbances.
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conservation biology of marine organisms (Planes
2002, Cowen et al. 2007, Hellberg 2007, 2009, Jones et
al. 2009). Yet, there are many logistical challenges to
studying the movements of tiny oceanic larvae, includ-
ing the extreme spatial scale at which dispersal can
take place, and the complex influences of physical
properties of the ocean on larval dispersal (Siegel et al.
2008, Cowen & Sponaugle 2009), which all but pre-
vent direct observations of connectivity. Therefore,
much of what we know about pelagic larval dispersal
comes from indirect genetic approaches (Planes 2002,
Hellberg et al. 2002, Hellberg 2007, 2009, Hedgecock
et al. 2007, Jones et al. 2009, Leis et al. 2011).

The delineation of fish stocks through genetic
approaches, such as phylogeography and population
genetics, is particularly important for the effective-
ness of fisheries management and conservation strat -
egies, provided that genetic patterns can be inter-
preted correctly (Waples 1998). While genetic data is
highly sensitive to migration and the movement of
genes between areas at some point in time, it often
fails to indicate whether connectivity is demographi-
cally significant, i.e. it has a meaningful effect on the
size and persistence of populations (Waples & Gag-
giotti 2006, Lowe & Allendorf 2010). Therefore, care
must be taken to determine whether genetic patterns
represent contemporary (ecological) patterns of gene
flow and if so, whether gene flow is high enough to
be demographically significant (Hauser & Carvalho
2008, Waples et al. 2008, Selkoe et al. 2008). Conver -
sely, however, while genetic connectivity does not
necessarily suggest demographic connectivity, sig-
nificant genetic structure between populations is an
indication that any larval migrant exchange between
stocks is of little consequence demographically
(Avise 2000). Therefore, genetic population structure
is typically a more informative pattern than genetic
population connectivity.

Small & Wares (2010) explain that the genetic
structure of marine populations, in which larvae are
subject to advection by oceanographic processes, can
only be maintained where retention of locally pro-
duced larvae exceeds larval displacement (see also
Pringle & Wares 2007). In other words, genetic struc-
ture implies substantial local recruitment, but also
suggests that self-sustaining populations may act as
important sources of migrants to downstream areas,
making structured populations potential manage-
ment priorities. Recently, Horne et al. (2011) reported
this pattern in a tropical inshore marine fish, the blue
threadfin Eleutheronema tetradactylum (Polynemi-
dae) in northern Australia. Significant genetic struc-
ture was sometimes detected at very small spatial

scales in this species, in spite of having larvae
with limited swimming and sensory capabilities that
might preclude self-recruitment, suggesting the
need for local scale management.

The results of Horne et al. (2011) provide valuable
insight into the small-scale demographics of a com-
mercially important fish that in the past has been
managed as a single stock. However, one limitation of
the Horne et al. (2011) paper is that the time scale of
sampling was very short and the temporal stability of
the observed spatial genetic structure is unknown.
Understanding the temporal stability of demographic
processes, such as recruitment and dispersal, is vital
to the long-term management of fish stocks. Yet few
genetic studies account for temporal heterogeneity of
spatial genetic patterns (Hedgecock et al. 2007,
Selkoe et al. 2008), which is unfortunate because
marine population dynamics may be highly variable
in time as well as space (Siegel et al. 2008). In fact,
considering the advective nature of marine environ-
ments and the potential for pelagic larval dispersal,
population structure along ocean coastlines is not at
all intuitive (Pringle & Wares 2007), may be ephe me -
ral, and theoretically should not persist without strong
biotic and or abiotic influences. Therefore, temporally
sampled data are desirable for understanding the de-
mographic stability of marine populations, at least at
the time-scale at which sampling takes place.

Comparative phylogeography is another way to de-
termine the temporal stability of genetic structure.
Congruent spatial genetic structure observed across
multiple co-occurring taxa demonstrates that genetic
patterns are due to the influences of the physical en-
vironment over long periods of time rather than other
confounding effects (Kuo & Avise 2005). The purpose
of this paper is to provide a comparative context to
the results of Horne et al. (2011) and to further inves-
tigate demographic patterns of threadfin fishes for
fisheries management purposes. To this end, we pre-
sent a phylogeographic study of another inshore
marine Polynemid, the king threadfin Polydactylus
macrochir, formerly Polynemus sheridani (Motomura
et al. 2000), across northern Australia. P. macrochir
co-occurs with Eleutheronema tetradactylum and is a
large estuarine-associated species that has been
known to reach 1.7 m in length and weigh over 40 kg
(Motomura 2004). Like E. tetradactylum, P. macro chir
is a protandrous hermaphrodite that spawns pelagic
eggs and larvae. The pelagic larval duration of this
species is not known, but given the mode of repro-
duction it is presumed to have a high dispersal poten-
tial. Its large size makes P. macrochir an attractive
food fish, and it is targeted by anglers and indigenous
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fishers in northern Australia and
southern New Guinea, where this
species is endemic. P. macrochir also
supports a sizeable commercial fish-
ery (Welch et al. 2002, 2005) but
management of this fishery has
heretofore not been based on em -
pirically acquired information.

Drawing on a previous phylogeo-
graphic study of Polydactylus macro -
chir by Chenoweth & Hughes (2003),
we were able to acquire temporally
sampled data for this species in some
areas. The sampling interval be -
tween the 2 studies is ~10 yr (1998 to
2008/2009), allowing us to observe
genetic patterns at a time scale be-
yond that of most phylogeographic
investigations. P. macro chir generally
does not live >10 yr (Welch et al.
2010), al though in some areas it can
attain a lifespan of >20 yr (Moore et
al. 2011). However, while the temp -
oral scale of our analysis is within the
maximum lifespan range of the spe-
cies, hereafter we show that this is still
sufficient time to observe genetic
population turnover.

MATERIALS AND METHODS

Sampling

A total of 467 adult Polydactylus
macro chir were sampled across no r -
thern Australia from 4 different re -
gions: east Queensland coast (EQldC),
east Gulf of Carpentaria (EGoC),
Northern Territory (NT) and northwest
Western Australia (NWWA). Within
each region 2 or 3 locations were sam-
pled (Fig. 1; Table 1). Samples were
obtained from commercial fishing ac-
tivities and collected by fishermen us-
ing monofilament gillnets. Fin clips
were taken from individuals at each
location and stored in a salt-saturated 20% di-methyl
sulf oxide buffer with 0.25M EDTA or 80% ethanol.
Sampling was carried out in 2 consecutive years, 2008
and 2009 (hereafter Years 1 and 2). Three locations,
each from a different region, were sampled in both
Years 1 and 2 in order to test the temporal  stability of

the genetic patterns. We also compare our sequences
to those from Chenoweth & Hughes (2003), all of
which were collected in 1998 or earlier. Therefore, we
assessed the genetic structure of P. macrochir at the
spatial scale of northern Australia and a temporal
scale of 1 and 10 yr.

265

n No. of h π
haplotypes

East Queensland Coast (EQldC)              162          11          0.49        0.0019
Brisbane River 2 (BR)                                   25            3          0.22        0.0007
Fitzroy River 1 (FzR 1)                                  50            7          0.49        0.0020
Fitzroy River 2 (FzR 2)                                  35            6          0.47        0.0024
Cleveland Bay 2 (ClB)                                  52            1          0.00        0.0000

East Gulf of Carpentaria (EGoC)             116          30          0.86        0.0083
Flinders River 1 (FlR)                                   49          21          0.91        0.0097
Albert River 2 (AlR)                                      21          13          0.91        0.0080
Kendall River 2 (KeR)                                  46          16          0.87        0.0070

Northern Territory (NT)                             95          34          0.93        0.0099
Chambers Bay 1 (ChB 1)                             41          19          0.92        0.0083
Chambers Bay 2 (ChB 2)                             21          13          0.93        0.0113
Blue Mud Bay 2 (BMB)                                33          11          0.83        0.0079

Northwest Western Australia (NWWA)    94          12          0.65        0.0026
Roebuck Bay 1 (RbB 1)                                39            7          0.58        0.0022
Roebuck Bay 2 (RbB 2)                                22            4          0.54        0.0018
Eighty Mile Beach 2 (EMB)                         33            7          0.76        0.0036

Total                                                            467          74          0.87        0.0072

Table 1. Polydactylus macrochir. Sample sizes (n) and diversity indices: num-
ber of haplotypes, haplotype diversity (h), and nucleotide diversity (π); for all 

regions and populations

Fig. 1. Polydactylus macrochir. Minimum spanning network of 467 individual
mitochondrial control region haplotypes. Samples were collected in 2008
(Year 1) and 2009 (Year 2) from locations in 4 regions across northern Aus-
tralia: East Queensland coast (EQldC), Eastern Gulf of Carpentaria (EGoC), 

Northern Territory (NT) and northwest Western Australia (NWWA)
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Laboratory methods

The mitochondrial control region was amplified
using the following primer sequences: MT16498H;
5’-CCT GAA GTA GGA ACC AGA TG-3’ and Pro-L;
5’-CTA CCT CCA ACT CCC AAA GC-3’ (Meyer
et al. 1990, Palumbi et al. 1991) as referenced by
Cheno weth & Hughes (2003). PCR was carried out in
20 µl reactions using: 2.5 mM Tris−Cl (pH 8.7), 5 mM
KCl, 5 mM (NH4)2SO4, 200 µM each dNTP, 2.5−3.5
mM MgCl2, 10µM each primer and 1 U of Taq Poly-
merase (Qiagen). Thermocycling was carried out
with an initial denaturation of 94°C for 2 min, 35
cycles of denaturation, annealing and extension
(94°C for 30 s, 55°C for 30 s, 72°C for 90 s) and a final
extension of 72°C for 10 min. PCR products were con-
firmed by gel electrophoresis on 1.5% agarose gels
and purified by either a standard isopropanol purifi-
cation or an ammonium acetate ethanol clean-up.
PCR products were sequenced with the mt16498H
primer using Applied Biosystems technologies by
Macro gen sequencing service, Seoul. We also se -
quenced a segment of the mitochondrial Cyto chrome
Oxidase subunit 1 (COI) gene region for a small sub-
set of samples from each region (n = 18) using the
universal COI primers for fish, Fish-F1 and Fish-R1,
of Ward et al. (2005). Parameters for PCR and subse-
quent processing of samples were identical to those
described for the control region. However, there
were no sequence polymorphisms detected in 582 bp
of the COI region and no further investigation of
this marker was conducted. DNA sequence data from
this study is made publicly accessible through Gen-
Bank accession numbers JQ068265−JQ068731 and
through the Dryad repository (doi:10.5061/ dryad.
n8234tb1).

Data analysis

Raw DNA sequences were compiled in BIOEDIT
version 7.0 (Hall 1999) and aligned using CLUSTAL
W (Thompson et al. 1994) implemented in BIOEDIT.
Sequences were then further aligned by hand. Mole-
cular diversity indices, haplotype diversity (h) and
nucleotide diversity (π) of control region sequences
were calculated in DNAsp v. 5.10 (Librado & Rozas
2009). A visual representation of the control region
haplotypes and their respective frequencies, in the
form of a haplotype network, was constructed using
TCS (Clement et al. 2000). Spatial genetic structure
of populations was assessed by way of analysis of
molecular variance (AMOVA) performed in ARLE-

QUIN 3.5 (Excoffier & Lischer 2010). Overall
AMOVA fixation indices (Φst) and pairwise fixation
indices (Fst) were computed using 10 000 permu -
tations. DNA sequence data was also converted into
haploid gene frequencies and recoded in RECODE-
DATA v. 0.1 (Meirmans 2006) to calculate Fst(max).
Raw Fst divided by Fst(max) yields a standardized
index (F ’st), which is unbiased by within-population
variation. Values of Fst and F ’st were also calculated
between the recently collected Polydactylus macro -
chir from this study and the data from Chenoweth &
Hughes (2003) in order to assess the temporal
 stability of haplotype frequencies. The relationship
be tween genetic structure of populations and geo-
graphic distance, isolation-by-distance (IBD), was
performed online using IBD web service using 10 000
randomizations of the data (Jensen et al. 2005). The
geographic distances used for IBD were the appro -
ximate linear shoreline distances between sampled
populations, estimated in kilometers using Google
Earth version 4.3; these were compared to cor -
responding pairwise genetic distance (Fst/(1 − Fst)
(Rousset 1997).

Historical demography

The historical demography of Polydactylus macro -
chir and Eleutheronema tetradactylum (COI data
from Horne et al. 2011) was initially explored using
Fu’s Fs test of selective neutrality, which is a highly
sensitive test of population expansion (Fu 1997,
Ramos-Onsins & Rozas 2002) and mismatch distribu-
tions (Rogers & Harpending 1992) calculated in
ARLEQUIN with 10 000 permutations for both spe-
cies. In the case of an expanding population, the crest
of the mismatch distribution indicates the time since
expansion began in generational units (τ). As time
progresses, the crest of the distribution moves to the
right at a rate of 1 unit every 1/2u generations, where
u = 2µk, and µ is the neutral substitution rate per site
multiplied by the generation time and k is the num-
ber of nucleotide sites (Rogers & Harpending 1992).
Expansion time (t) can therefore be calculated as
t = (τ/2u) × generation time (Rogers & Harpending
1992).

Reconstructions of historical demography were
also carried out in LAMARC v. 2.1.5 (Kuhner 2006),
using Bayesian coalescent simulations, which esti-
mates 3 different demographic parameters:

(1) Θ, which for mtDNA is interpreted as 2Nefµ,
where Nef is the effective number of females in the
population. Θ was estimated under the assumption of
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unconstrained population growth as well as constant
population size (growth = 0)

(2) The exponential growth parameter g (in units
of 1/µ)

(3) Migration rate M, where the number of mig -
rants from one population to another (Nmij) is equal
to Θi × Mij for mtDNA.

All parameters were calculated using a reduced
data set of 30 randomly chosen individuals, to im -
prove the computation time (Felsenstein 2006, Kuh-
ner 2009). All 3 parameters were evaluated using a
Bayesian search strategy. Each run consisted of one
short and one long Markov chain Monte Carlo
(MCMC) and 5 thermodynamically heated Markov
coupled Markov chain Monte Carlos (MCMCMC),
which ran for a total of 20 × 106 generations, sam-
pling every 20 generations with a 20% burn-in. Con-
trol region sequences of Polydactylus macrochir
were run under the F84 substitution model, using a
transition-transversion ratio of 14.548, as estimated
in jMODELTEST 0.1.1 (Posada 2008). COI sequences
of Eleutheronema tetradactylum were run under the
GTR substitution model, with a user specified rate
matrix suggested by jMODELTEST. Final values for
each parameter were averaged over 10 independent
runs, each with a random starting seed. Outputs from
all LAMARC runs were inspected for effective sam-
ple size (ESS) in TRACER (Rambaut & Drummond
2007) to determine how well the analysis was able to
explore the parameter space.

Coalescence time for each species was estimated
using the formula Θt = Θnow

−(gµ)t, where Θ is the pro -
duct of effective female population size and mutation
rate at a given point in time (t) and at the present-
time (now). Under the assumption of unconstrained
population growth, coalescence was presumed when
Θt = 1% of Θnow, following the methods of Wares &
Cunningham (2001). For Polydactylus macrochir,
Chenoweth & Hughes (2003) report a substitution
rate of 7.7 to 16.8% per 106 yr and a female genera-
tion time of 5 yr. Here we use the same substitution
rate and generation time (µ = 1.9 to 4.2 × 10−7). How-
ever, given that P. macrochir change sex from male to
female between 3 and 9 yr of age and may sometimes
live in excess of 20 yr (Motomura 2004), we note that
the average female generation time may be longer
(see ‘Discussion’).

Coalescence age for Eleutheronema tetradactylum
was based on an average female generation time of
4.5 yr, taking into account that sex change occurs at
about 2 yr of age and maximum age is ~7 yr (Moto-
mura 2004). There is no molecular clock calibration
for the COI marker from the Polynemidae, but a gen-

eral substitution rate of 1.2% per 106 yr is estimated
for COI, based on nucleotide divergence of geminate
marine teleosts separated across the Isthmus of
Panama (Bermingham et al. 1997). It is also possible
that the substitution rate for COI for fish is closer to
0.5% (Knowlton & Weigt, 1998). For the purposes of
this study the COI sub stitution rate for E. tetra -
dactlyum is 0.5 to 1.2% per million years (µ = 1.1 to
2.7 × 10−8).

RESULTS

A total of 333 bp of the mitochondrial control re -
gion were resolved for 467 individual Polydactylus
macrochir sampled across northern Australia. Out of
333 bp, a total of 65 variable sites were observed. Of
these, 47 were parsimony informative, while 18 were
singletons. In total 74 control region haplotypes were
identified (Fig. 1). Haplotype (h) and nucleotide (π)
diversities were respectively 0.874 and 0.00715. Gen -
etic diversity of individual populations is reported in
Table 1.

Population structure

The overall population structure was Φst = 0.306
(F ’st = 0.838), p < 0.0001 and the majority of pairwise
population comparisons were significant (Table 2).
The strongest pairwise fixation indices in the data set
appear to be between NWWA and the rest of the
sampled range, congruous with a strong east-west
phylogeographic break seen in Eleutheronema tetra -
dactylum (Horne et al. 2011). There was extremely
deep population structure observed between the
Brisbane River and all other populations, which like
NWWA is on the periphery of the geographic distrib-
ution and may be thus isolated (Hellberg 2006). In
the Gulf of Carpentaria, strong population structure
was detected between Blue Mud Bay in the west gulf
(NT) and populations in the EGoC. Conversely, all of
the EGoC populations were spatially unstructured,
indicating high connectivity within this region.

IBD analysis was positive and significant (r2 = 0.45,
p < 0.001) (Fig. 2), suggesting that connectivity be -
tween populations of Polydactylus macrochir is lim-
ited and that migrants are exchanged in a stepping
stone fashion. This is in contrast to Chenoweth &
Hughes (2003), who reported a negative relationship
between geographic and genetic distance at the
largest spatial scale, driven by non-significant Fst val-
ues between the Fitzroy River (EQldC) and Darwin
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Harbor (NT). In the present study we also report
weak genetic structure between NT and the Fitzroy
River. However, our sampling extended beyond the
range of Chenoweth & Hughes (2003) and strong
genetic structure was observed between the most
distant populations, reaffirming IBD. When NT
 populations and Cleveland Bay (EQldC) populations
are removed from the analysis, the signal of IBD
was much stronger and similar to that reported for
mtDNA in Eleutheronema tetradactylum (r2 = 0.62,
p < 0.001).

Temporally, Fst values between samples from the
current study and those collected >10 yr earlier by
Chenoweth & Hughes (2003) were not significant for
the same locations, such as the Fitzroy River
(Table 3). Darwin Harbor and Chambers Bay also
share a close proximity and are temporally un -
structured. Yet samples collected a decade apart

were not as genetically similar as samples collected
from consecutive years from the same locations.
Therefore, while most locations seem to have main-
tained their genetic identities over 10 yr, subtle
changes in haplotype frequency have also occurred.
Populations of the EGoC did not show spatial genetic
structure in Years 1 and 2 (Table 2), or in the previous
study of Chenoweth & Hughes (2003). However, tem-
porally EGoC samples were unstable, with Fst values
that were non-significant only after a strict Bonfer-
roni adjustment of p-values (Table 3). Note that the
Bonferroni adjustment is intended to safeguard
against Type 1 error but is sometimes overly conser-
vative because it also diminishes the power of the
analysis (Moran 2003). Therefore, Bonferroni-correc -
ted significance values should be interpreted cau-
tiously. Further, while mostly not significant after
Bonferroni adjustment, F’st values were deep be -
tween the recent samples from the EGoC and the
data of Chenoweth & Hughes (2003) (Table 3). Tem-
poral but not spatial genetic structure suggests that
the genetic identity of the EGoC has changed over
time as a unit and argues demographic interconnec-
tivity between these populations.

Historical demography

The mismatch distributions of the entire data sets
for both species were unimodal, which is indicative
of demographic expansion (Figs. 3 & 4). Fu’s Fs value
was significantly negative for both species (−26.076,
p <0.0001 and −26.602, p <0.0001 for Polydactylus
macrochir and Eleutheronema tetradactylum respec-
tively), also indicating that demographic expansion
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BR FzR1 FzR2 ClB FlR AlR KeR ChB1 ChB2 BMB RbB1 RbB2 EMB

BR 0.935 0.984 0.996 0.998 0.997 0.997 0.989 0.990 1.000 1.000 1.000 1.000
FzR1 0.575 0.006 0.246 0.967 0.927 0.928 0.561 0.601 1.000 0.974 1.000 1.000
FzR2 0.593 −0.005 0.282 0.962 0.919 0.923 0.558 0.594† 1.000 0.979 1.000 1.000
ClB 0.924 0.071 0.063 0.983 0.973 0.965 0.776 0.889 1.000 0.991 1.000 1.000
FlR 0.368 0.261 0.220 0.291 0.000 0.000 0.955 0.952 0.979 1.000 1.000 1.000
AlR 0.494 0.370 0.310 0.467 −0.015 0.000 0.896 0.880 1.000 0.996 1.000 1.000
KeR 0.410 0.291 0.248 0.332 −0.004 −0.019 0.901 0.907 0.979 0.992 1.000 1.000
ChB1 0.352 0.069 0.053 0.081 0.198 0.224 0.213 0.000 1.000 0.789 0.823 0.801
ChB2 0.360 0.077 0.052† 0.118 0.176 0.191 0.197 −0.002 1.000 0.893 0.916 0.903
BMB 0.358 0.186 0.155 0.218 0.213 0.230 0.229 0.120 0.107 1.000 1.000 1.000
RbB1 0.774 0.580 0.556 0.748 0.400 0.504 0.444 0.319 0.331 0.382 0.000 0.241†
RbB2 0.831 0.627 0.600 0.858 0.378 0.476 0.424 0.316 0.313 0.357 −0.021 0.250
EMB 0.716 0.560 0.532 0.700 0.391 0.469 0.431 0.327 0.322 0.372 0.042† 0.027

Table 2. Polydactylus macrochir. Pairwise fixation indices (Fst) (lower diagonal) and standardized fixation indices (F’st) (upper
diagonal) for sampled populations (name codes see Table 1). Significant values in bold. †: samples not significant after 

Bonferroni correction (α = 0.00064)

r2 = 0.45
p < 0.001
slope = 5.9e-04
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0.524
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0.13

0.154
1.000
0.0

0.512
0.976
0.0

0.467
1.000
0.0

0.513
1.000
0.0

N
W

W
A

N
T

E
G

oC
E

Q
ld

C

Table 3. Polydactlyus macrochir. Temporal Fst and standardized F’st fixation indices of sampled populations from this study
(vertical) against those of Chenoweth & Hughes (2003) (horizontal), with corresponding p-values. Codes of regions and popu-
lations see Table 1. Significant values in bold; p-values < 0.0001 are shown as 0.0. †: values not significant after Bonferroni cor-
rection (α = 0.0004). Shaded areas indicate comparisons between populations in the same region. Italics indicate comparisons 

between samples from the same location
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has occurred. Based on mismatch distributions, ex -
pansion in P. macrochir appears to be at least 5-fold
younger than in E. tetradactylum: 27−58 versus
138−352 kyr, respectively. Resulting mismatch distri-
butions and neutrality tests from each region were
also typical of population expansion (Figs. 3 & 4). In

P. macrochir expansion in the NT and EGoC com-
menced earlier than in NWWA or EQldC. In E. tetra -
dactylum, the EQldC appears to have the oldest
expansion time.

Independent runs of LAMARC yielded consistent
results and inspection of LAMARC tracefiles in
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Fig. 3. Polydactylus macrochir. Mismatch distribution of 467 control region haplotypes (333 bp) and expansion model fre-
quency, for the total sample (left) and by region (right). Region name codes are shown in Table 1. Values are shown for Fu’s Fs
test of population expansion, time since the onset of expansion in units of 2ut (τ) (see ‘Materials and methods: Historical de-
mography’), population size at the onset of expansion (θ0) and at the present (θ1), and expansion time in 103 yr (kyr). The
ranges of expansion time are not confidence intervals but are due to different substitution rates (µ = 1.9 × 10−7 to 4.2 × 10−7)
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TRACER revealed ample effective sample sizes
(>8000), smooth posterior distributions and had trace
plots that were stable and characteristic of conver-
gence. Effective mixing of the MCMCMC chains
suggests that the parameter space was adequately
explored and should add confidence to the inference
in spite of the fact that a single marker is suboptimal
in such analyses (Felsenstein 2006) and the high pos-
terior density 95% confidence intervals were wide
(Table 4). As with the mismatch based expansion
times, coalescence age estimated in LAMARC indi-
cated that Polydactylus macrochir genealogies were
much shallower than Eleu the ro nema tetradactylum,
with most probable coalescence ages of 13 and
29 kyr versus 100 and 250 kyr respectively, depend-
ing on what value of µ is used (Table 4). LAMARC
was also used to analyze population history at a
smaller regional scale but determining how to parti-
tion the data for this required some consideration.
LAMARC assumes that populations have reached
drift-migration equilibrium (which we presume at
larger spatial scales, in spite of recent expansion,
given significant IBD; Slatkin 1993) and that separate
populations exchange migrants at a stable rate and
have done so for a ‘long time’ (Kuhner 2009). LA -
MARC also struggles when >~3 populations are con-
sidered (Kuhner 2009). Deciding how to appropri-
ately divide the data for analysis in LAMARC was
largely a matter of trial and error and several differ-
ent configurations were tried. In the end, populations

were analyzed as west (NWWA) and east (all other
samples), in a 2 population migration matrix, in
accordance with the strong pairwise fixation indices
exhibited by both species against NWWA popula-
tions. Assignment tests of micro satel lite loci for E.
tetradactylum also support this break (Horne et al.
2011). Under this arrangement LA MARC performed
well. In both species, populations of NWWA were
estimated to be younger than their eastern counter-
parts, with most probable coalescence ages of 4 to
9 kyr and 14 to 35 kyr in P. macro chir and E. tetra-
datylum respectively. In the east, the most probable
coalescence ages were 11 to 25 kyr and 57 to 142 kyr
respectively (Table 4).

DISCUSSION

Spatial and temporal genetic structure of
 Polydactylus macrochir

Considerable genetic structure was detected
through  out the geographic range of Polydactylus
macro chir (Table 2). Along the EQldC, structure
was detected between the Brisbane River, Fitzroy
River and Cleveland Bay. In addition, the Princess
Charlotte Bay samples from Chenoweth & Hughes
(2003) were also significantly structured against all
other populations (Table 3). Within the Gulf of Car-
pentaria, significant structure was detected between
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M Θ g µ Coalescence age
(kyr)

P. macrochir
All samples 0.183 (0.06−1.53) 825 (364−1682) 4.2 × 10−7 13.3 (6.5−30.1)

c 0.023 (0.01−0.04) 1.9 × 10−7 29.0 (14.2−65.7)

East 21.4 (0.03−87.3) 0.113 (0.04−1.0) 968 (410−2122) 4.2 × 10−7 11.3 (5.2−26.7)
East → West c 0.017 (0.009−0.03) 1.9 × 10−7 24.7 (11.2−58.4)

West 94.7 (1.8−347.5) 0.028 (0.01−0.45) 2634 (1258−4860) 4.2 × 10−7 4.2 (2.3−8.7)
West → East c 0.003 (0.001−0.007) 1.9 × 10−7 9.1 (4.9−19.0)

E. tetradactylum
All samples 0.234 (0.07−1.6) 1694 (514−3388) 2.7 × 10−8 100.4 (50.3−332.0)

c 0.02 (0.01−0.03) 1.1 × 10−8 246.5 (123.6−815.0)

East 9.49 (0−16.3) 0.248 (0.06−2) 2941 (1326−4873) 2.7 × 10−8 58.0 (35.0−128.6)
East → West c 0.005 (0.002−0.009) 1.1 × 10−8 142.3 (85.9−315.6)

West 10.35 (0−15.9) 0.114 (0.02−0.73) 11 990 (8236−14 857) 2.7 × 10−8 14.2 (11.5−28.2)
West → East c 0.0008 (0.0001−0.002) 1.1 × 10−8 34.9 (28.2−50.8)

Table 4. Polydactylus macrochir and Eleutheronema tetradactylum. Bayesian coalescent simulations of historical demographic
parameters with the 95% limits of the posterior distributions in parenthesis, for all samples and for pooled samples from
 western (NWWA) and eastern (all other samples) regions. M: effective immigration rate expressed as immigration rate divided
by µ; Θ: effective female population size expressed as Neµ estimated assuming unconstrained growth (above) and constant 

population size (c) (below); g: exponential growth parameter; µ: substitution rate per site per generation
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Blue Mud Bay, in the western gulf, and EGoC sam-
ples. With the exception of a few anomalous popula-
tions, such as Cleveland Bay, in which only the most
common haplotype was sampled, and the NT popu-
lations, which for unknown reasons were weakly
structured against the Fitzroy River, the signal of
IBD in the data was unmistakable. These findings
are harmonious with 2 other studies, performed on
the same specimens used in the present study, one
examining otolith microchemistry (Newman et al.
2010) and the other spatial variation in age and
growth (Moore et al. 2011). Both studies conclude
that movement be tween adjacent populations is
limited. All indications suggest that most P. macro -
chir populations are large ly self-seeding and that
dispersal distances are small.

Temporally the genetic patterns of Polydactylus
macrochir are mostly stable across the time period
of a decade and the general results of Chenoweth &
Hughes (2003) were in large measure replicated by
this study. However, the extent of temporal genetic
homogeneity observed in samples from the same
locations was not the same between the 1-yr and
10-yr temporal scales, with the latter bordering on
statistically significant genetic structure in many
cases (Table 3). Although the genetic differentiation
be tween temporal scales is subtle, other genetic
studies of fishes have suggested that small differ-
ences in Fst can represent biologically important re -
strictions to gene flow rather than just noise in the
data (Eble et al. 2009, Knutsen et al. 2011). In gen-
eral, there are 2 factors that could account for tem-
poral genetic structure: (1) Genetic drift. Small and
insular breeding populations, as may be the case
here, will naturally be more susceptible to the ef -
fects of random genetic drift than larger populations
(Slatkin 1987), especially in the mtDNA which has a
smaller effective population size than nuclear genes
(Birky et al. 1989). Moreover, because in many
areas P. macrochir appears to be at least fully ex -
ploited by fisheries (Pember et al. 2005), fishing
pressure may potentially contribute to the effects of
genetic drift. (2) Migration. While genetic drift can-
not be overlooked as a force driving temporal popu-
lation structure, fluctuations in local haplotype fre-
quencies through some level of migration between
local populations can lead to temporal genetic
changes.

The degree of temporal genetic structure was not
the same for all regions. In the EGoC, temporal struc-
ture was much deeper than seen in other populations
and was mostly significant before a Bonferroni
adjustment of p-values (Table 3). Why the temporal

genetic structure of the EGoC is less stable than
other areas is not readily apparent. Plausibly, fishing
pressure in the Gulf could have a greater impact than
elsewhere. In this regard, it is noteworthy that a
recent age-based study of Polydactylus macrochir, by
Welch et al. (2010), reported a dramatic decrease in
maximum age and an increase in the length-at-age
relationship in the Gulf of Carpentaria compared to
an earlier study by Bibby & McPherson (1997). Such
age-based patterns are most likely density depen-
dent and temporal changes are arguably the result of
fishing activity over the last 10 yr. Therefore, tempo-
ral genetic structure in Gulf populations of P. macro -
chir may be due to intensified genetic drift, in re -
sponse to fishing pressure.

Additionally, temporal genetic instability in the
gulf could be partly because EGoC populations ex -
perience more gene flow than other populations, as
spatially there was no spatial population structure
detected in the EGoC in this study or in Chenoweth &
Hughes (2003). Furthermore, temporal but not spa-
tial genetic structure indicates that the change in
genetic signature in these populations has occurred
as a unit over time, suggesting demographic inter -
dependence between them. Demographic connectiv-
ity in the EGoC could be enhanced due to seasonal
ocean currents that develop in the Gulf. Motomura
(2004) reports that spawning in Polydactylus macro -
chir occurs during the summer months, which co -
incides with wind driven, shore-parallel, ocean circu-
lations in the Gulf of Carpentaria (Wolanski 1993).
Year-class strength in juvenile P. macrochir has also
been tied to rainfall and riverine output (Halliday et
al. 2008), which is highest during summer months in
the Gulf (Wolanski 1993). Therefore, spawning in
P. macrochir appears to occur in sync with optimal
conditions for larval dispersal in the Gulf of Carpen-
taria. Adult migration may also occur in the gulf,
where 1 marked female was recaptured at a distance
of ~600 km (Welch et al. 2010).

Demographically significant gene flow in EGoC
populations of Polydactylus macrochir appears to be
exceptional, however, because most temporally sam-
pled populations have retained their spatial genetic
structure much better than those in the gulf. There-
fore, while some migration between populations is
likely to have occurred, causing temporal genetic
changes, spawning site fidelity by adults and self-
recruitment by larvae appear prevalent in this spe-
cies in most areas. From a fisheries management per-
spective, most populations of P. macrochir should be
presumed to have a high degree of demographic
autonomy.
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Historical demography

Polydactylus macrochir and Eleutheronema tetra -
dactylum are very similar large inshore marine fishes
with similar reproductive bio logy, habitat prefer-
ences and dietary ecologies (Moto mura 2004). The
spatial genetic patterns of P. macrochir and E. tetra -
dactylum are also very similar: both species exhibit a
phylogeographic break be tween NWWA and the rest
of the tropical Australian coast and both species
show finer scale population structuring within the
geographic regions surveyed. Ecological and phylo-
geographic similarities are so striking that parallel
demographic histories almost seem an inevitable
conclusion. In spite of this, our results suggest that
populations of E. tetradactylum are much older than
equivalent populations of P. macrochir. If so, there
may be some key ecological differences between the
species.

It might be argued that the values of µ used in this
study are arbitrary, and this may have led to a flawed
analysis. Erroneous substitution rates are entirely
possible because the rates used are either not based
on geological calibrations or come from unrelated
taxa. However, recall that we sequenced 18 Poly-
dactylus macrochir individuals, from across northern
Australia, at the COI locus and found no polymor-
phisms (see Materials and methods), not even be -
tween the most distant regions, NWWA and the
EQldC. In contrast, 47 different haplotypes were
identified in the COI locus in Eleutheronema tetra -
dactylum, as well as a strong geographic signal in the
data (Horne et al. 2011). Seemingly, P. macro chir is
either too young to have acquired many mutations in
the more conserved COI gene region, or has re cently
experienced a mitochondrial selective sweep (Meik-
lejohn et al. 2007). Nevertheless, while circumstan-
tially a lack of COI polymorphism in P. macrochir
suggests that mito chondrial coalescence in this spe-
cies is indeed shallower, it does not conclusively
demonstrate that the values of µ are accurate. Other
selective proces ses that differ between the 2 mtDNA
markers could also undermine the results of this
study (see Haney et al. 2010). But, as Hickerson &
Meyer (2008) explain, if strong positive selection
occurs on a marker before population expansion,
estimates of coalescence age would be improved due
to a loss of ancestral polymorphism.

The substitution rate µ is also dependent on gener-
ation time. For Eleutheronema tetradactylum we
used an estimated average female generation time
(4.5 yr) based on age at first and last female repro-
duction. In Polydactylus macrochir a female genera-

tion time of 5 yr was used. This generation time was
used for direct comparison with Chenoweth &
Hughes (2003). Yet, realistically, given a maximum
potential longevity of over 20 yr in some areas, the
average female generation time of P. macrochir may
be longer. Even so, increasing the generation time
would not drastically alter our conclusions because
assuming a longer generation time would only give
an increased estimate of µ (per site substitution rate ×
generation time), which cancels out for mismatch
expansion age (t = (τ/2u) × generation time), but
would give P. macrochir an even more recent co -
alescence age than is presented here based on esti-
mates of g.

In spite of substitution rates that are unsubstan -
tiated and coalescence that is based on a single
mtDNA marker, shallow coalescence age in Poly-
dactylus macrochir could be explained by a popula-
tion bottleneck at the most recent glacio-eustatic low
in sea level ~17 kyr BP, when sea level dropped
120 m below present levels (Bintanja et al. 2005,
Wright et al. 2009). Low-sea-level population bottle-
necks are expected and have been reported for fishes
that are shallow water specialists (Fauvelot et al.
2003, Craig et al. 2010), due to loss of habitat. During
the most extreme low-stands in sea level the geomor-
phology of the Australian coast undergoes dramatic
transformations and shallow inshore habitat becomes
scarce. On the east coast receding sea levels would
have exposed the edge of the continental shelf,
resulting in sea cliffs along much of what is now the
Great Barrier Reef (Hopley et al. 2007). The Gulf of
Carpentaria would have been dry land (Voris 2000).
On the west coast the story would have been much
the same (Twiggs & Collins, 2010). Under these con-
ditions it is unlikely that either species could have
maintained large populations. But the population
bottleneck seems to have been more acute in P.
macrochir.

If Polydactylus macrochir is more sensitive to fluc-
tuations in sea level it may be because it has more
stringent habitat requirements than Eleutheronema
tetradactylum. Plausibly, P. macrochir may be more
dependent on estuaries as it is more frequently en -
countered in estuarine habitat (D. J. Welch pers. obs.)
than E. tetradactylum. The larvae of P. macrochir also
appear to settle exclusively in estuaries (Halliday et
al. 2008), while E. tetradactylum larvae do not have a
strict settlement habitat (M. Pember pers. comm.).
Voris (2000) points out that during extreme lows in
sea level a large river emptied from the Sahul shelf
into the Arafura Sea. Speculatively, the estuary of
this river could have been a low-sea-level refugium
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for P. macrochir, perhaps even the only refugium. If
so, recolonization of the geographic range of P.
macro chir could have been staged from this refuge,
which might explain the much higher genetic diver-
sity in NT and EGoC relative to NWWA and the
EQldC, the latter of which was probably not colo-
nized until after the Torres Strait was opened ~7 kyr
BP (Hopley et al. 2007) (Fig. 3).

For Eleutheronema tetradactylum, the greatest
genetic diversity was on the EQldC, in both mtDNA
and nuclear microsatellites (Horne et al. 2011).
EQldC also had the oldest regional expansion time.
Potentially, recolonization of the north Australian
coast could have spread from an eastern refugium in
E. tetradactylum. However, this seems unlikely for at
least 2 reasons: (1) E. tetradactylum lineages do not
have as shallow a coalescence time and do not coa-
lesce to around the time of the most recent glacial
maximum. For recolonization to have come from the
east, E. tetradactylum populations west of the Torres
Strait would need to be younger than ~7 kyr, which is
inconsistent with our inferences. (2) Unlike Poly-
dactylus macrochir, E. tetradactylum is not an Aus-
tralian plate endemic and is found in waters through-
out Southeast Asia. It is possible there has been some
genetic communication between Australia and popu-
lations further north since the last glacial maximum.
Most likely, E. tetradactylum fared better during
times of low-sea-level and had multiple refugia,
including an EQldC refugium that has since retained
a unique genetic signature in the face of admixture.

Peripheral isolation

For reasons that are not evident, the west coast of
Australia may have been entirely recolonized follow-
ing sea level recovery, as coalescence ages of NWWA
populations of both species are very shallow and in-
dicate a late Pleistocene or Holocene recolonization
by a small number of founders. In this regard both co-
alescence methods used in this study agree, placing
the age of genetically depauperate NWWA polyne-
mid populations within the last 20 kyr. Low genetic
diversity is probably also due to limited migration, as
well as recent recolonization: being on the western-
most periphery of the Australian coast means that op-
portunities for migrant exchange and the accumula-
tion of genetic diversity are not as great as more
centralized populations (Ray et al. 2003). The same
can be said for the far eastern periphery on the
EQldC, where the Brisbane River, had the lowest di-
versity of any Polydactylus macrochir population, ex-

cept for Cleveland Bay. A combination of peripheral
isolation and perhaps a narrow migration corridor
along the Kimberly Coast best explains the genetic
distinctiveness of NWWA polynemid populations.

CONCLUSIONS

Across northern Australia populations of Polydacty-
lus macrochir are genetically fragmented and seem to
have limited demographic interdependence, with the
possible exception of EGoC populations, which ap-
parently comprise a single demographic unit. Dis-
tance appears to be the greatest factor determining
the amount of genetic exchange between popu la -
tions, although the Kimberly Coast in NWWA and the
Torres Strait in Queensland are probably also narrow
migration corridors that may restrict gene flow. From
a policy perspective, fisheries management of P.
macro chir is recommended at the smallest spatial
scale. Fisheries managers should also consider the
tempo ral genetic heterogeneity in the EGoC, as this
is potentially a reflection of intense fishing pressure.
Extremely shallow mitochondrial coalescence sug-
gests that this species has recently undergone a se-
vere population bottleneck that corresponds to a loss
of shallow water habitat around Australia during low-
stands in sea level. Hence, P. macrochir appears more
vulnerable to habitat disturbances than the co-dis-
tributed Eleutheronema tetra dactylum of the same
family, at least during some phases of its life cycle,
and this should be a consideration for the fisheries
management of this species. In particular, anthro-
pogenic impacts, such as water infrastructure have
been predicted to have adverse effects on P. macro -
chir populations (Halliday et al. 2008). The data pre-
sented here also suggests sensitivity to changes in
habitat in this commercially important fish.
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