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REGIONAL PANMIXIA IN THE MULLET MUGIL CEPHALUS 
ALONG THE COAST OF EASTERN QUEENSLAND; 

REVEALED USING SIX HIGHLY POLYMORPHIC MICROSATELLITE LOCI

HUEY, J.A., ESPINOZA, T. & HUGHES, J.M.

Catadromy describes an array of migration behaviours which are expected to generate different pat-
terns of genetic structure; from total panmixia (genetic homogenisation) to moderate structure with iso-
lation by distance. In this study, the genetic structure of the circumtropical sea mullet (Mugil cephalus) 
along approximately 550km of the Queensland coastline was investigated. Using six highly variable 
microsatellite loci, no signifi cant genetic structure was detected (FST < zero), despite high genetic diver-
sity providing suffi cient power to detect structure. These patterns of genetic structure were concordant 
with other studies of M. cephalus at similar scales in other parts of the world. Overall, genetic structure 
for M. cephalus is similar to that of many marine species, which also show panmixia along this sec-
tion of the Queensland coast. Conservation of this species should focus on ensuring freshwater-marine 
migration is not diminished.

Joel A. Huey, Australian Rivers Institute, Griffi th School of Environment, Griffi th University. 
Nathan, Queensland, Australia, 4111, email: j.huey@griffi th.edu.au; Thomas Espinoza, Queensland 
Department of Environment and Natural Resource Management. Bundaberg, Queensland, Australia, 
4670; Jane M. Hughes, Australian Rivers Institute, Griffi th School of Environment, Griffi th University. 
Nathan, Queensland, Australia. 4111

INTRODUCTION
Diadromous species require marine and freshwater 
environments to complete key components of their 
life history. For the conservation and management 
of such species, the quality of marine and freshwater 
environments is important, as is the maintenance of 
connectivity between these environments (McDowall, 
2008). When freshwater connectivity is reduced, 
saltwater connectivity among populations along 
a coastline becomes an important factor for long 
term population viability. However, despite the 
global distribution of diadromous species, and their 
prominence in freshwater and near shore ecosystems, 
little is known about the hydrological and genetic 
connectivity of populations (McDowall, 1999).

Broadly, diadromy consists of three types; anadromy, 
amphidromy and catadromy. Catadromous species 
are the rarest of the three diadromous categories, with 
breeding occurring in marine environments followed 
by migration into rivers and lakes for adult growth 
(McDowall, 1992). The most extreme catadromous 
species, the freshwater eel (Anguilla spp), migrates 
to a single location in the ocean to spawn before 
recruits return to freshwater (Schmidt, 1923). The 
result is panmixia (genetic homogenisation) over the 
entire distribution of the species, across thousands 
of kilometres (Avise et al., 1986; Dannewitz et al., 

2005). However, not all catadromous species exhibit 
such extreme migratory behaviour, with many species 
spawning in near-shore and estuarine environments. 
Modest levels of genetic structure ensue, with partially 
isolated populations exchanging some migrants via 
the marine environment. This leads to restricted gene 
fl ow and isolation by distance; a correlation between 
genetic and geographic distance (Chenoweth & 
Hughes, 1997; Jerry & Baverstock, 1998). Interpreting 
genetic pattern and process in catadromous species 
is evidently complex, yet essential to the effective 
management and conservation of these species. 
Migratory behaviour of the widely distributed sea 
mullet (Mugil cephalus L. 1758) was noted by the 
fi rst natural historian, Aristotle who compared it to 
the freshwater eel (Anguilla anguilla L. 1758) in his 
Historia Animalium. A tropical and temperate species, 
M. cephalus is restricted to coastlines between 42 
degrees north and south latitudes (Thomson, 1963). 
Mugil cephalus larvae hatch at sea and use tidal 
currents to enter estuaries, both passively and actively, 
at 28-42 days old (Pusey et al., 2004). Movement 
towards more turbid freshwater habitats is believed 
to be a result of osmoregulatory, thermal and trophic 
factors (Oren, 1981; Thomson, 1955).    The majority 
of juvenile mullet will then remain within one river 
system until maturity. However, migrations are 
common, including ‘hard gut’ runs (also know as 
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‘wash out’ runs; believed to be a response to fl ood-
induced removal of detrital food sources from riverine 
habitat) which may lead to colonisation of new river 
systems (Hadwen & Arthington, 2007; Pusey et al., 
2004; Smith & Deguara, 2002). When adults migrate 
back to the marine environment to spawn, movement 
is almost always in a northerly direction, with 
resulting spawning aggregations close to river mouths 
(Kesteven, 1953; Virgona et al., 1998). With all of 
these opportunities for gene fl ow among populations, 
it is likely that genetic structure among populations 
will be low to non-existent over extensive geographic 
areas joined by continuous coastlines.

To date, population genetic studies of M. cephalus 
have used allozymes, mtDNA and AFLPs to detect 
genetic structure. A recently available microsatellite 
library for M. cephalus (Miggiano et al., 2005) 
provides the fi rst opportunity to explore fi ne-scale 
patterns of genetic structure for this species with 
microsatellites to more precisely test the hypothesis 
that populations are panmictic along coastlines. 

MATERIALS AND METHODS
SAMPLE COLLECTION
A mixture of adults and juveniles were collected from two 
sites in Baffl e Ck (14 from the estuarine Ferry’s Crossing; 
and 6 from the upstream limit; combined n = 20), one 
reach in the lower Boyne (fresh, n = 21), one site Calliope 

(fi rst fresh waterhole above the estuary n = 8), one site in 
the Albert River (freshwater n = 18) and one site in the 
Logan River (freshwater n = 20) (Fig. 1). Samples were 
taken from riverine sites as M. cephalus was aggregated 
into discrete locations at this life-history phase. 

Sampling was undertaken using a boat electrofi sher 
(2.5GPP, Smith-Root, Inc. Vancouver, WA, USA) 
between May 2009 and May 2010.  Fish were held 
within an on-board aerated tank (200L) fi tted with 
a recirculation system (Flow-Rite Controls, Ltd. 
Australia) before being anaesthetised using AQUI-S 
(540g/L Isoeugenol) solution (5ml/1000L).  Once 
sedated a 5x5mm sample was taken from the anal fi n 
using sterilised scissors and placed in a labelled vial 
containing absolute-ethanol (C2H5OH = 46.1).

LABORATORY METHODS
Total genomic DNA was extracted using a salt 
extraction technique, adapted from Aljanabi and 
Martinez (1997). After precipitation and washing, 
DNA was resuspended in 50μL ddH2O until required 
for further analysis. 

Eight microsatellite loci were taken from Miggiano 
et al. (2005) and pre-screened to identify which loci 
amplifi ed in the samples. Loci 15CM, 16DM, 17FM, 
2DM, 2FH and 6DM were considered appropriate 
for this study, displaying high polymorphism and 
easily scored alleles. Loci 15AM and 1EH failed 
to amplify successfully. Screening of microsatellite 
loci was performed on an Applied Biosystems 
3130 Genetic Analyser; which requires amplifi ed 
fragments to be fl uorescently labelled. To achieve 
this, forward primers for each locus had a 20-
mer oligonucleotide chain added, which, with the 
addition of a fl uorescently labelled tag in the PCR, 
enabled the amplifi ed fragment to be fl uorescently 
labelled. A different 20-mer oligonucleotide chain 
was used for each dye (6-FAM, VIC, NED, PET) as 
outlined in Real et al. (2009). Multiplex PCR’s were 
not used to amplify loci.

10l PCR reactions included; 0.5L template 
DNA, 0.5mM reverse primer, 0.125mM forward 
‘tailed’ primer, 0.4mM fl uorescently labelled tag, 
0.2mM dNTP’s, 1.5mM MgCl2, 1x Buffer, 0.2l 
taq polymerase (red taq, Astral Scientifi c). Cycling 
conditions consisted of an initial hold at 94ºC for 
5 minutes, followed by 40 cycles of 94ºC for 30 
seconds, 50ºC for 30 seconds and 72ºC for 45 
seconds. There was a fi nal extension for 7 minutes, 

FIG. 1. Map of study area showing sites. Site latitude and 
longitudes are provided in Table 1. Grey area on the map of 
Australia (inset) represents the distribution of M. cephalus 
in Australia.
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followed by an infi nite hold at 4ºC. PCR product was 
kept at 4ºC until analysed. Loci were screened on an 
Applied Biosystems 3130 Genetic Analyser, with all 
loci run simultaneously. Genotypes were analysed and 
exported using GENEMAPPER (Applied Biosystems, 
version 4.0). All individuals were screened at all loci.

STATISTICAL ANALYSIS
The microsatellite dataset was tested for null 
alleles, poor scoring and large allele dropout using 
MICROCHECKER (van Oosterhout et al., 2004). 
Genetic diversity in the form of observed and expected 
heterozygosity was calculated using ARLEQUIN 
(version 3.5.1.2, Excoffi er & Lischer, 2010). Allelic 
Richness was calculated in FSTAT (version 2.9.3.2, 
Goudet, 1995) with the estimate scaled by the smallest 
site’s sample size (Calliope, n = 8). Deviations from 
Hardy-Weinberg Equilibrium (HWE) were tested 
in ARLEQUIN using exact tests. The inbreeding 
coeffi cient FIS was calculated in GENEPOP (Raymond 
& Rousset, 1995; Rousset, 2008). 

Genetic structure was estimated using Weir and 
Cockerham’s θ (Weir & Cockerham, 1984), an FST 
analogue performed in ARLEQUIN. For the rest of 
the manuscript θ will be referred to as FST. Overall 
and pairwise FST values were calculated. Statistical 
signifi cance of the FST estimate was calculated using 
permutation tests. Furthermore, to identify signifi cant 
structure among sites, Fisher’s exact tests were 
calculated using ARLEQUIN. 

As very low genetic structure is predicted for M. 
cephalus across the study area it is important to 
delineate between insuffi cient statistical power 
revealing insignifi cant genetic structure and genuine 
panmixia. To do this a post-hoc power test was 
performed in POWSIM (Ryman & Palm, 2006). 
POWSIM generates many datasets with specifi c 

FST values and then identifi es what proportion of 
times, with a certain confi guration of data (number 
of alleles, allelic frequencies, number of loci) 
signifi cant structure will be detected at a specifi ed 
confi dence level (α = 0.05). The FST values are 
derived by altering key parameters in a coalescent 
model; Ne, the effective population size, and t, the 
time of population divergence. 

For this analysis, different FST values were chosen 
to identify the point at which the data became 
non-informative (low power). Allele frequency 
distributions, numbers of alleles, sample sizes 
and numbers of loci for each simulation matched 
those found in this study allowing an estimation 
of power specifi c to our data confi guration. To 
generate simulated data sets with these FST values, 
the equation outlined in Ryman and Palm (2006) was 
used (Equation 1). 

Multiple confi gurations of t (time since divergence) 
and Ne (effective population size) can generate the 
same FST. Running the analysis with a smaller Ne 
makes the analysis quicker, but may lead to the loss 
of low frequency alleles (Ryman & Palm, 2006). 
For this analysis Ne was set at 10,000, ensuring the 
retention of low frequency alleles. It is important 
to note that the Ne used for this analysis does not 
need to match expectations for wild populations. 
As Ne was fi xed (10,000) for each power test 
(different FST values), only t was altered to generate 
the appropriate FST. For each test, 1000 sample 
data sets were generated and analysed using FST 

TABLE 1. Study site details and samples sizes

Site Latitude Longitude Sample size

Baffl e  24°20’50”  151°36’33” 20

Boyne  24°02’27”  151°19’14” 20

Calliope  23°59’23”  151°07’18” 8

Albert  27°46’47”  153°11’35” 18

Logan  27°42’14”  153°11’31” 20

FST = 1-(1-(1/2Ne)
t) 

EQUATION 1
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Fig. 2. Power analysis results. Line describes the relationship between FST and the proportion of signifi cant tests using the 2 
contingency test. The solid circles describe statistical power using the observed data to parameterise the analysis. The hollow 
circles describe statistical power with all sample sizes increased to 50 individuals.

χ2 permutation tests and Fisher exact tests. These 
are both calculated within POWSIM. The relative 
frequency of signifi cant tests was determined and 
used as a close approximation of the power for the 
data to detect structure at that FST value. 

RESULTS
GENETIC DIVERSITY
All individuals amplifi ed successfully at every locus. 
MICROCHECKER uncovered no evidence for null 
alleles, poor scoring or long allele drop out. As such, 
all loci were included in all analyses. Genetic diversity 
was high across all loci and populations (Table 2). 
Expected heterozygosities ranged between 0.87 and 
0.97, with allelic richness (scaled by the smallest site; 
Calliope, n = 8) ranging between 8.3 and 12.1 alleles. 
These levels of diversity were broadly consistent with 
those detected in the primer note (Miggiano et al., 
2005). Two populations deviated signifi cantly from 
HWE at a locus. The site ‘Logan’ exhibited a deviation 
at locus 17FM, with this population exhibiting a 
defi ciency of heterozygotes (FIS = 0.15). Miggiano 

et al. (2005) also detected a heterozygote defi ciency 
with this locus in the Sardinian population, but not 
a population from Moreton Bay. The site ‘Baffl e’ 
deviated from HWE at locus 2FH. 

GENETIC STRUCTURE
FST permutation tests and Fisher’s exact tests revealed 
no signifi cant genetic structure (P < 0.05). All FST 
values (overall and pairwise) were negative. While 
FST is generally accepted to range between 0 and 1 (0 
= genetic homogenisation), ARLEQUIN can return 
values less than zero in some circumstances. These 
values should be interpreted as zero (Meirmans, 2006). 

STATISTICAL POWER
Using specifi c FST values, POWSIM described an 
exponential relationship between FST and statistical 
power (Fig. 2). Both methods for statistically 
detecting structure, 2 permutation tests and Fisher’s 
exact tests, revealed the same distribution. At very 
small FST values (e.g., FST between 0 and 0.0005) the 
proportion of signifi cant tests closely mirrored that 
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expected by the Type I error rate of 0.05 (That is, 5% 
of tests should be signifi cant in the absence of true 
differentiation with an alpha value of 0.05). For this 
data, population structure can be detected at suffi cient 
power using six microsatellite loci when FST values 
are above 0.008 (proportion of signifi cant tests = 
0.934 and 0.927; for 2 and exact tests respectively).

As the sample sizes for this study were lower than 
what is generally collected for gene fl ow studies (e.g., 
typical studies of this nature may aim for >30 samples 
per study site), we also performed a power analysis 
with the sample sizes increased to 50 individuals per 
population. The allelic distributions were kept the 
same and the analysis was only conducted using the 

Table 2. Diversity indices showing expected heterozygosity (HE), Allelic Richness (rarefi ed to n=8, AR), the inbreeding 
coeffi cient (FIS) and HWE p-values

HE

Site 15CM 16DM 17FM 2DM 2FH 6DM

Baffl e 0.951 0.923 0.938 0.931 0.901 0.963

Boyne 0.931 0.903 0.938 0.921 0.923 0.942

Calliope 0.967 0.892 0.967 0.950 0.917 0.950

Albert 0.932 0.897 0.883 0.930 0.913 0.938

Logan 0.913 0.869 0.935 0.929 0.905 0.944

 AR

 Site 15CM 16DM 17FM 2DM 2FH 6DM

Baffl e 11.27 9.40 10.61 10.32 8.33 12.12

Boyne 9.97 8.47 10.40 9.33 9.51 10.84

Calliope 12.00 9.00 12.00 12.00 9.00 11.00

Albert 10.57 8.71 8.27 10.10 9.30 10.45

Logan 9.04 8.85 10.01 9.80 8.59 10.99

 FIS

 Site 15CM 16DM 17FM 2DM 2FH 6DM

Baffl e 0.06 -0.03 0.10 -0.02 -0.06 -0.04

Boyne 0.03 0.00 0.04 0.02 -0.09 -0.01

Calliope -0.04 -0.13 -0.04 0.08 0.05 -0.06

Albert -0.01 -0.12 -0.01 -0.08 0.03 -0.07

Logan -0.04 -0.04 0.15 -0.08 0.01 0.05

 HWE p-values

Site 15CM 16DM 17FM 2DM 2FH 6DM

Baffl e 0.265 0.759 0.069 0.864 0.027 0.755

Boyne 0.844 0.833 0.486 0.949 1.000 0.394

Calliope 1.000 1.000 1.000 0.453 0.696 1.000

Albert 0.758 0.281 0.251 0.961 0.739 0.151

Logan 0.867 0.387 0.005 0.854 0.782 0.044
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2 test. As expected, greater power resulted (Fig. 2). 
More than doubling the sample sizes allowed reliable 
detection of genetic structure at FST values as low as 
0.003 (proportion of signifi cant tests = 0.973)

DISCUSSION
Mugil cephalus, despite breeding in semi-discrete 
locations along the coast, revealed no evidence 
of genetic structure across ~550 km of coastline. 
This was despite the use of six highly variable 
microsatellite loci. A post-hoc analysis of power 
revealed that with these loci and sample sizes, 
genetic structure could be reliably detected at FST 
values above 0.008 (proportion of signifi cant tests = 
0.934 using 2 tests). As such, it is clear that for this 
data, only very weak levels of genetic structure (< 
0.008) would go undetected (i.e., be non-signifi cant). 
A further power analysis showed that detectable 
structure could be revealed with FST values as low as 
0.003, if the sample sizes were more than doubled (n 
= 50 per site). While it is inevitable that population 
genetic studies will always have some small levels 
of genetic structure that will go undetected due to 
insuffi cient power, it is important to consider the 
biological signifi cance of these very low FST values. 
For example, in the truly panmictic European eel 
(A. anguilla) microsatellite loci have revealed 
signifi cant FST values exceeding 0.008 (Dannewitz 
et al., 2005; Wirth & Bernatchez, 2001). These 
signifi cant and small FST values (as low as 0.0006 
and still signifi cantly different from zero due to high 
statistical power) were not the product of restricted 
gene fl ow (as proposed by Wirth & Bernatchez, 
2001), but were the product of temporal instability in 
gene frequencies (Dannewitz et al., 2005). 

Previous studies of M. cephalus have found 
confl icting patterns of genetic structure. Along the 
east-coast of China, studies have revealed some 
evidence for restricted gene fl ow with isolation by 
distance (Jamandre et al., 2009; Lui et al., 2009; 
Lui et al., 2009). These results differ from the 
fi ndings of this study, and from other population 
genetic studies of M. cephalus which have found 
no genetic structure (Rocha-Olivares et al., 2000). 
However, considering that M. cephalus may 
represent a morphologically conserved complex of 
cryptic species (Crosetti et al., 1994; Jamandre et 
al., 2009; Livi et al., 2011), differences in spatial 
genetic structure for different regions may be due 
to different species, which might have different 
dispersal capacities and behaviours.

Other studies involving catadromous species along 
the Australian coast have revealed signifi cant 
genetic structure at comparable geographic scales. 
Furthermore, these studies have generally revealed 
evidence for isolation by distance. For example, along 
the same coastline, studies of the Australian bass 
(Macquaria novemaculeata Steindachner 1866) have 
identifi ed restricted gene fl ow using allozymes and 
mtDNA sequence data (Chenoweth & Hughes, 1997). 

When considering genetic structure in aquatic 
organisms, it is generally accepted that freshwater 
species tend to be highly structured compared to 
marine species (de Woody & Avise, 2000; Ward et 
al., 1994). Diadromous species exhibit both patterns, 
ranging from the highly structured (e.g., anadromous 
salmon) to the entirely panmictic (e.g., catadromous 
anguillid eels). The patterns of genetic structure 
found for M. cephalus along the eastern coast more 
closely match those of marine species, with very 
low levels of structure detected over vast geographic 
areas. Marine species generally exhibit no, or weak, 
genetic structure along this section of the east 
Australian coast. This includes an array of species 
and dispersal strategies; including, fi sh (Sumpton et 
al., 2008), crustaceans (Gopurenko & Hughes, 2002; 
Haig et al., 2010), and bivalves (Murray-Jones & 
Ayre, 1997). This concordance between species with 
such an array of life history strategies suggests that 
currents in this area are suffi cient to facilitate gene 
fl ow up and down this section of coast. However, for 
the fi sh (snapper, Pagrus auratus Bloch & Schneider 
1801) and crustaceans (Phycomenes zostericola 
Bruce 2008 and Scylla serrata Forskål 1775), broader 
geographic scales revealed considerable genetic 
structuring (Gopurenko & Hughes, 2002; Haig et al., 
2010; Sumpton et al., 2008). Further research on M. 
cephalus stocks in central and northern Queensland, 
together with NSW are warranted to determine if the 
lack of genetic structure found in this study exists at 
larger spatial scales.

The results of this study have important implications 
for informing our understanding of the biology of M. 
cephalus. Firstly, it suggests that both ‘hard gut’ and 
spawning migrations undertaken by juvenile and adult 
sea mullet are suffi cient to not only homogenise gene 
frequencies at signifi cant spatial scales (~550km), 
but also subsidise genetic vigour into adjacent river 
systems with reduced riverine-marine connectivity. 
The northerly direction of these volitional migrations 
(up to 700km; Pusey et al., 2004) may be equally 
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reciprocated by the southerly impetus of inshore 
currents along the east Australian coast. Importantly, 
while connectivity up and down the coast may be 
important for population viability in M. cephalus, 
connectivity between marine and freshwater habitats 
may be the most important process for this migratory 
species. For example, the installation of water 
infrastructure in riverine and estuarine habitats is 
ongoing in eastern Australia and poses an immediate 
threat to diadromous species in Australia (Crook et al., 
2006; McDowall, 1999; Schmidt et al., 2011; Stuart & 
Berghuis, 2002). Indeed, evidence already exists for 
the deterioration of freshwater stocks of M. cephalus 
in Queensland due to artifi cial in-stream barriers 
(Heidenreich & Broadfoot, 2001; Stuart & Berghuis, 
1997; 1999). Therefore, while locally extinct rivers 
have the potential to be recolonised, the persistent 
impact of in-stream barriers may continually inhibit 
the ability for migrating individuals to achieve this. 
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