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INTRODUCTION

The endemic New Zealand greenshell mussel Perna
canaliculus (Gmelin 1791) is a benthic marine organ-
ism with a sessile adult stage and a pelagic larval stage
(Hayden 1994). It is commonly found on lower inter-
tidal and sublittoral hard shores, and is continuously
distributed throughout New Zealand with a latitudinal
range of >2000 km, from ~35 to ~47° S (Smith 1988).
This mussel is both important ecologically because of
its widespread distribution and biomass, and economi-
cally because it is the only cultivated species in New
Zealand (Jones 2000). Like many marine invertebrate
species, P. canaliculus is a broadcast spawner that
potentially produces millions of offspring per individ-

ual, and has a larval stage that is dispersed by on
surface currents (Hayden 1994). Because the larvae
can remain viable in the water column for >4 wk
(Buchanan 1994) they can be transported over 100s of
km. These life-history attributes suggest that gene flow
can be very high, with a potentially homogenizing
effect that prevents genetic differentiation among pop-
ulations of this species (Apte & Gardner 2001). How-
ever, despite the fact that the majority of nearshore
marine species possess long-lived planktonic larval
stages with high dispersal potential, there is increasing
evidence from genetic markers that many populations
do not receive or contribute to the high levels of gene
flow that such life history characteristics would imply
(Hellberg et al. 2002, Swearer et al. 2002). The ecolog-
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ical literature also now suggests that patterns of larval
recruitment (i.e. gene flow) are not as simple (i.e. wide-
spread) as had been assumed, but are profoundly
influenced over both short-term (days to weeks) and
long-term (years to decades) spatial scales by small
geographic-scale processes such as upwelling, down-
welling, and gyres, and also by larger scale processes
such as the El Niño-Southern Oscillation (ENSO)
events (refer to Botsford 2001, and references therein).
To study the genetic connectivity among, and genetic
structuring within, populations of a coastal inverte-
brate, New Zealand’s greenshell mussel is an appro-
priate model organism, because we are able to exam-
ine the entire geographic range of this endemic
species, which spans 12 degrees of latitude from the
subtropical north to the cool temperate south. 

Genetic structuring of populations of Perna
canaliculus has been examined several times. The
first study, using allozymes, reported significant
genetic heterogeneity between 2 northern and 4
southern populations at 4 of 10 polymorphic loci
(Smith 1988). Reduced gene flow as a consequence of
local currents, and adaptation to different thermal
conditions was thought to partially isolate the pop-
ulations at ~38°S latitude (Smith 1988). A second
allozyme study observed significant genetic subdivi-
sion among 10 populations at 7 polymorphic loci,
but no evidence was found that supported the previ-
ous north-south subdivision because an isolation-by-
distance model of gene flow was the best explanation
for the observed genetic heterogeneity (Gardner et al.
1996). A third allozyme study of 7 polymorphic loci
among 35 populations revealed no significant genetic
heterogeneity among the sampled populations and
a model of panmixia best explained the observed
absence of population genetic subdivision (Apte &
Gardner 2001). While most allozyme loci are typically
considered to be selectively neutral, it is possible that
differences in the loci assayed (in particular, the
aminopeptidase loci) among the 3 studies might have
contributed to the contrasting patterns of population
genetic structuring (Apte & Gardner 2001). The most
recent study, using mitochondrial DNA (mtDNA)
single-strand conformation polymorphism (SSCP) of
20 of the populations studied in Apte & Gardner
(2001), with 2 additional populations, reported signifi-
cant population genetic structuring (Apte & Gardner
2002). Because of the presence of a unique SSCP-
haplotype at ~20% frequency among southern mus-
sels and frequency shifts in other haplotypes, the pop-
ulations could be separated into a northern and a
southern group. The transition occurs abruptly, just
below the northern end of the South Island at ~42° S
latitude, and south of Cook Strait (Apte & Gardner
2002). Therefore, all 4 studies conducted to date have

reported significant differences in the population
genetic structuring of this mussel species. 

To analyse the apparent discordance among previ-
ous studies we used the randomly amplified polymor-
phic DNA (RAPD) technique (Welsh & McClelland
1990, Williams et al. 1990) which requires no prior
knowledge of DNA sequence, generates large
amounts of data for analysis, represents the entire
genome (nuclear and mtDNA), and is faster and
cheaper than many other molecular techniques. How-
ever, RAPD markers are dominant and can be hard to
reproduce and score accurately, and require larger
sample sizes than other techniques. Despite these
potential limitations, RAPD markers have been em-
ployed successfully to examine genetic variation in a
range of marine species (Adamkewicz & Harasewych
1994, 1996, Patwary et al. 1994, Crossland et al. 1996,
Smith et al. 1996, 1997, Caccone et al. 1997, Heipel
et al. 1998, André et al. 1999, Hirschfeld et al. 1999,
Sommerfeldt & Bishop 1999, Ma et al. 2000, Goldson et
al. 2001). Furthermore, RAPDs can be more informa-
tive than other marker types such as allozymes,
because they can detect population structuring where
allozymes reveal high levels of genetic similarity (Pat-
wary et al. 1994, Heipel et al. 1998, Hirschfeld et al.
1999). 

We constructed hypotheses to explain the discrep-
ancy between our allozyme and mtDNA studies of
Perna canaliculus, and to test these hypotheses we
applied RAPD markers to the exact same individuals of
19 populations analysed previously (Apte & Gardner
2001, 2002). We made the following assumptions about
the different markers: (1) RAPD bands will most often
be derived from nuclear DNA, rather than mtDNA,
because the nuclear genome is much larger, (2) RAPDs
will evolve rapidly because they are most likely to be
found in non-coding regions, (3) the mtDNA molecule
will evolve, on average, at a faster rate than compara-
ble coding regions of the nuclear genome, (4) the effec-
tive population size of the mtDNA genome is 25% that
of the nuclear genome, and (5) the allozyme markers
are selectively neutral and will evolve less rapidly than
the mtDNA markers. First, we hypothesised that some
unknown historical event had resulted in differential
patterns of genetic structuring within the mtDNA and
the nuclear genomes. If this hypothesis is correct, then
we predict that the RAPD markers will not exhibit
evidence of genetic structuring, and will give similar
results to those obtained from allozymes. Second, we
hypothesised that both the mtDNA and nuclear
genomes have been similarly affected, but that the
genetic discontinuity is only apparent in the faster
evolving mtDNA SSCP data, but not in the more con-
servative allozyme data (Apte & Gardner 2002). If this
hypothesis is correct, then we predict that the RAPD
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markers will exhibit a similar pattern of population
genetic structuring to that exhibited by the mtDNA
SSCP. 

MATERIALS AND METHODS

Sample collection. The DNA was extracted from
mussel tissue in the previous research (Apte & Gardner
2002) (see Fig. 1 for locations). The mussels were
dissected in the field, snap frozen in liquid nitrogen,
and transferred to Victoria University of Wellington,
New Zealand. Approximately 25 mg of gonad tissue
was taken from each individual. Total
cellular DNA was extracted according to
Rawson & Hilbish (1995) and DNA
extracts were stored at –20°C. Of the 35
populations used in the allozyme study
(Apte & Gardner 2001) and the 22 popu-
lations used in the mtDNA study (Apte &
Gardner 2002), 19 populations were used
for this research.

PCR amplification. Aliquots of 30 µl
were taken from the –20°C stocks.
RNase (final concentration 54 U ml–1)
was added to each DNA extract and
samples were incubated at 37°C for
30 min. The samples were diluted 10
times based upon results from previous
research (Apte & Gardner 2002). A
modified version of the amplification
protocol developed by Williams et al.
(1990) was used. DNA amplification
was performed in a volume of 25 µl,
containing 1× PCR buffer (Gibco BRL®,
Life Technologies), 0.2 mM of each
deoxynucleotide (dATP, dCTP, dGTP,
and dTTP), 2 mM MgCl2, 0.2 µM of
each primer, 0.5 U of Taq-polymerase
(Gibco BRL®, Life Technologies) and
10 ng of template DNA. Mineral oil
(17 µl) was added on top of each reac-
tion mixture to prevent evaporation,
and all cups and solutions were kept
on ice during the PCR preparations.
All amplifications were performed in a
Perkin-Elmer Cetus 480 DNA thermo-
cycler, which was preheated to 95°C
and programmed for 40 cycles: 4 initial
cycles of 3 min each at 94, 36, and
72°C; followed by 35 cycles of 30 s at
94°C, 1 min at 36°C, and 2 min at 72°C;
and a final amplification of 1 cycle of
30 s at 94°C, 1 min at 36°C and 10 min
at 72°C (Patwary et al. 1994). 

During preliminary tests, 80 oligonucleotide primers
from 4 different kits (Kits C, E, G, and I: Operon Tech-
nologies) were screened against 2 individuals, one
from the Riverton population (South Island) and one
from the Maunganui population (North Island). Four-
teen primers were selected based on their ability to
amplify reproducible and easily scorable DNA bands.
These 14 primers were then screened for informative
polymorphisms among a greater number of individuals
from the same 2 test populations, and 3 primers were
selected for subsequent use. These primers were (5’- to
-3’): OPC-15 (GACGGATCAG), OPG-12 (CAGCT-
CACGA), and OPI-04 (CCGCCTAGTC).
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Fig. 1. Collection sites of Perna canaliculus and hydrographic patterns around
New Zealand. Houhora (HOU); Opononi (OPO); Pakiri (PAK); Te Kouma
(TEK); Maunganui (MAU); Golden Bay (GOL); Tasman Bay (TAS); Kaitaia
(KAT); Port Gore (POG); Castlepoint (CAP); Little Wanganui River (LWR);
Nine Mile Creek (NMC); Gore Bay (GOB); Jacksons Bay (JAB); Timaru
(TIM); Fiordland (FIO); Riverton (RIV); Horseshoe Bay (HSB); Big Glory Bay
(BGB). d: northern group; f: southern group; : areas of coastal upwelling;

·····: Kaitaia spat; c: cultured mussels; WE: Wairarapa Eddy; WCC:
Wairarapa Coastal Current. Hydrographic data from Stanton (1976), Bowman
et al. (1983), Barnes (1985), Heath (1985), Harris (1990), Vincent & Howard-

Williams (1991), Stanton & Moore (1992), Chiswell (2000)



Mar Ecol Prog Ser 249: 171–182, 2003

Negative controls were run without template DNA
alongside the DNA amplifications. One-third of each
reaction product was separated by electrophoresis in
1.4% agarose TBE (Tris borate EDTA) gels (10 × 7.5 cm)
at 70 V for 3 h. A 250 bp DNA ladder (Gibco BRL®, Life
Technologies) was used as a molecular ruler. The prod-
ucts were stained in 1 × TBE with ethidium bromide
(0.5 µl ml–1) for 30 min and then destained for 15 min.
The DNA of the PCR products was visualized using UV
illumination and gels were photographed using a
Kodak DC 4800 digital camera with an orange filter.
Corel Photopaint (Version 9.439) was used to invert the
pictures and to increase contrast. The images were then
printed on a Hewlett Packard 6MP laser printer for
scoring of bands. PCR amplified DNA bands from each
primer at specified positions in the gel were scored for
their presence or absence in each individual. Prelimi-
nary tests showed bands were amplified consistently
between 700 and 2000 bp, which is the estimated band
size-range for the data collected. To ensure data accu-
racy, all photos were scored twice by the same individ-
ual (B.S.), and the second round of scoring was con-
ducted without reference to data from the initial round.
On re-scoring the entire data set, only 10 bands were
scored differently compared to the first time of scoring.
Because the entire data set contained >10 000 bands for
all individuals and all populations, it was concluded
that band-scoring error was insignificant. 

Data analysis. Data analysis was performed using
the software programmes Tools for Population Genetic
Analysis (TFPGA v1.3, by M. Miller; available at http://
bioweb.usu.edu/mpmbio), GenePop (v3.1d, Raymond
& Rousset 1995), and Statistical Package for the Social
Sciences (SPSS for Windows). The following assump-
tions were made about the data: (1) all loci show com-
plete dominance; (2) all loci have 2 alleles; (3) the
marker alleles from different loci do not co-migrate to
the same position on the gel; (4) all loci migrate accord-
ing to Mendelian segregation; and (5) the populations
are in Hardy-Weinberg Equilibrium (HWE) according
to previous allozyme data (Apte & Gardner 2001).
Because dominant markers cannot verify HWE empiri-
cally, the percentage of absent bands at a locus gives
the frequency of the recessive homozygote (q2). To
reduce the bias associated with the analysis of domi-
nant markers, a reduced data set was used in the pop-
ulation genetic analysis by pruning loci with low-
recessive allele frequencies where q2 < 3/n, where
n = number of individuals in the population (Lynch &
Milligan 1994). 

Based on the results from previous mtDNA research
(Apte & Gardner 2002), the 19 populations were provi-
sionally labeled either ‘northern’ (11 populations) or
‘southern’ (8 populations) for analysis (subsequent
analysis of the RAPD data set confirmed this labeling –
see ‘Results’ section). The northern group consisted of
all the North Island populations, as well as all the cul-
tured populations originating from Kaitaia spat (HOU,
TEK, KAT, BGB; see Fig. 1), and all the populations in
the Cook Strait region. The southern group contained
all other populations. The means, medians, interquar-
tile ranges, and the range of the number of bands were
calculated for all populations and separately for both
groupings. Individuals with absent data were ignored
to prevent large deviations. Dunnett’s T3 test was used
to test the null hypothesis that the mean number of
bands per individual was not significantly different
between all pairs of populations. Significance (p) val-
ues were corrected for multiple testing using the
sequential Bonferroni technique (Holm 1979, Rice
1989). A Mann-Whitney U-test was used to test the null
hypothesis that the mean number of bands was not
significantly different between the northern and
southern group. The number of different genotypes
(based upon identical banding patterns) was assessed
for each population and for both groups. A 2 × 2 con-
tingency table analysis using the program R × C
(M. Miller; available at http://bioweb.usu.edu/mpmbio)
(1000 dememorization steps, 20 batches, 2500 repli-
cates per batch) was performed to test the null hypoth-
esis that the number of genotypes was not significantly
different between the northern and the southern
group. 
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Table 1. Perna canaliculus. Population number (No.), sampling
site, sampling site code, type of population (W: wild; C:
cultured), number of individuals analysed (N) in examinations
of allozyme, mitochondrial DNA (mtDNA) markers, and ran-
domly amplified polymorphic DNA (RAPD). N, S, St: North, 

South, and Stewart Island respectively

No. Sampling site Site code Type N

1 Tasman Bay TAS (S) W 20a

2 Big Glory Bay BGB (St) C 22
3 Castlepoint CAP (N) W 31
4 Te Kouma TEK (N) C 30
5 Kaitaia KAT (N) C 28
6 Maunganui MAU (N) W 30
7 Opononi OPO (N) W 30
8 Pakiri PAK (N) W 30
9 Houhora HOU (N) C 30

10 Port Gore POG (S) W 20
11 Golden Bay GOL (S) C 20
12 Fiordland FIO (S) W 20
13 Gore Bay GOB (S) W 30
14 Karamea LWR (S) W 30
15 Punakaiki NMC (S) W 30
16 Riverton RIV (S) W 30
17 Jackson Bay JAB (S) W 31
18 Timaru TIM (S) W 27
19 Horseshoe Bay HSB (St) W 23
aAllozymes not examined
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Allele frequencies were estimated based on the Tay-
lor expansion (Lynch & Milligan 1994). Allele frequen-
cies were rounded to exactly match the observed
samples. Exact tests (1000 dememorization steps, 10
batches, 2000 permutations per batch) were used to
test the null hypothesis that allele frequencies were not
significantly different between all possible pairs of
populations (Sokal & Rohlf 1995). A Markov Chain
Monte Carlo approach was used to generate approxi-
mations of the exact probability of the observed differ-
ences in allele frequencies (Raymond & Rousset 1995).
Significance (p) values were corrected for multiple
testing (see method above). Exact tests were also used
to test the null hypothesis that allele frequencies were
not significantly different between the northern and
southern group.

A UPGMA analysis was carried out using the matrix
of genetic distances estimated by Nei’s method (Nei
1978). Confidence estimates for nodes in the tree were
generated by bootstrapping across all loci. Wright’s
F-statistics, based upon ANOVA of weighted allele fre-
quencies (Weir & Cockerham 1984) were used to
assess θ (among population component of total popula-
tion genetic differentiation) for all populations (n = 19),
and for the northern (n = 11) and southern (n = 8) pop-
ulations. Mean estimates and standard errors were
obtained by jackknifing over all 13 loci. The null
hypothesis that θ is equal to 0 (i.e. no population
genetic differentiation) was tested according to Waples
(1987). Estimates of gene flow (Nmθ:
number of migrants per generation as
calculated from theta) were calculated
from θ according to Nm = 0.25(1 – θ) / θ
(Slatkin & Barton 1989). 

RESULTS

Primers OPC-15, OPG-12 and OPI-04
produced 6, 11 and 4 bands respec-
tively in the range of 700 to 2000 bp
that could be scored with confidence
and accuracy (Fig. 2). Thus, in total
21 bands were scored for presence
and absence. We assume that the vast
majority of these bands are derived
from the nuclear genome, but some
small proportion could be derived from
the mitochondrial genome. The medi-
ans and interquartile ranges of the
number of bands from all populations
did not show large differences (Fig. 3).
Southern populations typically had a
higher median, a larger interquartile
range, and a larger total range than

northern populations. No large differences were
observed among mean number of bands per popula-
tion (Table 2). After correction for multiple testing,
Dunnett’s T3 test identified significant differences
between mean number of bands for the NMC and PAK
populations (p < 0.001). A significant difference in the
mean number of bands per individual (8.98 ± 1.63 in
the northern group, 9.52 ± 2.03 in the southern group)
was also observed between the 2 groups (Mann-
Whitney U-test, p = 0.001).

A total of 347 unique genotypes was observed
among 473 mussels. The number of genotypes per
population was often equal to, or only slightly less
than, the number of sampled individuals (Table 3). For
the northern and southern groups the number of geno-
types was 184 (n = 267) and 173 (n = 206), respectively,
and there was no significant difference (p = 0.217)
between the 2 groups in genotypic diversity as a func-
tion of total number of sampled mussels.

Thirteen loci had null phenotype frequencies above
3/n for all populations and these were used in the
reduced dataset as recommended by Lynch & Milligan
(1994). No north-specific or south-specific alleles were
found, but 16 of the 42 putative alleles were absent
from at least one population (Table 4). After correction
for multiple testing, significant differences in allele fre-
quency were observed between pairwise comparisons
of populations using exact tests for population differ-
entiation (Table 5). There was a greater number of sig-
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Fig. 2. Perna canaliculus. Banding patterns generated by primer OPG-12. The
picture on the left shows the banding patterns of 12 individuals from the north-
ern Kaitaia (KAT) population. The panel on the right shows the banding patterns
of 10 individuals from the southern Little Wanganui River (LWR) population (in-
dicated by L) and one individual of KAT (indicated by K) and a negative control
(indicated by –). Lanes labeled M in both pictures contain the 250 bp molecular
marker; fragment sizes (bp) are indicated to the right of each gel. Arrows 

indicate easily scorable and/or partially diagnostic bands
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nificant differences in allele frequencies between the
4 west coast populations of the southern group (FIO,
LWR, JAB, and NMC) and all 11 populations of the
northern group, than between the other 4 populations
(GOB, TIM, RIV, and HSB) of the southern group and
the 11 populations of the northern group. The data
were pooled into 2 large groups (11 northern and 8
southern populations, respectively), both of which had
null genotype frequencies above 3/n at all loci. The
northern and southern groups were significantly dif-
ferent (p < 0.0001), primarily as a consequence of
allelic frequency differences at 5 loci (Fig. 4). 

Genetic distances and identities between popula-
tions were calculated according to Nei (1978) (Table 6).
UPGMA cluster analysis based on Nei’s genetic dis-
tance estimates revealed a northern clade and a south-
ern clade (Fig. 5). The southern clade contained all the
South Island populations, except for HSB (Stewart
Island), which falls into the northern clade where it is

an outlier. No geographic structuring within the north-
ern clade (excluding HSB) was evident. The smaller
northern cluster contained 3 cultured populations
(TEK, HOU and BGB) and 2 wild populations (POG
and CAP), while the larger cluster contained 2 cultured
populations (GOL and KAT), and 4 wild populations
(TAS, OPO, PAK and MAU). Within the southern
clade, a west coast cluster (containing FIO, JAB, LWR
and NMC) was separated from 2 east coast populations
(TIM and GOB) and 1 southern population (RIV).
Every attempt to generate bootstrap values to estimate
node support resulted in trees containing ties, there-
fore we could not determine the degree of confidence
for the topology of this tree (Backeljau et al. 1996). 

There was highly significant population differentiation
among all 19 populations studied (Table 7). Among the
11 northern populations there was no significant popu-
lation differentiation (p > 0.05), but when the HSB pop-
ulation was included in the northern group then signifi-
cant population differentiation was observed (p = 0.025).
Among the 8 southern populations there was significant
population differentiation (p < 0.0001); however, this was
due solely to the presence of the HSB population in the
southern group (p > 0.05 when HSB was removed from
this group). Estimates of gene flow (number of migrants
per generation) were lowest among all 19 populations,
higher among the 8 southern populations, and highest
among the 11 northern populations (Table 8). Estimates
of gene flow were reduced in the north and south groups
upon inclusion of the HSB population. In all cases, esti-
mates of gene flow were >1.0, and were often very high
(>10 migrants per generation).

DISCUSSION

Three specifically selected RAPD primers that
yielded 21 putative loci were used in this study to
assess genetic structuring among 19 populations of the
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Fig. 3. Perna canaliculus. Number of bands per individual in the
19 populations. The box represents the interquartile range
which contains 50% of the values. The whiskers symbolize the
range, excluding outliers. The line across the box indicates the 

median. N = number of individuals per population 

Table 2. Perna canaliculus. Average number of bands scored per individual in each population. n = northern group; s = southern 
group. See Table 1 for abbreviations

TASn BGBn CAPn TEKn KATn MAUn OPOn PAKn HOUn POGn GOLn FIOs GOBs LWRs NMCs RIVs JABs TIMs HSBs

Mean 9.25 9.52 9.07 8.93 9.41 8.96 8.89 7.89 9.48 8.31 9 8.63 9.19 9.41 10.53 9.23 10.15 9.48 8.85
SD 1.86 1.55 1.64 1.65 1.08 1.45 1.83 1.50 1.75 1.99 1.08 2.00 1.42 1.97 1.52 2.35 2.20 2.93 1.84

Table 3. Perna canaliculus. Number of genotypes per population. SS is the sample size. H is the number of genotypes. n = northern 
group; s = southern group. See Table 1 for abbreviations

TASn BGBn CAPn TEKn KATn MAUn OPOn PAKn HOUn POGn GOLn FIOs GOBs LWRs NMCs RIVs JABs TIMs HSBs

SS 20 17 27 28 27 28 28 27 29 16 20 19 27 29 30 28 26 27 20
H 20 17 25 26 22 25 24 27 28 15 17 17 22 27 30 28 25 27 20
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endemic New Zealand greenshell mussel Perna
canaliculus. Five loci with significantly different allele
frequencies between pooled northern and southern
populations were identified. The subdivision of the 19
populations into 2 distinct groups is supported by the
different statistical approaches used in this work. For
example, reduction of the number of loci on a popula-
tion-specific basis (following Lynch & Milligan 1994)
resulted in 13 loci for analysis. While we did not
observe any group-specific alleles, 5 alleles exhibited
significantly different frequencies between northern
and southern populations, and the frequency of 2 of
these alleles was very low (0.01 and 0.06, respectively)
in the northern group, but moderately high (0.32 and

0.55) in the southern group. Thus, we observed a pro-
nounced population genetic subdivision among popu-
lations of a species that is continuously distributed
throughout 12 degrees of latitude in New Zealand.

One of the primary aims of this study was to compare
RAPD population genetic variation in Perna canalicu-
lus with the same individuals from the mtDNA SSCP
analysis (Apte & Gardner 2002). The results of these 2
studies show a high degree of concordance. First, non-
significant differences in RAPD allele frequencies
were found in the pairwise comparisons between pop-
ulations within the northern group and between popu-
lations within the southern group, while highly sig-
nificant pairwise differences in allele frequencies
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Table 4. Perna canaliculus. Allele frequency estimates based on Lynch & Milligan's (1994) Taylor expansion estimate (allele frequencies
rounded to exactly match observed sample). ‘a’ represents the dominant allele (1) whereas ‘b’ represents the recessive allele (0). 

n = northern group; s = the southern group. See Table 1 for abbreviations

Allele TASn BGBn CAPn TEKn KATn MAUn OPOn PAKn HOUn POGn GOLn FIOs GOBs LWRs NMCs RIVs JABs TIMs HSBs

C15-1   a 0.00 0.03 0.02 0.02 0.02 0.00 0.00 0.02 0.02 0.00 0.00 0.39 0.33 0.33 0.32 0.32 0.35 0.28 0.30
b 1.00 0.97 0.98 0.98 0.98 1.00 1.00 0.98 0.98 1.00 1.00 0.61 0.67 0.67 0.68 0.68 0.65 0.69 0.70

C15-2   a 0.00 0.11 0.05 0.02 0.05 0.02 0.02 0.07 0.03 0.03 0.00 0.08 0.00 0.05 0.08 0.10 0.04 0.06 0.05
b 1.00 0.89 0.95 0.98 0.95 0.98 0.98 0.93 0.97 0.98 1.00 0.92 1.00 0.95 0.92 0.87 0.96 0.94 0.95

C15-3a a 0.75 0.61 0.68 0.70 0.66 0.79 0.66 0.45 0.72 0.60 1.00 0.45 1.00 0.67 0.48 0.55 0.56 0.54 0.68
b 0.25 0.39 0.32 0.27 0.34 0.21 0.34 0.55 0.28 0.40 0.00 0.50 0.00 0.33 0.52 0.45 0.44 0.43 0.32

C15-4   a 0.00 0.03 0.05 0.00 0.04 0.02 0.00 0.07 0.00 0.03 0.00 0.05 0.00 0.03 0.05 0.08 0.02 0.02 0.00
b 1.00 0.97 0.95 1.00 0.96 0.98 1.00 0.93 1.00 0.98 1.00 0.95 1.00 0.97 0.95 0.92 0.98 0.98 1.00

C15-5   a 0.00 0.08 0.02 0.00 0.00 0.00 0.02 0.02 0.02 0.00 0.03 0.18 0.01 0.10 0.25 0.08 0.27 0.02 0.18
b 1.00 0.92 0.98 1.00 1.00 1.00 0.98 0.98 0.98 1.00 0.98 0.82 0.99 0.90 0.75 0.92 0.73 0.98 0.82

C15-6a a 1.00 0.71 1.00 1.00 1.00 1.00 0.77 1.00 1.00 1.00 1.00 0.71 1.00 0.79 1.00 1.00 0.79 0.76 1.00
b 0.00 0.24 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.24 0.00 0.21 0.00 0.00 0.21 0.20 0.00

G12-1   a 0.20 0.05 0.17 0.09 0.02 0.04 0.03 0.02 0.09 0.00 0.03 0.68 0.59 0.62 0.73 0.45 0.59 0.43 0.23
b 0.80 0.95 0.83 0.91 0.98 0.96 0.97 0.98 0.91 1.00 0.98 0.33 0.38 0.38 0.27 0.55 0.38 0.57 0.77

G12-2   a 0.13 0.08 0.10 0.04 0.04 0.05 0.02 0.05 0.09 0.06 0.00 0.00 0.00 0.03 0.05 0.03 0.04 0.07 0.02
b 0.88 0.92 0.87 0.96 0.96 0.95 0.98 0.95 0.91 0.94 1.00 1.00 1.00 0.97 0.95 0.97 0.96 0.93 0.98

G12-3a a 0.45 0.50 0.55 0.50 0.70 0.46 0.59 0.50 0.67 0.44 0.75 0.13 0.34 0.41 1.00 0.40 0.50 0.61 0.36
b 0.55 0.45 0.45 0.50 0.27 0.54 0.41 0.50 0.33 0.56 0.25 0.88 0.66 0.59 0.00 0.60 0.50 0.39 0.64

G12-4   a 0.05 0.08 0.03 0.02 0.02 0.04 0.00 0.05 0.10 0.00 0.03 0.00 0.00 0.03 0.05 0.07 0.04 0.07 0.02
b 0.95 0.92 0.97 0.98 0.98 0.96 1.00 0.95 0.90 1.00 0.98 1.00 1.00 0.97 0.95 0.93 0.96 0.93 0.98

G12-5   a 0.08 0.08 0.00 0.11 0.02 0.02 0.16 0.05 0.16 0.00 0.05 0.03 0.05 0.09 0.07 0.05 0.09 0.17 0.05
b 0.93 0.92 1.00 0.86 0.98 0.98 0.84 0.95 0.84 1.00 0.95 0.98 0.95 0.91 0.93 0.95 0.91 0.83 0.95

G12-6   a 0.10 0.21 0.18 0.21 0.21 0.16 0.21 0.21 0.10 0.09 0.08 0.08 0.11 0.10 0.15 0.17 0.16 0.17 0.23
b 0.90 0.79 0.82 0.79 0.79 0.84 0.79 0.79 0.86 0.91 0.93 0.93 0.89 0.86 0.85 0.83 0.84 0.83 0.77

G12-7a a 0.60 0.61 0.68 0.77 0.77 0.66 0.59 0.38 0.79 0.50 0.75 0.33 0.34 0.59 1.00 0.52 0.50 0.72 0.48
b 0.40 0.39 0.32 0.20 0.20 0.34 0.41 0.59 0.21 0.50 0.25 0.68 0.66 0.41 0.00 0.48 0.50 0.28 0.52

G12-8   a 0.13 0.18 0.20 0.09 0.11 0.11 0.21 0.07 0.10 0.13 0.13 0.20 0.21 0.07 0.08 0.10 0.18 0.09 0.18
b 0.88 0.82 0.77 0.91 0.89 0.89 0.79 0.93 0.86 0.81 0.88 0.80 0.79 0.93 0.92 0.87 0.82 0.91 0.82

G12-9   a 0.23 0.24 0.20 0.25 0.21 0.18 0.24 0.18 0.26 0.38 0.20 0.25 0.27 0.09 0.10 0.18 0.21 0.19 0.23
b 0.78 0.71 0.77 0.75 0.79 0.82 0.76 0.82 0.74 0.63 0.80 0.75 0.73 0.91 0.87 0.82 0.79 0.81 0.77

G12-10 a 0.03 0.03 0.05 0.02 0.02 0.04 0.03 0.02 0.02 0.06 0.05 0.03 0.00 0.03 0.02 0.02 0.00 0.04 0.05
b 0.98 0.97 0.95 0.98 0.98 0.96 0.97 0.98 0.98 0.94 0.95 0.98 1.00 0.97 0.98 0.98 1.00 0.96 0.95

G12-11a a 0.50 0.45 0.52 0.66 0.57 0.70 0.52 0.34 0.79 0.38 1.00 0.08 0.09 0.19 0.30 0.10 0.25 0.04 0.20
b 0.50 0.55 0.48 0.34 0.43 0.27 0.45 0.66 0.21 0.63 0.00 0.93 0.91 0.81 0.70 0.87 0.75 0.96 0.80

I04-1    a 0.33 0.10 0.09 0.18 0.28 0.31 0.33 0.26 0.10 0.10 0.23 0.13 0.28 0.10 0.37 0.21 0.16 0.28 0.03
b 0.68 0.90 0.91 0.82 0.69 0.69 0.67 0.74 0.86 0.90 0.78 0.88 0.72 0.87 0.63 0.79 0.84 0.72 0.98

I04-2a a 1.00 0.69 0.59 0.66 1.00 0.72 0.67 0.45 0.72 1.00 0.75 1.00 1.00 0.73 0.55 0.66 0.66 0.67 0.75
b 0.00 0.31 0.38 0.34 0.00 0.28 0.33 0.52 0.28 0.00 0.25 0.00 0.00 0.27 0.45 0.34 0.34 0.33 0.25

I04-3a a 0.68 0.62 0.32 0.38 1.00 0.72 0.38 0.33 0.72 0.40 0.60 0.50 0.67 0.58 0.63 0.66 0.77 0.67 0.45
b 0.33 0.38 0.68 0.59 0.00 0.28 0.62 0.67 0.28 0.60 0.40 0.50 0.33 0.42 0.37 0.34 0.20 0.33 0.55

I04-4a a 0.55 0.52 0.59 0.66 0.50 0.48 0.62 0.52 0.45 0.50 0.55 0.45 0.61 0.73 0.58 0.57 0.66 0.46 0.45
b 0.45 0.43 0.38 0.34 0.46 0.48 0.38 0.45 0.55 0.50 0.45 0.55 0.39 0.27 0.42 0.43 0.34 0.50 0.55

aAlleles were removed from the dataset because q2 < 3/n (Lynch & Milligan 1994)
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occurred between northern versus southern popula-
tions. These RAPD data emphasize the relative genetic
uniformity within the 2 groups, as well as the genetic
differentiation between them, and are in accord with
our mtDNA SSCP study, which also reported non-
significant haplotypic diversity estimates within each
group, but significant differences between populations
from the 2 groups (Apte & Gardner 2002). The occur-
rence of a north-south split was, however, more pro-
nounced for the RAPD markers, for which 59 of 88
(67%) pairwise comparisons between northern and
southern populations were statistically significant after
correction for multiple testing, whereas 14 of 112

(12.5%) pairwise comparisons between northern and
southern populations were statistically significant after
correction for multiple testing in the mtDNA SSCP
study (Apte & Gardner 2002). Second, the analysis of
RAPD markers showed that the 4 west coast popula-
tions of the southern group were more distinct from the
northern populations than are the other populations of
the southern group. For example, 40 of 59 (68%) sig-
nificant values were observed between the 4 western
populations of the southern group and populations
from the northern group (see Table 4). A similar, but
more pronounced, outcome was observed for the
mtDNA SSCP study, in which 13 of 14 (93%) signifi-
cant values were observed between west coast popula-
tions of the southern group and the northern group
(Apte & Gardner 2002). Third, higher RAPD diversity
was observed among the southern populations than
among the northern populations. Pooled populations
from the southern group had significantly higher mean
numbers of bands per individual than pooled popula-
tions from the northern group; however, the absolute
difference between the means was not significant. The
fact that the populations did not differ much in actual
mean number of bands was also observed in the pair-
wise comparison of means, which showed no signifi-
cant differences among populations except between
NMC and KAT (Table 6). The range of the number of
bands per individual was higher in the southern group
than in the northern group. RAPD genotypic diversity,
which was high in both groups, was slightly higher in
populations from the southern group, although this dif-
ference was not statistically significant. Nei’s genetic
distance estimates (1978) were also higher for RAPDs
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Table 5. Perna canaliculus. Pairwise exact tests of population differentiation (Sokal & Rohlf 1995). After correction for multiple test-
ing with the sequential Bonferroni technique, p values are still significant (values in bold are significant at p < 0.00034) (Holm 1979, 

Rice 1989). n = northern group; s = southern group. See Table 1 for abbreviations

TASn BGBn CAPn TEKn KATn MAUn OPOn PAKn HOUn POGn GOLn FIOs GOBs LWRs NMCs RIVs JABs TIMs HSBs

TASn *****

BGBn 0.2734 *****

CAPn 0.5176 0.8914 *****

TEKn 0.8735 0.677 0.2922 *****

KATn 0.4978 0.5766 0.3277 0.9529 *****

MAUn 0.975 0.3042 0.4344 0.9615 1 *****

OPOn 0.5448 0.3077 0.0249 0.9794 0.9527 0.8543 *****

PAKn 0.3807 0.8979 0.2152 0.9384 1 0.9999 0.5859 *****

HOUn 0.9478 0.9891 0.3366 0.9966 0.2689 0.7431 0.6167 0.6115 *****

POGn 0.523 0.711 0.8841 0.6491 0.8919 0.8878 0.4025 0.5917 0.6546 *****

GOLn 0.9755 0.3126 0.1796 0.9543 0.953 0.9991 0.9702 0.8345 0.7459 0.9947 *****

FIOs 0 0.0013 0.0001 0 0 0 0 0 0 0.0002 0.0006 *****

GOBs 0.0026 0 0 0.001 0.0007 0.0021 0.0022 0 0 0.0001 0.0023 0.279 *****

LWRs 0.0002 0.003 0 0.0001 0 0.0001 0 0.0003 0.0002 0 0.0003 0.8232 0.084 *****

NMCs 0 0.0001 0 0 0.0001 0 0 0.0001 0 0 0 0.5312 0.0046 0.869 *****

RIVs 0.0011 0.0087 0.001 0.0001 0.0006 0.0002 0 0.0054 0 0 0.0002 0.7179 0.079 0.8549 0.8549 *****

JABs 0.0001 0.0012 0 0 0 0 0 0 0 0 0.0001 0.9763 0.1663 0.9144 0.8359 0.6188 *****

TIMs 0.0974 0.0086 0.0001 0.0011 0.0003 0.0008 0.0002 0.0059 0.0081 0 0.0006 0.0366 0.0608 0.5427 0.1589 0.8704 0.0463 *****

HSBs 0.0013 0.1697 0.0119 0.0148 0.0002 0.0001 0.0001 0.0001 0.0017 0.0052 0.0114 0.4511 0.0006 0.0971 0.0009 0.2041 0.3977 0.0548 *****

Fig. 4. Perna canaliculus. Differences in allele frequencies
between pooled north and south populations. Only the
frequencies of the dominant allele are shown. Plotted along the
x-axis are the different loci, originating from the 3 different
primers. *Significantly different after correction for multiple 

testing with the sequential Bonferroni technique
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among populations from the southern group than
among populations from northern group (Table 6).
Higher genetic diversity in the populations from the
southern group was also reported in the mtDNA SSCP
study (Apte & Gardner 2002). Finally, the RAPD analy-
sis has resulted in the UPGMA placement of the HSB
population as an outlier, separate from the northern
and southern groups, whereas the mtDNA SSCP
analysis placed HSB within the southern group. HSB is

a natural (wild) population, and settlement is derived
from wild spat. This population is, however, located
only approx. 15 km from the BGB aquaculture popula-
tion derived from northern spat. We suggest that the
UPGMA placement of HSB as an outlier of the north-
ern group reflects a degree of introgression of northern
genes into this southern population, a fact that we
were unable to identify from the mtDNA SSCP data
because of the absence of haplotypes specific to the
northern populations (Apte & Gardner 2002). In con-
clusion, the concordance between the mtDNA study
(Apte & Gardner 2002) and this study indicates that
both nuclear and mtDNA genomes exhibit pronounced
subdivision into northern and southern groups. We
therefore reject the hypothesis that population genetic
structuring in this species exists only in the mitochon-
drial genome, and not in the nuclear genome. 

The RAPD genetic differentiation reported in this
study is in contrast to the biochemical (allozyme) study,
which failed to reveal genetic heterogeneity among
the same mussel populations (Apte & Gardner 2001).
The ability of RAPD markers to reveal population
genetic differentiation when such variation is not
detected by allozyme analysis has been reported for
marine invertebrate species, including scallops (Pat-
wary et al. 1994, Heipel et al. 1998), and oysters
(Hirschfeld et al. 1999). Because RAPDs sample non-
coding areas of the genome, they are more likely to
represent DNA that is not constrained by selection,
whereas allozymes are specific protein products of
DNA and typically do not reflect, to the same degree as
RAPDs, the underlying DNA variation. On the basis of
pronounced population genetic differentiation being
revealed by RAPDs, we accept our second hypothesis
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Table 6. Perna canaliculus. Nei’s unbiased (1978) distance (below the diagonal) and identity (above the diagonal) between populations. 
n = northern group; s = southern group. See Table 1 for abbreviations

TASn BGBn CAPn TEKn KATn MAUn OPOn PAKn HOUn POGn GOLn FIOs GOBs LWRs NMCs RIVs JABs TIMs HSBs

TASn ***** 0.9947 0.9962 0.9983 0.998 1.000 0.9978 0.9974 0.9976 0.993 0.9989 0.9598 0.9762 0.9697 0.9599 0.985 0.9676 0.9903 0.9824

BGBn 0.0053 ***** 1.0012 1.0008 0.9982 0.997 0.9967 0.9992 1.0016 1.0002 0.9989 0.9519 0.9601 0.9601 0.9392 0.9791 0.9611 0.9793 0.9931

CAPn 0.0038 –0.0012 ***** 0.9977 0.9953 0.9953 0.9927 0.9956 0.9981 0.9977 0.9965 0.9616 0.97 0.9691 0.9489 0.9838 0.9674 0.9829 0.9923

TEKn 0.0017 –0.0008 0.0023 ***** 0.9997 0.999 0.9993 1.0001 1.0008 0.9974 0.9997 0.9522 0.9662 0.9639 0.9453 0.9808 0.9618 0.9851 0.9889

KATn 0.0020 0.0018 0.0047 0.0003 ***** 1.002 0.9999 1.0021 0.9962 0.9958 1.0001 0.9434 0.9601 0.9548 0.9406 0.9769 0.9529 0.9796 0.9829

MAUn 0.0000 0.003 0.0047 0.001 –0.002 ***** 0.9995 1.0015 0.9965 0.995 1.001 0.9445 0.9616 0.9568 0.9433 0.9771 0.954 0.9808 0.9815

OPOn 0.0022 0.0033 0.0073 0.0007 0.0001 0.0005 ***** 0.9986 0.9961 0.9936 0.9991 0.9419 0.961 0.9516 0.9387 0.9731 0.9529 0.9794 0.9806

PAKn 0.0026 0.0008 0.0044 –0.0001 –0.0021 0.0015 0.0014 ***** 0.9976 0.9949 0.9999 0.943 0.9578 0.9568 0.9412 0.9777 0.9534 0.9804 0.9837

HOUn 0.0024 –0.0016 0.0019 –0.0008 0.0039 0.0035 0.0039 0.0024 ***** 0.9984 0.9993 0.9519 0.9635 0.9631 0.9415 0.979 0.9608 0.9832 0.9883

POGn 0.0070 –0.0002 0.0023 0.0026 0.0042 0.005 0.0065 0.0051 0.0016 ***** 0.9985 0.9447 0.9562 0.9496 0.9264 0.9706 0.9501 0.9712 0.9853

GOLn 0.0011 0.0011 0.0035 0.0003 –0.0001 –0.001 0.0009 0.0001 0.0007 0.0015 ***** 0.9486 0.9625 0.9589 0.9415 0.9772 0.9567 0.9802 0.9853

FIOs 0.0411 0.0493 0.0392 0.049 0.0583 0.0571 0.0599 0.0586 0.0493 0.0569 0.0527 ***** 0.9979 0.9988 0.9944 0.9957 1.0027 0.9885 0.982

GOBs 0.0241 0.0407 0.0304 0.0344 0.0407 0.0392 0.0397 0.0431 0.0372 0.0447 0.0383 0.0021 ***** 0.9945 0.9909 0.9968 0.9955 0.9965 0.9796

LWRs 0.0308 0.0407 0.0313 0.0368 0.0463 0.0442 0.0496 0.0441 0.0376 0.0517 0.042 0.0012 0.0055 ***** 0.9948 0.9987 0.999 0.9957 0.984

NMCs 0.0409 0.0627 0.0525 0.0563 0.0612 0.0584 0.0632 0.0606 0.0602 0.0764 0.0602 0.0056 0.0092 0.0052 ***** 0.9909 0.9969 0.9877 0.9652

RIVs 0.0152 0.0211 0.0163 0.0194 0.0234 0.0232 0.0273 0.0225 0.0213 0.0299 0.0231 0.0043 0.0032 0.0013 0.0091 ***** 0.9971 1.0018 0.9937

JABs 0.0330 0.0397 0.0331 0.039 0.0483 0.0471 0.0482 0.0477 0.0400 0.0512 0.0442 –0.00270.0045 0.001 0.0031 0.0029 ***** 0.9924 0.9879

TIMs 0.0097 0.0209 0.0173 0.015 0.0206 0.0194 0.0209 0.0198 0.0169 0.0292 0.0200 0.0116 0.0035 0.0043 0.0124 –0.00180.0077 ***** 0.9897

HSBs 0.0177 0.007 0.0077 0.0111 0.0173 0.0186 0.0196 0.0164 0.0118 0.0148 0.0148 0.0181 0.0206 0.0161 0.0354 0.0063 0.0122 0.0104 *****

Fig. 5. Perna canaliculus. Relationships between mussel pop-
ulations inferred from an UPGMA tree reconstructed on the
basis of Nei’s unbiased genetic distances (1978). Underlined
populations belong to the southern group, the other pop-
ulations belong to the northern group. See Table 1 for abbre-
viation definitions. BGB*: Big Glory Bay is located geographi-
cally in the southern group but falls in the northern cluster of
populations because it is an aquaculture population seeded 

with northern spat from Kaitaia
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that both the mitochondrial and nuclear genomes have
been similarly affected and therefore exhibit similar
patterns of population structuring, and that the north-
south genetic discontinuity is only apparent in the
faster evolving mtDNA markers, but not in the more
evolutionarily constrained allozymes. 

Traditionally, high levels of gene flow (Nmθ > 1) are
thought to be sufficient to prevent population genetic
differentiation (Slatkin 1985). However, the pro-
nounced population genetic structuring in Perna
canaliculus revealed by RAPDs is maintained despite
gene flow estimates of >1 migrant per generation. This
apparent paradox can be explained by 2 different phe-
nomena, which could be acting independently or
simultaneously. Firstly, the genetic discontinuity could
be caused by selection against RAPD alleles, or more
likely against closely linked functional regions of the
genome. That is, when RAPD alleles of one group
arrive in the territory of the other group as a result of
larval dispersal, they are selected against at some early
life-history stage (e.g. larval or spat stage). The selec-
tive agent responsible for the genetic discontinuity
would need to act over large spatial scales, and there-
fore the most likely cause would seem to be one or
more environmental conditions (e.g. temperature).
This scenario seems unlikely for the following reasons:
(1) RAPD genetic subdivision occurs over a narrow
spatial scale, and there are no indications that environ-
mental conditions change in a similar fashion, (2)
despite the fact that the mitochondrial and nuclear
genomes are physically unlinked, we have observed
fundamentally the same pattern of discontinuity in
both genomes, meaning that we have to postulate a
process or processes that affect both genomes to the

same extent, and (3) it is necessary to
invoke very high selection coefficients
in both the northern and southern
regions to generate and maintain the
extent of genetic differentiation that we
have observed. We therefore discount
selection as the major or sole cause of
the genetic subdivision we have ob-
served. Secondly, there may be a
barrier to larval dispersal between

northern and southern populations. Estimates of gene
flow (Table 8) within the northern (Nmθ = 20) and
southern (Nmθ = 9) groups are high, whereas estimates
of gene flow between the groups are lower (Nmθ = 2.5),
but still high in absolute terms. We note that the
mtDNA (Apte & Gardner 2002) and RAPD data both
revealed a pronounced genetic discontinuity just
below the north end of the South Island, at ~42oS.
While we did not observe any fixed RAPD allele differ-
ences between the northern and southern groups, we
did observe 5 significant allelic frequency differences
between these groups, 3 of which were very pro-
nounced. This genetic differentiation is reinforced by
the presence of a unique southern mtDNA SSCP hap-
lotype at a frequency of 20%, despite high estimates of
gene flow estimated from the mtDNA data (Apte &
Gardner 2002). It seems highly unlikely that nuclear
and mtDNA differences of these magnitudes can be
maintained in the face of such high levels of gene flow,
in particular when selection as an explanation has
been discounted. We therefore suggest that the appar-
ently high levels of gene flow between the 2 groups
result from the genotypic and allelic similarities that
existed historically between these regions, but do not
reflect present day values of gene flow. We predict that
gene flow between the northern and southern pop-
ulations is in fact very low, if not entirely absent, a sit-
uation which results from a combination of unique hy-
drographical features at ~42° S (Apte & Gardner 2002). 

Nearshore oceanographic processes play a critical
role in determining recruitment patterns of coastal spe-
cies (Botsford 2001, and references therein). The dis-
persal of the planktonic larvae of Perna canaliculus is
dependent on the major coastal surface water flows
around New Zealand (described by Stanton 1976, Bow-
man et al. 1983, Barnes 1985, Heath 1985, Harris 1990,
Vincent & Howard-Williams 1991, Stanton & Moore
1992, Chiswell 2000, and references therein) (Fig. 6).
Although we are presently unable to identify the exact
location of the genetic discontinuity, it does not coin-
cide with the geographic location of 2 major features in
this part of New Zealand. The genetic break occurs
south of Cook Strait, and north of the (indistinct) bound-
ary between the Cookian (cold temperate mixed wa-
ters) and the Forsterian (transitional between sub-
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Table 7. Perna canaliculus. θ (among population component of total population
genetic differentiation) estimates among all populations, and among northern 

and southern populations, and χ2 tests of their significance

Population θ SD No. of No. of No. of χ2 df p
mussels alleles populations

All 0.092 0.055 503 26 19 2364.1 450 <<0.0001
Northern 0.012 0.008 286 26 11 171.6 250 >0.05
Southern 0.028 0.016 217 26 8 303.8 175 <0.0001

Table 8. Perna canaliculus. Values of gene flow (Nmθ) among
all populations, among northern and southern populations
calculated from θ (Slatkin & Barton 1989). Lower and upper
range values were calculated using the SD of the θ values

Population Nmθ Lower range Upper range

All 2.47 1.45 6.51
Northern 20.58 12.25 62.25
Southern 8.68 5.43 20.58



Star et al.: Mussel population genetic structuring revealed by RAPDs

antarctic cold temperate waters and cold temperate
mixed waters) biogeographic provinces (Ekman 1967,
Briggs 1974, Knox 1975). The hydrography around the
northern end of the South Island is therefore of special
interest, because the genetic break between northern
and southern populations is present in this area. The
D’Urville Current mixes with the Southland Current
and the East Cape Current (Barnes 1985), and part of
this mixed water flows north as the Wairarapa Coastal
Current (Chiswell 2000). Tidal currents within Cook
Strait can be very high (250 cm s–1) compared to other
tidal currents around New Zealand (~10 to 20 cm s–1)
(Stanton et al. 2001). On the NE and NW coasts of the
South Island, extensive and prolonged upwelling can
occur (Bowman et al. 1983, Harris 1990). During these
upwelling events, larvae in surface coastal waters will
be carried offshore and lost to coastal systems. On the
east coast in this region, the permanent Wairarapa
Eddy is known to trap the larvae of many species
(Bowman et al. 1983, Vincent & Howard-Williams 1991,
Chiswell & Booth 1999). These upwelling events along
both coasts, in conjunction with the known eddies,
gyres, and associated turbulence of the Greater Cook
Strait region, may be acting as a barrier to the move-
ment of larvae of P. canaliculus between southern and
northern regions (Apte & Gardner 2002). If this is the
case, then other species with similar reproductive
strategies, such as the ribbed mussel Aulacomya mao-
rina and the blue mussel Mytilus galloprovincialis, are
likely to exhibit similar population genetic structuring
(Apte & Gardner 2002). Future research will test this
hypothesis.

In conclusion, this study observed strong population
genetic structuring among 19 populations of the endemic
New Zealand greenshell mussel Perna canaliculus using
the RAPD technique. These results contrast with those
from our allozyme study of the same mussels (Apte &
Gardner 2001), but agree with data from our mtDNA
study of the same mussels (Apte & Gardner 2002).
Because the location of the genetic discontinuity is
coincident with a combination of hydrographical
features at ~42°S, we believe that these hydrographical
features act as barrier to gene flow between northern
and southern populations. We suggest that the high
estimates of gene flow calculated from our allozyme,
mtDNA, and RAPD data reflect historical similarities
between northern and southern populations, which are
now in the process of differentiating as a consequence of
the absence of gene flow between them. 
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