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INTRODUCTION

Theories on speciation processes frequently invoke
isolating mechanisms, the most obvious being physical
barriers e.g. islands and lakes, suggesting an allopatric
mechanism for speciation (Dobzhansky 1937, Mayr
1942). It is thus not surprising that genetic differentia-
tion among populations of species with planktotrophic
larvae is typically low, since there can be gene flow
among sub-populations even over large distances, and

for these species mechanisms for allopatric speciation
are rare. However, speciation events in marine phyla
with dispersive larval forms, e.g. echinoderms (Emlet
et al. 1987), is common enough that such taxa are dom-
inant groups. The generalization that speciation must
be rare in marine taxa with high dispersal appears,
therefore, to be incorrect (Palumbi 1994).

At the mesoscale (<1000 km), physical barriers to
dispersal of long-lived, planktotrophic larvae are rare,
and raise the question about conditions that favour
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genetic divergence and speciation in groups with high
dispersal potential. Episodic conditions may change
patterns in gene flow and cause substantial divergence
and speciation. An example of this is the rapid diversi-
fication of the genus Littorina in the north Atlantic fol-
lowing colonization after climatic changes during the
upper Pliocene (Reid 1990). Other barriers may evolve
at geological time-scales such as the closure of the
Panama isthmus and the isolation and diversification of
species in the Caribbean (e.g. Lessios & Cunningham
1990, Lessios & Weinberg 1993). However, Knowlton
et al. (1993) concluded from ecological, geological and
genetic data that gene flow over the Panama isthmus
was disrupted several million years before the closure
was complete, arguing that a circulatory barrier was in
place during this period. In 2 studies, Benzie (1999)
and Barber et al. (2000) concluded that between-ocean
genetic differentiation of the sea star Acanthaster
planci and the mantis shrimp Haptosquilla pulcella,
each with 2 to 6 wk planktonic larvae phases, probably
arose during Pleistocene low sea-level stands when
the Pacific and Indian Ocean basins were isolated.

There is evidence of differentiation in local popula-
tions despite a larval dispersive stage (see review in
Hedgecock 1986). This may occur as the result of phys-
ical barriers such as patterns of coastal or estuarine
circulation (Scheltema 1975, Burton & Feldman 1981,
Johnson et al. 1986, Ayvazian et al. 1994). For example,
some species inhabiting relatively closed embayments
or isolated islands have shown greater than expected
genetic divergence (Johnson et al. 1994, Parsons 1996).
Transplant experiments indicate that limited dispersal
in estuaries with low flushing rates may lead to
restricted gene flow and adaptation to local condi-
tions (Bertness & Gaines 1993). Jones et al. (1999) and
Swearer et al. (1999), using tagging and trace element
techniques, showed that planktonic fish larvae stayed
close to their natal sites on reefs, adding convincing
evidence that oceanic conditions and larval behaviour
can favour retention.

New Zealand’s 14 spectacular deep-water fjords
contain unique and fragile marine benthic communi-
ties of national and international significance due to
unusually high species diversity and a high proportion
of endemic, rare and protected species (Grange et al.
1981, Smith & Witman 1999). The New Zealand fjords
provide a unique natural laboratory in which to study
evolutionary processes associated with the effects of
isolation and its effects on gene flow in marine sys-
tems. Such opportunities are rare in the marine envi-
ronment, which has been characterized as lacking of
barriers responsible for genetic partitioning of pop-
ulations (Knowlton 1993).

The aim of this study is to use the natural fjordic
seascape of New Zealand’s west coast to assess the

importance of physical barriers in the marine environ-
ment on genetically isolating a species with high larval
dispersal capability: the common sea star Coscinaster-
ias muricata. These fjords present a situation that
would allow such a comparative analysis in a repli-
cated system. The 14 deep-water fjords together span
over 200 km of the SW coastline of New Zealand’s
South Island. Characteristics of the fjords are that they
are long (10 to 44 km), narrow (0.7 to 2.3 km), steep-
sided, and have 1 or more shallow (30 to 145 m) sills
between the deepest basin of the fjord and the open
coast (Stanton & Pickard 1981). Recent studies suggest
that the fjords were freshwater lake systems ca.
18 000 yr ago, when sea level was about 100 m below
present (Pickrill et al. 1992). The fjords were inundated
with seawater ca. 12 000 to 6500 yr ago, when sea level
began to rise, at which time adjacent marine popula-
tions may have colonized them.

The hydrography of the fjords is strongly influenced
by orographic rainfall (up to 7 m yr–1) in the area that
results in a seawardly flowing surface low salinity
layer (LSL) typically down to 2–10 m, which drives a
2-layer estuarine circulation of variable strength in
each fjord. As the LSL flows seaward, saltwater is
mixed across the halocline and advected out of the
fjord. Maintenance of salt balance occurs by a very
slow injection of seawater into the fjord below the LSL.
Because the net flow of seawater is inward, planktonic
larvae may be retained within natal fjords (Lamare
1998). Although larvae with long duration and large
potential dispersal distance are theoretically able to
exit the fjords via the LSL, they likely perish due to the
low salinity conditions within the LSL.

We predict that the New Zealand fjords will exert a
range of effects on larval dispersal and gene flow in
native coastal marine organisms, and therefore play an
important role in shaping the population genetic struc-
ture and evolution of these species. Support for this
hypothesis comes from a study using allozymes of
the sea urchin Evechinus chloroticus, that exhibits low
genetic distances between populations but significant
genetic distances between a fjord population and
coastal populations (Mladenov et al. 1997).

MATERIALS AND METHODS

Natural history of Coscinasterias muricata. C. muri-
cata (Fig. 1) is widely distributed within the Indo-Pacific
region, and is the most common sea star in New Zealand
waters. It occupies both intertidal and subtidal habitats,
but is usually restricted to sheltered sites such as har-
bours and wave-protected shores (Barker 1977). It is a
critical predator, especially in the subtidal communities
of New Zealand fjords (Witman & Grange 1998). Spawn-
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ing is seasonal and occurs between No-
vember and March (Crump & Barker
1985). C. muricata has a free-swimming
brachiolaria larva, and the planktonic
stage has been inferred from laboratory
culture to be about 30 d (Barker 1978).
Sexual recruitment is irregular, and
in addition to sexual reproduction, C.
muricata propagate asexually through
fission (Crump & Barker 1985, Johnson
& Threlfall 1987). However, not all
populations show signs of fission, and
no evidence of asexual reproduction
has been observed in the fjords of
the South Island of New Zealand (Sköld
et al. 2002).

Sample collection. Sea stars were
sampled from 13 fjords populations on
the South Island of New Zealand dur-
ing a two 2 wk long cruise aboard the
MV ‘Renown’ in May 1998. Samples
were also collected from the North
Island, the east coast of the South
Island, and Stewart Island. In sum-
mary, samples of 24 to 70 individuals
of Coscinasterias muricata were ob-
tained from 16 sites from January to
September 1998 (Fig. 2). Those from
the fjords and Stewart Island were
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Fig. 1. Sea star Coscinasterias muricata and the sea urchin Evechinus chloroticus
in Doubtful Sound, New Zealand

Fig. 2. Locations of study sites of Coscinasterias muricata on the North Island, South Island, and Stewart Island, New Zealand
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sampled from depths of 2 to 10 m, and those from the
east coast, Otago Harbour and the North Island, Maori
Bay, were sampled among rocks and boulders in the
lower intertidal. Subtidal sea stars were brought by
divers to the surface and kept alive until dissection.
Tissue samples were taken from tube feet and pyloric
caeca, stored in 1.5 ml Eppendorf tubes, and immedi-
ately frozen in liquid nitrogen on board the research
vessel. In the laboratory samples were stored at –80°C
pending analysis. On all seastars, length of the longest
arm (R) was measured from the centre of the disk to the
tip of the arm and number of arms and madreporites
counted. Appearance of being split was assessed by
asymmetry, i.e. if the disk appeared to have split and
several (>2) proximate arms were regenerating.

Electrophoresis. Samples of tube feet and pyloric
caeca were prepared for electrophoresis by grinding
the tissue in 1 to 6 drops of homogenizing buffer;
0.02 M tris, 0.1% (w/v) mercaptoethanol 0.1% (w/v)
bromophenolblue, pH = 7.5. Samples were then cen-
trifuged for 3 (tube feet) or 8 (pyloric caeca) min at
4500 rpm (5000 × g). Wicks of filter paper were then
soaked in the supernatants for running on starch gels
(12% w/v) using lithium hydroxide (LiOH) or tris-
maleate (TM) buffers (Buffers 2 and 9, respectively,
according to Selander et al. 1971). A preliminary sur-
vey of 15 enzyme systems revealed 4 polymorphic
enzymes, which could be scored efficiently. TM-buffer
and tube-feet tissue were used to score phosphoglu-
cose isomerase (Pgi, EC 5.3.1.9), phosphoglucomutase
(Pgm, EC 5.4.2.2), and malate dehydrogenase (Mdh-2,
EC 1.1.1.37). LiOH-buffer and pyloric caeca tissue
were used to score hexokinase (Hk, EC 2.7.1.1). Two
enzymes, malate dehydrogenase (Mdh-1) and super-
oxide dismutase (Sod), showed monomorphism, and
were not further analyzed. Staining techniques were
based on those of Pasteur et al. (1988) and Shaw &
Prasad (1970). Alleles were labelled alphabetically, in
order of decreasing electrophoretic mobility of their
corresponding allozymes.

Analyses. Departures of genotypic frequencies from
Hardy-Weinberg equilibrium for each locus in each
sample are presented as values of Hd, where Hd = (Ho –
He)/He. Ho is the observed number, and He is the
expected number of heterozygotes. Statistical signifi-
cance of departures was tested, and combined for each
site by the exact Hardy-Weinberg test of Haldane
(1954), using the program GENEPOP 3.1b (Raymond &
Rousset 1995).

Occurrence of asexual reproduction was analyzed as
the number of multilocus genotypes observed and the
genotypic diversity, Go according to Stoddart (1983).
The expected diversity, Ge, under Hardy-Weinberg
equilibrium for the same allelic composition, was de-
termined by simulation of sampling from a population

with random mating, using an average of 500 runs.
The value of Go was tested against expectation with a
Student’s t-test for comparison of a single observation
with the mean of a sample (Sokal & Rohlf 1995).

Genetic correlations were described using the para-
meters Fst (subdivision among populations) and Fis

(inbreeding within populations) of Wright (1978), using
the estimators of Weir & Cockerham (1984). Standard
deviation and an unbiased Fst were estimated by the
jackknife procedure over loci, and confidence intervals
by bootstrapping over loci according to Weir (1990).
Tests of significance of Fst and Fis over all loci were
done by permutations using the program FSTAT 1.2
(Goudet 1995). The extend of gene flow between a
pair of populations (M̂ ) was estimated assuming the
island model under equilibrium from the unbiased Fst

using the equation M̂ = Nem = (1/Fst – 1)/4 of Slatkin
(1993). This transformation of Fst to M does not neces-
sarily provide an accurate estimate of gene flow due to
several underlying assumptions that are unlikely met
(see ‘Discussion’), but was done for the purpose of ana-
lyzing isolation by distance. The relationship between
log distance and log M̂ was evaluated using the Man-
tel test (Mantel 1967). Given the pattern of isolation by
distance, the number of migrants between generations
among all sites was estimated using the estimate
from a stepping stone model by Crow & Aoki (1984) as
Nm = ([1 – Fst][–ln2µ])/4, where µ is the mutation rate,
assumed to be 10–7 (see Table 2).

Unbiased genetic identities (I ) and distances (D)
were calculated according to Nei (1978). Genetic iden-
tities were clustered by the unweighted pair-group
method with arithmetic averaging (UPGMA) using
the program BIOSYS-1 1.7 (Swofford & Selander 1989).

RESULTS

Mean sizes, based on R, of the Coscinasterias muri-
cata populations in the fjords are shown in Fig. 3. Sizes
were, in general, unimodal within sites but differed
significantly between sites in the fjords (ANOVA,
F16, 796 = 178.3, p = 0.0001). Smaller specimens were
rarely found in the fjords, and when present they usu-
ally occurred cryptically under rocks and boulders.
Few or no C. muricata were encountered at the
exposed entrances of the fjords. In the population
sampled at North Island, Maori Bay, a wider range of
sizes was found (R = 62.6 ± 22.4), and in Otago Harbour
all specimens were small (R = 23.6 ± 9.7, Fig. 3).

The populations from North Island, Maori Bay and
Otago Harbour frequently showed characteristics of
having undergone fission. Numbers of madreporites
were, respectively, 2.4 (SD = 1.0) and 1.8 (SD = 0.7).
Based on asymmetry, i.e. that the disk had split and

166



Sköld et al.: Genetic subdivision of a sea star in fjords

several arms were under regeneration, we esti-
mated that 92% had recently undergone fission in
the North Island population, and 100% in Otago
Harbour. In contrast, we did not observe any char-
acters indicating that fission had occurred in the
fjord populations or at Stewart Island.

Of the 15 loci examined, only 4 were polymor-
phic: Pgi, Pgm, Hk and Mdh-2. Pgm was the most
variable with 1 fast allele frequently occurring in
the North Island population, but observed only
once from all the other populations. Pgi was also
variable with up to 4 alleles, of which 3 were
rather common and 1 fast was rare, but found at
low frequency in all except 5 of the 16 populations
studied. For the Hk-locus, 2 common alleles and 2
rare alleles were present, and 1 of these occurred
only once in all the populations examined. Two
alleles were present at the Mdh-2 locus, 1 of them
being dominant in all the populations (Table 1).

Strong deviations from Hardy-Weinberg expec-
tations were found at 2 loci in the North Island,
and at 3 loci from the Otago Harbour populations.
Deviations were also found at 1 locus  for 5 of the
13 fjord populations (Table 1). Four of those were
for the Hk locus because of a heterozygote deficit
for this locus (Table 1). None of the fjord popula-
tions had a significantly lower ratio of observed
versus expected genotypic diversity. In contrast,
this ratio was significantly lower than expected for
the North Island and the Otago Harbour popula-
tions, thus confirming the observations of frequent
asexual reproduction by fission in these popula-
tions (Table 1).

As asexual reproduction was frequent in the
North Island and Otago Harbour populations, only
unique 4-locus genotypes from these populations
were used when analyzing genetic variance and
identities. This resulted in a decrease in deviation
from Hardy-Weinberg expectation for the Pgi and
Pgm loci for the Otago Harbour population and
the Pgi and Hk loci of the North Island population.
The average Fst for all the populations was 0.061,
indicating moderate genetic divergence over this
large distance. The largest Fst of 0.17 was found
for the Pgm locus, and due to the fast allele occur-
ring frequently in the North Island population.
The Fst for the fjords was generally lower, ranging
from 0.024 to 0.028, but deviated significantly
from zero for all the loci examined (Table 2). Indi-
cation of isolation by distance was found using all
populations in a log M̂ against the log of geo-
graphic distance (Fig. 4A; r2 = 0.57, p < 0.001,
Mantel test). Pair-wise comparisons of genetic dis-
tances, measured as Fst, of populations on the
regional scale of the fjords on the west coast of
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A

Fig. 4. Coscinasterias muricata. (A) Regression (y = 2.675 – 0.826x;
r2 = 0.57) of log gene flow (M̂ ) versus log distance (km) of separa-
tion for all pair-wise populations; (B) genetic distance (Fst) versus
geographic distance of separation (km) for all pair-wise combina-

tions between the fjords

B

Fig. 3. Mean size distribution of Coscinasterias muricata from all 
populations using longest arm, R + SD
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South Island showed high variation and no correlation
to geographical distance (Fig. 4B).

The cluster analysis of genetic identity, I, shown in
Fig. 5, revealed the overall genetic pattern of genetic
variation. All the fjords clustered together, with aver-
age identities of 94.6% for Otago Harbour and Stew-
art Island (genetic distance D = 0.053), and 73.7%
(D = 0.304) for the North Island population, thus visual-
izing the pattern of isolation by distance on this larger
scale. In contrast, the populations within the fjords
were not segregated according to location within geo-
graphical regions, as exceptions occurred in all the 3
major groups that clustered together (Fig. 5).

DISCUSSION

We examined New Zealand-wide (>1000 km) and
regional (<200 km) genetic variation in Coscinasterias
muricata, a sea star with high larval dispersal ability.

The results showed moderate genetic variance, Fst,
on the larger New Zealand scale. Species with ex-
tended planktotrophic development generally show
little genetic divergence, Fst = 0.004 to 0.02, over dis-
tances comparable to this study, i.e. 1000 to 4000 km
(Johnson & Black 1984, Watts et al. 1990, Benzie &
Stoddart 1992, Williams & Benzie 1993, Hollborn et al.
1994, Mladenov et al. 1997). In comparison to these
figures, the mean Fst of 0.061 of C. muricata found
in this study approaches the range which is found
in some lecithotrophic developers: 0.076 to 0.091
(Maestro et al. 1982, Parsons 1996). Part of the genetic
variation is due to a fast allele at the Pgm locus in the
North Island population that occurs only for 1 individ-
ual in all the other populations, but significant varia-
tion is due to the populations in the fjords on the New
Zealand west coast (Fst = 0.025). These findings sug-
gest that there are likely restrictions on gene flow
between the populations of C. muricata considered in
this study.
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Table 1. Coscinasterias muricata. Allele frequencies for the 4 polymorphic loci screened in 16 populations of C. muricata from
New Zealand. Localities are listed from north to south; Hd, degree of departure of genotypic frequencies from Hardy-Weinberg
expectations; Go and Ge, observed and expected genotypic diversity, respectively; n, number of individuals scored. Numbers in
brackets are corrected for potential clone mates, i.e. only unique 4 locus genotypes. Significant deviation from expected 

indicated as: *p < 0.05; **p < 0.01; ***p < 0.001

Locus, North Island Stewart Island Otago Harbour Millford Bligh George Caswell Doubtful Sound
allele Maori Bay Patterson Inlet Vauxhall Sound Sound Sound Sound Bradshaw Sound

Pgi
n 38 (26) 38 42 (17) 48 32 42 40 40
A 0.066 (0.058) – – 0.010 – 0.036 0.038 0.013
B 0.211 (0.250) 0.355 0.107 (0.147) 0.479 0.531 0.393 0.313 0.425
C 0.289 (0.308) 0.592 0.607 (0.588) 0.323 0.156 0.345 0.400 0.325
D 0.434 (0.385) 0.053 0.286 (0.265) 0.188 0.313 0.226 0.250 0.238
Hd 0.109 (0.091) –0.202– –0.388** (–0.290) 0.046 0.239 0.012 0.019 –0.023–

Pgm
n 39 (26) 41 40 (17) 48 32 41 40 40
A 0.128 (0.115) – – – – – – –
B 0.744 (0.692) 0.037 0.025 (0.059) – – 0.012 – –
C 0.128 (0.192 0.915 0.575 (0.618) 0.896 0.875 0.854 0.750 0.825
D – 0.049 0.400 (0.324) 0.104 0.125 0.134 0.250 0.175
Hd 0.100 (0.124) 0.056 0.553*** (0.230**) –0.116– –0.156– –0.239– –0.078– 0.197

Hk
n 40 (26) 41 50 (17) 48 33 46 42 40
A – – – – – – – –
B 0.113 (0.154) 0.268 0.240 (0.324) 0.521 0.545 0.467 0.690 0.475
C 0.713 (0.654) 0.646 0.680 (0.559) 0.469 0.455 0.533 0.298 0.525
D 0.175 (0.192) 0.085 0.080 (0.118) 0.010 – – 0.012 –
Hd 0.045* (0.032) –0.090– –0.247* (–0.298) –0.473*** –0.157 –0.352* –0.080– –0.109–

Mdh-2
n 39 (26) 38 41 (17) 48 32 41 40 38
A 0.833 (0.788) 0.842 0.988 (0.971) 0.813 0.859 0.939 0.863 0.895
B 0.167 (0212) 0.158 0.012 (0.029) 0.188 0.141 0.061 0.138 0.105
Hd –0.909*** (–0.888***) 0.172 0.000 (0.000) –0.083– –0.109– 0.052 0.145 –0.173–

Go:Ge 0.630*** 1.291 0.610*** 1.081 0.956 1.160 1.228 1.150
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Genetic differences between popu-
lations should accumulate if dispersal
is restricted geographically. This ‘iso-
lation by distance’ process, introduced
by Wright (1943), proposes that gene
flow occurs among local neighbour-
hoods in a continuously distributed
population. Indeed, the log of M̂ be-
tween pairs of localities of Coscinaste-
rias muricata inversely correlated with
the log of geographic separation and,
on the larger scale, spatial separation
between populations accounted for
57% of the genetic variation (based
on r2). Isolation by distance has been
shown in species with large distribu-
tions relative to their dispersal capabil-
ity (e.g. Hellberg 1994, Palumbi et al.
1997, Johnson & Black 1998). Possibly
more importantly, however, are special
conditions that might favour isolation
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Table 1 (continued)

Locus, Doubtful          ———————— Dusky Sound ———————— —— Preservation Inlet —— 
allele Sound Vancouver Acheron Wet Jacket Crayfish Girlie Long Weka

Espinosa Point Arm Passage Arm Island Island Sound Island

Pgi
n 76 40 49 42 24 40 41 40
A 0.026 0.025 0.010 0.012 0.042 0.013 – –
B 0.421 0.138 0.276 0.226 0.208 0.338 0.317 0.300
C 0.322 0.450 0.306 0.333 0.313 0.350 0.402 0.463
D 0.230 0.388 0.408 0.429 0.438 0.300 0.280 0.238
Hd –0.095** 0.022 –0.026– –0.101– 0.103 0.173 –0.049– 0.158

Pgm
n 76 40 50 44 25 40 40 41
A – – – – 0.020 – – –
B – 0.038 0.020 0.057 0.020 0.013 – –
C 0.868 0.875 0.930 0.864 0.900 0.863 0.938 0.988
D 0.132 0.088 0.050 0.080 0.060 0.125 0.063 0.012
Hd –0.084– 0.096 0.048 –0.081– –0.155– 0.130 0.053 0.000

Hk
n 51 41 47 44 27 41 41 42
A – 0.012 – – – – – –
B 0.373 0.610 0.351 0.477 0.685 0.573 0.610 0.476
C 0.588 0.354 0.596 0.500 0.315 0.415 0.366 0.500
D 0.039 0.024 0.053 0.023 – 0.012 0.024 0.024
Hd –0.168– –0.233– –0.351** –0.225– –0.073– –0.421** –0.219– –0.100–

Mdh
n 68 39 50 44 25 41 41 41
A 0.897 0.974 0.950 0.955 0.960 0.878 0.963 1.000
B 0.103 0.026 0.050 0.045 0.040 0.122 0.037 –
Hd –0.210– 0.013 –0.375– 0.036 0.021 –0.100– 0.025 –

Go:Ge 0.976 1.035 1.088 0.968 0.984 1.041 0.828 1.099

Table 2. Coscinasterias muricata. Summary of Weir & Cockerham (1984) esti-
mates of F-statistics at all sites around New Zealand (n = 16), and the fjords
(n = 13). Also shown are the unbiased estimate of genetic variability measured by
Wright’s Fst and Fis with standard deviation and 95% confidence limits, the
estimated number of migrants per generation between sites (Nm), and mean
and maximum distance between sites. ***Significant deviation from expected 

Fst at p < 0.001

Locus All sites Fjords
Fst Fis Fst Fis

Pgi 0.034 –0.005– 0.024 -0.021
Pgm 0.170 –0.001– 0.021 0.034
Hk 0.048 0.223 0.026 0.243
Mdh-2 0.031 0.104 0.028 0.054
Mean 0.061*** 0.081*** 0.025*** 0.081***

Unbiased mean 0.056 0.077 0.025 0.075
SD 0.025 0.082 0.001 0.097
95% CI 0.034–0.122 –0.004–0.194 0.022–0.027 –0.015–0.217

Nm 20693 9750

Maximum distance (km) 1955 272

Mean distance 362 120
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of populations within a widely distributed population.
Pair-wise comparisons of genetic distances, measured
as Fst, of populations on the regional scale of the fjords
on the west coast of the South Island showed no corre-
lation, and large residuals indicate that genetic drift is
more influential than gene flow (Hutchinson & Tem-
pleton 1999). In the clusteranalysis using genetic iden-
tity, I, all the fjord populations grouped together, but
within the fjord cluster, fjords were not segregated ac-
cording to geographical location. Measured as genetic
distance, D, populations in the fjord region differed
from those around Stewart Island and the east coast by
0.053, and from those on the North Island by 0.304.
Obvious exceptions occurred in 2 of the 3 major fjord
groups that clustered together, e.g. the population
from Caswell Sound in the north groups together with
populations from the Dusky Sound region and the
southernmost fjord, Preservation Inlet. These patterns
suggest that populations in the fjords may be more
isolated from each other than similarly spaced popula-
tions around New Zealand.

There are several alternative explanations for this
pattern: the genetic markers (allozymes) used in this
study may not be differentiated sufficiently to resolve
real differences among populations; the mating system
of Coscinasterias muricata may go against the assump-

tions of a continuous population; natural selection
could interfere with the pattern; the populations in the
fjords may not have had time to reach genetic equilib-
rium since colonization; dispersal may occur over a
spatial scale greater than the regional scale of the
fjords; or the circulatory pattern of the fjords may act to
isolate fjords from the open coast and between fjords
(thus violating the assumption of a continuously dis-
tributed population, Wright 1943).

The power to detect genetic divergence depends on
the number of loci studied. In this study, only 4 loci
showed polymorphism and reliable results. However,
the Hk locus showed departures from genotypic fre-
quencies expected under Hardy-Weinberg equilib-
rium in 5 out of 16 populations, and should be consid-
ered with some care. In summary this may have limited
our analysis. Johnson & Threlfall (1987) used 6 poly-
morphic loci in a study on the same species. Two of the
allozymes they used, esterase (Est) and leucyltyrosine
peptidase (Ltp), showed inconclusive banding and
could not be scored successfully in our lab, and super-
oxide dismutase (Sod) showed monomorphism. Sev-
eral studies with allozymes in echinoderms used rather
few (4 to 6) loci, as preliminary analyses show mono-
morphism for several loci (e.g. Johnson & Threlfall
1987, Mladenov & Emson 1990, Edmands et al. 1996,
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Fig. 5. Coscinasterias muricata. Phenetic dendrogram (UPGMA cluster) based on Nei’s (1978) unbiased genetic identity, I, of the 
sea star based on 4 polymorphic loci. Cophenetic correlation = 0.979
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Garrett et al. 1997, Mladenov et al. 1997). The power to
detect genetic divergence also depends on variability
of the loci examined. All 4 polymorphic loci examined
in our study showed significant variation both on the
larger New Zealand scale and on the regional scale of
the fjords, indicating that the data were sufficient to
resolve patterns of genetic divergence.

Natural selection is a diversifying force and may
underlie geographic variation at some allozyme loci
(see review in Hedgecock 1986). In particular, the low
salinity layers (LSL) of the fjords are an obvious source
for selection of salinity tolerance. Koehn et al. (1984)
demonstrated non-random genotype-dependent mor-
tality after larval settlement in Mytilus edulis, and a
stable cline in aminopeptidase –I (Lap) over Long
Island Sound populations. All Coscinasterias muricata
we sampled in the fjords were subtidal and from below
the apparent freshwater layer. We rarely observed
juveniles, but it is most likely that if settlement oc-
curred within the LSL, the larvae would die, since
echinoderm larvae in general are very sensitive to low
salinity (Stickle & Diehl 1987). Hedgecock (1986) sug-
gested that genetic analysis alone is usually insuffi-
cient to determine whether population differentiation
has resulted primarily through the restriction of larval
dispersal or from natural selection and/or local adapta-
tion. However, we believe that the populations within
the fjords are exposed to similar selective pressures,
and thus genetic differentiation between fjords should
mainly be due to restriction of larval dispersal. In addi-
tion, the 4 loci examined all showed similar estimates
of subdivision. However, it cannot be ruled out that
balancing selection at these loci homogenises allele
frequencies at different localities and thereby reduces
genetic differentiation (Karl & Avise 1992).

The life history of sexually reproducing populations
of Coscinasterias muricata indicates a continuously
distributed population. C. muricata has a planktonic
larval stage of ca. 1 mo (Barker 1978). However, most
populations studied also reproduce by fission (Crump
& Barker 1985, Johnson & Threlfall 1987), and could
produce clones. Asexual reproduction might reduce
the effective population size and increase genetic drift.
To address this potential problem, we used only
unique genotypes in analysis of populations where
recruitment from asexual reproduction was significant.
None of the populations in the fjord region showed
signs of individuals being split or had a lower ratio of
observed versus expected genotypic diversity.

The observed differences in allele frequencies may
be due to random genetic drift between isolated sites.
However, gene flow and genetic drift require time to
equilibrate (Slatkin 1993), and indirect estimates of
gene flow from Fst are based on many biologically
unrealistic assumptions that most likely are violated

(Whitlock & McCauley 1999). Isolation and random
genetic drift can thus not be ruled out as important
mechanisms behind the genetic structuring of Cosci-
nasterias muricata in the fjords.

Assuming that the west coast populations are mainly
restricted to the fjords, a correlation between gene
flow and geographic separation would be expected, as
the distribution of the fjords can be considered as a
stepping-stone model in this region, where spatial
differentiation arises between discrete populations
assuming that only immediately adjacent populations
exchange genes (Kimura & Weiss 1964). 

The hydrodynamics of each of the fjords is strongly
influenced by freshwater input. This is a likely factor in
the explanation of genetic isolation between the fjords,
since circulation can strongly influence the dispersal of
planktonic larvae. Estuarine circulation (see ‘Introduc-
tion’) is common to all the fjords, but will vary among
fjords due to variation in freshwater input and bathy-
metry (Stanton & Pickard 1981, Stanton 1984, Gibbs et
al. 2000). Thus, the low salinity layer places controls on
circulation and the transport of passive larvae within
the fjord (Wing et al. 2003). Echinoderm larvae are
sensitive to low salinities (Stickle & Diehl 1987), and
would either avoid them or die if exposed to low salin-
ity for prolonged periods. During calm periods the flow
in the oceanic layer beneath the LSL is likely to be
directed in the up-fjord direction. These flows would
act to retain larvae within the fjord. In contrast, during
strong wind events the flow in the surface layer down
to 15–20 m may be in the down-fjord or seaward direc-
tion (Gibbs et al. 2000), and passive larvae could be
transported seaward and possibly lost from the fjord.
This circulation would tend to result in loss of larvae
that are near the entrance of the fjord and retention of
larvae that are distributed near the head of the fjord.
An investigation of origin and larval transport in
the sea urchin Evechinus chloroticus within Doubtful
Sound by Lamare (1998) supports this pattern. Lamare
(1998) found high larval retention consistent with the
estuarine circulation of the fjord, with lack of larvae in
the surface layers of the fjord. We stress that the estu-
arine circulation is a likely explanation for why popu-
lations of Coscinasterias muricata in the fjords form
genetic clusters that are inconsistent with geographi-
cal distance. Alternative to the isolation-by-distance or
the stepping stone models, the population genetic
structure on the regional scale of the fjords may thus
rather conform to an island model, where migration
occurs at random among a group of small populations,
and mating is more frequent within than between pop-
ulations. Limited plankton dispersal would result in
subdivision of populations due to inbreeding (Knowl-
ton & Jackson 1993), as well as genetic drift and local-
ized selection. 
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In a similar study of genetic patterns in the New
Zealand fjords, Miller (1997) found that in the anthi-
patharian black coral Anthipates fiordensis, a species
with little dispersal, the fjord populations were geneti-
cally very similar. Suggested explanations were that
the populations of this sexually and asexually repro-
ducing, long-lived species were not in genetic equilib-
rium (Miller 1997). In addition, there is a high seeding
potential to the fjords from the probably panmictic
offshore population of A. fiordensis on the deep shelf.
In comparison, Coscinasterias muricata shows genetic
differentiation and is a coastal shallow water species
with population densities peaking at 2 to 8 m in the
fjords (Grange et al. 1981, Witman & Grange 1998),
with probably little seeding potential from the deep
shelf off the coast.

The fjords were formed from freshwater lakes,
beginning about 12 000 yr ago, and the fjord with the
deepest sill was probably colonized first. The time (in
generations) for a metapopulation to reach equilibrium
is increased by low migration rates and population
size, and can be extremely long if migration rates are
low (Whitlock & McCauley 1999). Due to recent colo-
nization and limited larval dispersal, it may well be the
case that the populations of Coscinasterias muricata
in the fjords are not yet in genetic equilibrium.

CONCLUSIONS

Fjords can be important habitats for genetic differen-
tiation, and our data suggest that the circulatory pat-
tern of the New Zealand fjords may act to retain larvae
within the them, and thus isolate the populations from
the open coast and each other. The greatest potential
for isolation should be for linearly distributed shallow
water species with preferences for protected habitats.
In a coastal region like the fjords of New Zealand, the
population-genetic structure may thus conform to an
island model where migration occurs at random among
a group of small populations, i.e. the fjord populations,
and mating is more frequent within than between pop-
ulations. Our study also emphasizes the importance
of considering the bio-geographic and oceanographic
history when assessing genetic differentiation in marine
environments.
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