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Abstract We examined the population genetic structure of
the New Zealand endemic clam, Austrovenus stutchburyi, to
determine (1) whether populations of this estuarine taxon
are genetically subdivided and (2) if the locations of genetic
boundaries were congruent with known biogeographic
break points. We obtained sequences of the mitochondrial
gene cytochrome c oxidase I for 372 A. stutchburyi from 29
New Zealand estuaries and conducted analyses to identify
population genetic structure. We detected a pattern of
genetic isolation by distance and identified six A. stutch-
buryi subpopulations, a greater number of subpopulations
than reported for much of New Zealand’s open coast
benthos. Although these data indicate that long distance
dispersal may be less frequent in estuarine than in open
coast taxa, partial congruence between genetic and biogeo-
graphic boundaries suggests that historical events and
natural selection may also contribute to the observed
population genetic structure.

Keywords Biogeography . Connectivity . Cytochrome
oxidase c subunit I . Dispersal . Natural selection .Marine .

Isolation by distance

Introduction

Many marine benthic invertebrates can only disperse over
large distances during a pelagic larval phase (Thorson 1950;
Pechenik 1999; Grantham et al. 2003). For inshore species,
larvae are exported to coastal or shelf waters and develop
during a period of weeks to months before returning to
suitable habitat in late larval or early post-larval form
(Pechenik 1999). For estuarine taxa, the process of inter-
estuary dispersal is more complex. Larvae must be exported
from their natal estuary, develop in coastal waters and be
transported to suitable settlement habitat within another
estuary when developmentally capable of settling (Bilton et
al. 2002). Inter-estuary larval dispersal may be further
limited by the often large distances between estuaries, the
physical properties of estuarine waters and their interface
with the coastal ocean (Mann 1988; Largier 1993), as well
as the physiological challenges associated with a life
history alternating between estuarine and coastal waters
(Cognetti and Maltagliati 2000). Consequently, it has been
suggested that connectivity among populations of estuarine
taxa will be reduced compared to taxa occurring on the
open coast and that different spatial management strategies
may be needed for estuarine versus coastal taxa (Bilton et
al. 2002; Watts and Johnson 2004; Pelc et al. 2009).
However, determining rates of connectivity has proven
challenging owing to the difficulties associated with physi-
cally tracking dispersing larvae (Levin 2006; Gawarkiewicz
et al. 2007).

A number of indirect methods of estimating connectivity
have been developed (Levin 2006) with population genetics
one of the most widely utilized. If rates of inter-estuary
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gene flow are low as hypothesized, then estuarine taxa
would be expected to exhibit a greater degree of genetic
subdivision relative to taxa occurring on the open coast
(Bilton et al. 2002; Pelc et al. 2009). However, as natural
selection (Schmidt et al. 2008; Richards et al. 2010 and
references therein) and patterns of historical gene flow
(Avise et al. 1987; Kelly et al. 2006) can also influence
population genetic structure, the interpretation of genetic
patterns and estimation of gene flow has been complicated
(Sotka et al. 2004).

Because larval dispersal and natural selection will also
determine species’ distribution and abundance, it has
been suggested that boundaries between groups of
genetically distinct populations will be geographically
congruent with biogeographic break points (the bound-
aries between taxonomically distinct communities; Avise
et al. 1987). Although tested across a number of
biogeographic boundaries (e.g. Avise 1992; Hare and
Avise 1996; Dawson 2001, 2005; Cárdenas et al. 2009),
conflicting results suggest that agreement between genetic
and biogeographic boundaries may be location and taxon
specific (Burton 1998; Pelc et al. 2009).

The New Zealand archipelago with its complex
oceanography (Heath 1982; Laing and Chiswell 2003),
dynamic geological history (Fleming 1979) and well-
documented biogeography (Shears et al. 2008) provides an
opportunity to examine the processes that generate
population subdivision and the relationship between
genetic and biogeographic boundaries. Straddling the
subtropical convergence, New Zealand’s marine climate
follows a steep gradient from the subtropical north to sub-
Antarctic south (Laing and Chiswell 2003; Hadfield et al.
2007). The resulting temperature gradient coupled with
spatial variation in swell regime, geological processes and
other environmental factors (Laing and Chiswell 2003) has
created regional variation in the distribution and abundance
of flora and fauna. This biogeographical variation has been
described in a number of classification schemes that have
divided New Zealand’s coastline into distinct biogeographic
regions (reviewed by Shears et al. 2008). In contrast, the
influence of physical, environmental and geological process-
es on a population’s genetic structure is less understood.

Population genetic structure has been examined in at
least 29 New Zealand coastal benthic species with the
majority of studies focussed on taxa that occur on the open
coast (see Ross et al. 2009 for review). Where populations
have been sampled across a wide latitudinal range, there
has usually been an absence of genetic structure (e.g. rock
lobster: Smith and McKoy 1980; Ovenden et al. 1992,
seastar: Waters and Roy 2003), or the detection of
genetically divergent northern and southern populations
divided through central New Zealand. Differentiation about
a central boundary has now been recorded in at least ten

species including open coast taxa with pelagic larvae
(seastar: Waters and Roy 2004; Ayers and Waters 2005,
limpets: Goldstien et al. 2006, mussel: Apte and Gardner
2002; Apte et al. 2003, chiton: Veale 2007), open coast taxa
without pelagic larvae (brittle star: Sponer and Roy 2002)
and estuarine taxa without pelagic larvae (Corophiid
amphipods: Stevens and Hogg 2004; Knox et al. 2011,
seagrass: Jones et al. 2008). While it is possible that taxa
sharing this pattern of population subdivision have experi-
enced a common set of contemporary or historical
processes (Kuo and Avise 2005; Pelc et al. 2009), the
identification of these processes has thus far proved elusive
(see Apte and Gardner 2002; Goldstien et al. 2006).

Genetic structure in addition to the central New Zealand
divergence, has only been reported for a few species, all of
which exhibit characteristics of limited dispersal capacity
such as non-pelagic larvae or restriction to estuarine
habitats (e.g. Corophiid amphipods: Knox et al. 2011;
Stevens and Hogg 2004, seagrass: Jones et al. 2008). As
most of the estuarine taxa examined to date lack a pelagic
larval phase, it is uncertain which characteristic (estuarine
distribution vs. larval mode) is driving patterns of additional
population subdivision.

The clam Austrovenus stutchburyi (Wood 1828) is the
only New Zealand taxon that both disperses via pelagic
larvae and is restricted to estuaries that has previously been
assessed for population genetic structure (Lidgard 2001). In
contrast to other estuarine taxa with limited potential for
long distance dispersal, A. stutchburyi has a pelagic larval
phase of 2 to 3 weeks during which dispersal among
geographically discrete populations is possible. A previous
analysis of allozyme polymorphism in A. stutchburyi did
not detect any spatial genetic subdivision (although
temporal patterns may have been detected; Lidgard 2001).
This supports the notion that for previously examined taxa,
the lack of pelagic larval phase rather than an estuary-
restricted distribution per se might be responsible for the
additional genetic structure observed (e.g. Stevens and
Hogg 2004; Jones et al 2008). However, as most recent
genetic studies of New Zealand taxa have used mitochon-
drial DNA sequences to assess population structure (Ross et
al. 2009), it is uncertain whether the lack of subdivision
reported for A. stutchburyi can be attributed to their pelagic
larval phase or to differences in methodology (allozymes
vs. mtDNA).

To determine whether populations of an estuarine species
with pelagic larvae will be genetically subdivided, we
conducted a population genetic analysis of A. stutchburyi
using the mitochondrial cytochrome c oxidase subunit I
(COI) gene. We examined the genetic structure of A.
stutchburyi populations, testing for patterns of genetic
isolation by distance (IBD) and performed a spatial analysis
of molecular variance (SAMOVA) to identify divergent
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subpopulations. We also used an analysis of molecular
variance (AMOVA) to determine whether genetic subdivi-
sions are congruent with known biogeographic break
points. A recent biogeographic classification of New
Zealand (Shears et al. 2008; Fig. 1a) was chosen for our
comparison because it incorporated results from previous
biogeographic classifications and included taxa similar to
those considered in our (and previous) population genetic
studies. Shears et al. (2008) described a major biogeo-
graphic division through central New Zealand and another
nine minor biogeographic boundaries located throughout
New Zealand (Fig. 1a).

Methods

Study Sites and Sample Collection

Between January 2007 and January 2010, we collected A.
stutchburyi from 29 New Zealand estuaries (Table 1;
Fig. 1b). Fourteen of the sampled estuaries were located in
the North Island and 12 in the South Island. We also
collected specimens from estuaries on one inshore island and
the only two offshore islands where A. stutchburyi is present:
Great Barrier Island (NE3) less than 20 km off the northeast
coast of the North Island, the Chatham Islands (OS1) 660 km
to the east of central New Zealand and the Auckland Islands
(OS2) 460 km to the south of the South Island (Fig. 1b).
Between 12 and 25 A. stutchburyi were collected from each
estuary and stored at −80°C prior to DNA extraction.

DNA Extraction and Sequencing

We dissected a 0.25–0.50-cm2 piece of adductor mussel from
each specimen and extracted genomic DNA using the Zymo
Research Genomic DNA II Kit (Zymo Research Corpora-
tion, Orange, CA, USA). We then amplified a 710-bp
fragment of the mitochondrial COI gene using the universal
primers LCO1490 and HCO2198 (Folmer et al. 1994). PCR
amplifications were conducted in 10 μl reactions containing
4.8 μl Intron i-Taq 2× PCR master mix, 5 pmol of each
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Fig. 1 a New Zealand biogeographic provinces and regions described
by Shears et al. (2008). Solid black line indicates boundary between
biogeographic provinces while dashed lines indicate boundaries
between biogeographic regions. Specific locations referred to in the
text are named and indicated by arrows. b Sampling locations of A.
stutchburyi populations and the frequencies of common cytochrome c
oxidase I (COI) haplotypes at each site. Labels refer to estuary
locations detailed in Table 1. Pie segment size indicates relative
frequencies of COI haplotypes in each population. Haplotypes
detected in fewer than eight specimens are grouped (white segments)
for clarity of presentation. c Population clusters designated by
SAMOVA analysis
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primer and 1 μl of unquantified template DNA. PCR
reactions consisted of an initial denaturing phase of 94°C
(4 min), followed by 35 cycles consisting of 94°C (60 s),
52°C (90 s) and 72°C (90 s) and a final extension period at
72°C (5 min). Unincorporated nucleotides and primers were
removed by adding 2 U of exonuclease I, 0.1 U of shrimp
alkaline phosphatase and 2.7 μl H2O and incubating at 37°C
(30 min) then 80°C (15 min). Sequencing reactions used
Big Dye terminator sequencing chemistry (Applied Bio-
systems) on an Applied Biosystems 3130 Genetic Analyzer.
DNA strands were edited in Geneious (ver. 4.8.4) to produce
an alignment of 658 bp. Sequences have been deposited in
the Barcode of Life Datasystems database under project
NZCOC (New Zealand Marine Bivalves) and GenBank
(accession numbers JN200827-JN201198).

Population Genetic Analysis

Indices of genetic diversity were quantified using DnaSP
ver. 5 (Librado and Rozas 2009). For each estuary, we
calculated the number of COI haplotypes (Nhap), number of
segregating sites (S), haplotype diversity (He), mean
number of pairwise differences (π1) and nucleotide diver-
sity (π2). The GTR model of sequence evolution was
selected in jMODELTEST 0.1.1 (Posada 2008), and a GTR
corrected distance matrix was generated in PAUP* 4.0
(Swofford 2000) for use in subsequent analyses. Estimates
of population pairwise FST values were then calculated in
ARLEQUIN ver. 3.11 (Excoffier et al. 2005) to determine if
any two populations differed significantly in their genetic
composition. A Mantel test was implemented in ARLE-

Table 1 Summary of A. stutchburyi populations sampled

Sampling location Label Position (latitude–longitude) N Nhap S H π1 π2

Parengarenga NE1 34°31′ S–172°55′ E 12 4 6 0.682 1.79 0.0027

Paihia NE2 35°18′ S–174°06′ E 12 5 10 0.576 2.21 0.0034

Waitemata NE3 36°52′ S–174°42′ E 12 5 5 0.667 1.32 0.0020

Great Barrier Island NE4 36°08′ S–175°26′ E 12 9 12 0.939 2.55 0.0039

Tauranga NE5 37°29′ S–175°57′ E 25 12 17 0.803 1.86 0.0028

Ohiwa NE6 38°23′ S–178°18′ E 12 5 6 0.758 1.88 0.0029

Tolaga Bay NE7 37°59′ S–177°06′ E 12 6 7 0.818 1.86 0.0028

Mahia NE8 39°04′ S–177°54′ E 12 10 18 0.970 4.98 0.0076

Ahuriri NE9 39°29′ S–176°53′ E 12 7 7 0.773 2.23 0.0034

Riversdale NE10 41°05′ S–176°05′ E 12 9 18 0.909 4.05 0.0062

Hutt River NE11 41°14′ S–174°54′ E 12 7 7 0.864 2.26 0.0034

Herekino NW1 35°18′ S–173°10′ E 14 11 17 0.956 3.98 0.0061

Kaipara NW2 36°15′ S–174°15′ E 12 8 14 0.909 3.64 0.0055

Raglan NW3 37°48′ S–174°52′ E 12 6 9 0.758 2.05 0.0031

Kawhia NW4 38°03′ S–174°50′ E 12 8 10 0.848 2.44 0.0037

Tongaporoutu NW5 38°49′ S–174°36′ E 19 16 25 0.965 4.51 0.0069

Hakahaka SE1 41°18′ S–174°07′ E 12 9 16 0.939 3.88 0.0059

Avon-Heathcote SE2 43°32′ S–172°44′ E 13 9 12 0.936 3.44 0.0052

Akaroa SE3 43°45′ S–172°56′ E 12 6 6 0.758 1.74 0.0027

Otago SE4 45°50′ S–170°40′ E 12 6 6 0.879 1.91 0.0029

Waikawa SE5 46°29′ S–169°42′ E 12 5 8 0.758 2.44 0.0037

Riverton SE6 46°21′ S–168°01′ E 13 9 15 0.910 3.79 0.0058

Pakawau SW1 40°37′ S–172°41′ E 12 9 13 0.939 3.21 0.0049

Whanganui Inlet SW2 40°34′ S–172°35′ E 12 7 11 0.864 3.08 0.0047

Westport SW3 41°45′ S–171°38′ E 12 10 14 0.955 3.21 0.0049

Okarito SW4 43°13′ S–170°10′ E 12 8 8 0.924 2.38 0.0036

Doubtful Sound SW5 45°26′ S–167°08′ E 12 8 11 0.848 2.59 0.0039

Chatham Island OS1 43°55′ S–176°27′ W 12 7 12 0.833 3.17 0.0048

Auckland Island OS2 50°33′ S–166°07′ E 12 7 12 0.879 3.21 0.0049

New Zealand – 372 125 99 0.889 3.06 0.0047

Labels correspond to population markers in Fig. 1b, c and are referred to in the text. Approximate locations of populations are provided as well as
the number of COI sequences obtained (N), number of haplotypes detected (Nhap), number of polymorphic sites (S), haplotype diversity (H), mean
number of pairwise differences (π1) and nucleotide diversity (π2) at each location
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QUIN to assess the relationship between genetic and
geographic distance. Geographic distance between popula-
tions, measured in Google Earth as the shortest distance
over water between two estuaries, was regressed against
estimates of population pairwise FST values to determine
whether A. stutchburyi dispersal conformed to a pattern of
IBD.

Population structure was further investigated using
SAMOVA 1.0 (Dupanloup et al. 2002). This method is
based on a simulated annealing procedure that maximizes
the proportion of total genetic variance due to differences
among groups of populations. SAMOVA can be used to
define population clusters that are geographically homoge-
neous and maximally differentiated from each other without
the prior assumption of subpopulation composition. Genetic
variance (FST) is partitioned into two components, FSC and
FCT, indicating respectively the differentiation among
populations within and among groups (note that we have
adopted the ARLEQUIN and SAMOVA subscript defini-
tions to define differentiation within and among groups of
populations). SAMOVA analyses ran for 10,000 iterations
from each of 100 random initial conditions for a predeter-
mined number of subpopulations (k) ranging from 2 to 14.

We calculated Tajima’s (1989) D, Fu and Li’s (1993) F*
and D* and Fu’s (1997) FS in DnaSP to test for deviation
from the Wright–Fisher model of neutral evolution consis-
tent with either non-neutral evolution or population
expansion under neutral evolution. We also used the
mismatch distributions of pairwise differences between all
individual haplotypes (calculated in DnaSP) to further test
for population stability or growth.

Comparison of Genetic and Biogeographic Boundaries

To test for congruence between genetic and biogeographic
boundaries (sensu Avise et al. 1987), we compared the
locations of all boundaries between A. stutchburyi sub-
populations identified in SAMOVA with biogeographic
break points described by Shears et al. (2008; Fig 1a). We
then grouped populations according to the zonation of the
biogeographic classification and performed AMOVA at
both bioprovince and bioregion spatial scales (as defined
by Shears et al. 2008), to assess how well this biogeo-
graphic classification represented the spatial distribution of
genetic variation in A. stutchburyi.

Results

Population Genetic Analysis

Three hundred and seventy-two A. stutchburyi were
sequenced for the mitochondrial COI gene. Of the 658

positions analysed, 99 were variable leading to the
delineation of 125 haplotypes (Table 1). The most abundant
haplotype (H2; Fig. 1b) occurred in 27 of 29 sampled
populations, accounting for 30% of the total data set.
Another 25 haplotypes were recorded in at least two
populations (43% of data set), while the remaining 99
haplotypes were recorded only in single populations.
Haplotype diversity was high throughout all populations
with at least four haplotypes recorded at each location
(H ¼ 0:85� 0:10 ð�SDÞ; Table 1). In contrast to haplo-
type diversity, nucleotide diversity was low with most COI
sequences differing only by a small number of base changes
(p1 ¼ 2:8� 0:93, p2 ¼ 0:004� 0:001; Table 1).

A plot of haplotype frequency and distribution suggested
regional differences in the genetic composition of popula-
tions (Fig. 1b). In contrast to the most abundant haplotype
(H2), which was detected throughout sampled populations
(with the exception of sites SE6 and OS2; Fig. 1b), other
haplotypes were either restricted to, or were detected more
frequently, in specific regions. For example, haplotypes H1,
H4 and H6 were most abundant in southern populations,
H3 in lower North Island populations and OS1 to the east
of the South Island and H5 in northern populations
(Fig. 1b). The most dramatic shift in genetic composition
appeared to be between northern and southern populations
to the north of NE11 in the lower North Island.

Pairwise FST values (Table 2) indicated that, for the most
part, North and South Island populations were significantly
differentiated from each other. The exceptions were NE11
which was significantly different to most North Island
populations but not South Island populations and SW1
(Fig. 1b) located in the north of the South Island which was
not significantly different from either lower North Island or
upper South Island populations. While OS1 was signifi-
cantly different from most South Island and northeast coast
North Island populations, it did not differ significantly from
lower North Island populations. OS2, located to the south
of the South Island, was differentiated from most northern
populations and the southernmost South Island populations.
The two East Cape populations (NE6 and NE7; Fig. 1b)
were significantly different from adjacent east coast
populations.

A Mantel test revealed a highly significant positive
correlation between geographic and genetic distances (FST)
among all sampled populations (P<0.001; Fig. 2). Distance
between estuaries accounted for 28% of inter-population COI
variability, a result indicative of genetic IBD, implying that for
A. stutchburyi, dispersal over large distances may be limited.

SAMOVA obtained its best partitioning of genetic
variance when populations were assigned to six groups
(Table 3). All grouping options (k=2 to 14) produced
populations clusters that were significantly differentiated.
However, it was only when SAMOVA generated six or
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more clusters that differentiation within groups (FSC)
became non-significant, indicating that populations within
each cluster were similar to each other. At k=6, populations
were assigned to clusters that were spatially coherent, with

the exception of cluster E in which SE6 and SW5 in the
southwest were grouped with SE2 located c. 600 km to the
northeast (Fig. 1c). Once k exceeded six, populations were
removed one at a time from the established clusters,
providing no further groupings that were informative of
population structure. When k=6 the SAMOVA assigned
populations into five mainland clusters and the Auckland
Islands as a sixth (Fig. 1c). Mainland populations were
grouped on the northeast coast (Fig. 1c; cluster A), around
East Cape (cluster B), across the lower North Island
(including both SW1 in the upper South Island and OS1
to the east of the South Island; cluster C), across the upper
and central South Island (included NE11 in the lower North
Island; cluster D) and in the southwestern Fiordland region
also incorporating SE2 (cluster E).

Tests of neutrality were all significant, indicating either
natural selection or population expansion (Table 4). Further
support for a recent population expansion was provided in
our mismatch analysis in which the distribution of pairwise
differences was a close fit under the expectations of

Fig. 2 Relationship between genetic dissimilarity (estimated as FST)
and geographical distance in A. stutchburyi populations. The Mantel
relationship was significant (R2=0.28, P=<0.001)

Table 2 FST values among all A. stutchburyi populations (below diagonal) and significance (above diagonal)

Population site labels detailed in Table 1 and locations displayed on Fig. 1b

*P<0.05; **P<0.01; ***P<0.001

Significant FST values are indicated in bold
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expansion but departed from expectations under a model of
population stability (Fig. 3).

Comparison of Phylogeographic and Biogeographic
Boundaries

The boundaries between all SAMOVA clusters were located
in close proximity to the biogeographic break points of
Shears et al. (2008). The boundary between clusters C and
D (Fig. 1c), which pairwise FST values indicated to be the
most significant genetic boundary (Table 2), was a close
match to the major break point between biogeographic
provinces (Fig. 1a). Other boundaries between SAMOVA
clusters were located in proximity to more minor inter-
bioregional break points. However, genetic divisions were
not detected at all biogeographic break points. Shears et al.
(2008) described 11 biogeographic boundaries delineating
11 bioregions within two bioprovinces. In comparison, we
identified seven genetic boundaries (excluding SE2 bound-

aries in cluster E; Fig. 1c), delineating five mainland A.
stutchburyi subpopulations. Boundaries identified by both
biogeographic and genetic methods were located around the
North and East Capes, to the north of Fiordland, in the
southeast of the South Island and across Cook Strait from
Farewell Spit to the southeast coast of the North Island.

When A. stutchburyi populations were grouped according
to the biogeographic classification (Fig. 1a), AMOVA
indicated significant genetic differentiation between biogeo-
graphical provinces (FCT=0.109, P<0.001) and among
bioregions (FCT=0.072, P<0.001). While these levels of
differentiation were less than those detected among
SAMOVA assigned population clusters (FCT=0.114), the
result suggests that this biogeographic classification provides
a reasonable representation of the spatial distribution of
genetic variation, especially at the larger bioprovince spatial
scale. Differentiation among populations within bioregions
was marginally significant (FSC=0.018, P=0.045 compared
to FSC=−0.014NS in SAMOVA), indicating that populations
within bioregions were not all genetically homogenous.
When the Northeastern Portland and Portland Cook bound-
aries (Fig. 1a) were relocated southward (c. 150 km) to

Fig. 3 Frequency distribution of pairwise differences among cyto-
chrome oxidase subunit I (COI) haplotypes in A. stutchburyi. Solid
line indicates observed frequencies while dashed and dotted lines
indicate respectively the expected frequencies under models of
population expansion and constant population size

Population statistics Expectation under

Selection Expansion

Number of haplotypes 125 –

Number of polymorphic sites 99 – –

Nucleotide diversity 0.0047 Low Low

Tajima’s D −2.38* Significant Significant

Fu and Li’s (1993) F* −6.51* Significant NS

Fu and Li’s (1993) D* −5.34* Significant NS

Fu’s (1997) FS −217.4* NS Significant

Table 3 A. stutchburyi popula-
tion statistics for the mtDNA
COI gene (n=372) and
interpretation with respect to
selection and population
expansion

Significant values are in bold

*P<0.02

Table 4 SAMOVA fixation indices (FCT, FSC and FST) as a function
of predefined numbers of groups (k)

k FCT FSC FST

2 0.143** 0.060** 0.194**

3 0.133** 0.052** 0.179**

4 0.121** 0.029** 0.147**

5 0.117** 0.021* 0.135**

6 0.114** −0.014 0.101**

7 0.112** −0.010 0.103**

8 0.113** −0.020 0.010**

9 0.114** −0.020 0.095**

10 0.115** −0.023 0.095**

11 0.116** −0.025 0.093**

12 0.116** −0.027 0.093**

13 0.116** −0.027 0.092**

14 0.116** −0.029 0.090**

Significant values are in bold

*P<0.01; **P<0.001
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match the boundaries suggested by SAMOVA (thereby
shifting NE7 and NE10 populations between bioregions;
Fig. 1c), differentiation among populations within bioregions
became non-significant (FSC=0.006, P=0.245).

Discussion

We detected a greater number of genetic subdivisions among
populations of A. stutchburyi relative to most reported
examples of New Zealand’s open coast benthos. SAMOVA
identified six genetically distinct subpopulations, with the
most significant change in the genetic composition of
populations occurring through central New Zealand in the
vicinity of Cook Strait. The transition across this genetic
boundary was not an abrupt or complete shift as has been
reported for other taxa (e.g. Goldstien et al. 2006). Instead,
some COI haplotypes were found throughout New Zealand
but at different frequencies in northern and southern
populations, while others were restricted to either side of
this genetic boundary. The boundary between clusters C and
D roughly coincides with Cook Strait which separates the
North and South Islands. However, as there are similarities
between some upper South Island and lower North Island
populations, this genetic transition does not appear to solely
be a function of limited dispersal across the strait.

A similar genetic boundary has previously been reported
for several species with varied developmental characteristics
(planktonic larvae vs. direct developers) and habitat require-
ments (coastal vs. estuarine; Ross et al. 2009). Despite some
inter-taxa variation in the location of this central genetic
division (usually within 100 km of Cook Strait), the
frequency with which the division has been detected and
the taxonomic diversity of species exhibiting this population
structure suggest that a similar genetic division might be
found for much of New Zealand’s coastal benthos.

For most open coast taxa, this central division has been
the only genetic boundary reported (e.g. Apte and Gardner
2002; Apte et al. 2003; Waters and Roy 2004; Ayers and
Waters 2005; Goldstien et al. 2006). For other coastal taxa,
an additional boundary has been identified about North
Cape (e.g. Sypharochiton pelliserpentis; Veale 2007). In
contrast, for A. stutchburyi, SAMOVA was able to identify
seven genetic boundaries, of which five (North Cape, north
and south of East Cape, Farewell Spit and southeast North
Island) are in the vicinity of genetic divisions reported
previously for other estuarine taxa (Stevens and Hogg
2004; Jones et al. 2008; Knox et al. 2011). Surprisingly,
SAMOVA grouped SE2 within the E cluster despite it being
located in the centre of the D cluster of populations. It is
possible that this grouping is an artefact of our sample size.
Alternatively, it may result from human-mediated translo-
cation of A. stutchburyi among estuaries.

We detected a pattern of genetic IBD indicating that for A.
stutchburyi, long distance dispersal among estuaries may be
limited (Wright 1943). IBD has for the most part only been
reported for New Zealand marine taxa lacking a planktonic
larval stage (Sponer and Roy 2002; Stevens and Hogg 2004;
Veale 2007), those dependent on specific host organisms
(Stevens 1991), or those sampled from estuaries (Perrin et al.
2004; Stevens and Hogg 2004). The population structure we
detected for A. stutchburyi is more similar to that of taxa
with putatively limited dispersal than to open coast taxa with
pelagic larvae (e.g. Stevens and Hogg 2004; Veale 2007;
Jones et al. 2008). This suggests that distribution and habitat
requirements, as well as larval characteristics, may determine
patterns of gene flow among populations.

Possible Causes of Population Structure

Several mechanisms could explain the additional genetic
structure (IBD) and greater number of genetic subdivisions
detected in A. stutchburyi and other estuarine taxa relative
to open coast taxa. For example, differences between
estuarine and coastal taxa may result from limited present-
day connectivity among estuarine populations (e.g. Watts
and Johnson 2004). Connectivity will be restricted if larvae
are retained within their natal estuary. However, while
retention has been observed in species that occur in the
upper reaches of an estuary (e.g. Little and Epifanio 1991;
Cartaxana 1994; Paula 1998), retention is less likely for
taxa such as A. stutchburyi which inhabit a broader range of
estuarine habitats (Lundquist et al. 2009). A more plausible
explanation is that larvae are exported from their natal
estuary but fail to reach or recruit to distant populations.
For some taxa, mean dispersal distances may be as little as
2–50 km (e.g. DeBoer et al. 2008; Piggott et al. 2008;
Puebla et al. 2009). Where this is the case, distance between
suitable habitats will be critical in determining dispersal
success. Where both dispersal capacity and the distance
between settlement habitats are small, gene flow over large
distances can occur in small increments over many
generations. However, as the distance separating suitable
habitats increases, widespread gene flow becomes less
likely (Alberto et al. 2010).

In some parts of New Zealand, estuaries are separated by
200–300 km of open coast (e.g. west coast of both North
and South Islands and northeast coast of South Island).
Three of the genetic boundaries detected in A. stutchburyi
occur along such sections of coast possibly reflecting the
lack of estuarine habitat in these regions. Although rocky
reef is also a disjunct habitat, in New Zealand there are
fewer large stretches of coastline along which no hard strata
can be found. Even if patches of reef are not ideal, open
coast taxa can utilize sub-optimal habitats as stepping
stones between more ideal habitats (Ayre et al. 2009).
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Similar flexibility is unlikely for estuarine taxa, limiting
their potential for dispersal where estuaries are scarce.

Conversely, the genetic composition of our offshore
island populations (OS1 and OS2; Fig. 1b, c) implies that
A. stutchburyi can disperse over larger distances. Genetic
similarities were evident between offshore and mainland
populations, particularly for the OS1 Chatham Islands
population. Although c. 660 km to the southeast of the
North Island, the Chatham Islands are located in the
easterly flowing subtropical convergence (Heath 1982;
Hadfield et al. 2007), which may facilitate the transport of
larvae from mainland to Chatham Island populations. In
contrast, the Auckland Islands (OS2), while geographically
closer (c. 460 km), lie outside of the predominantly easterly
track of sub-Antarctic water which flows past the lower
South Island (Heath 1982) and appear to experience a lesser
degree of connectivity.

Coastal circulation might also impede the transport of
larvae among populations (e.g. Lamare 1998). It has been
demonstrated that large and persistent eddies located to the
north and south of East Cape (Chiswell and Booth 1999)
and the semi-closed estuarine circulation typical of the
fiords in southwest New Zealand (Lamare 1998) can
entrain pelagic larvae. Simulations suggest that the time of
entrainment could often exceed the larval duration of many
benthic invertebrates (Chiswell and Roemmich 1998). As
such, these hydrodynamic features may act as physical
barriers to the dispersal of larvae and explain the genetic
boundaries detected about East Cape and differences
between Fiordland and more northerly populations.

A second possible explanation for the observed genetic
subdivision is that present-day genetic boundaries are a
consequence of historic dispersal barriers that no longer exist
(Avise et al. 1987). Additional genetic subdivision would be
expected in estuarine taxa if historic events (e.g. glaciation or
topographical alteration with sea-level fluctuation) generated
dispersal barriers for estuarine taxa that were easily traversed
by coastal taxa on account of their greater dispersal potential.
Alternatively, historic processes may have subdivided both
estuarine and coastal taxa. High rates of dispersal in coastal
taxa once dispersal barriers lapsed could quickly erase the
genetic signatures of this subdivision, while the introgression
of allopatric populations would be slower for taxa with lesser
dispersal capabilities.

A third possibility is that regional environmental differ-
ences rather than patterns of gene flow are determining the
genetic structure of A. stutchburyi. There is evidence for
natural selection on mtDNA (Fontanillas et al. 2005;
Ballard et al. 2007; Oliveira et al. 2008; Díaz-Ferguson et
al. 2010) and other genetic markers (Bernardi et al. 1993;
Eanes 1999) with temperature suggested as a likely
selective force (Schmidt et al. 2008; Balloux et al. 2009).
New Zealand encompasses a large latitudinal range and

steep environmental gradients exist between northern and
southern locations for variables such as air and sea surface
temperature (SST). It is currently unknown whether
environmental variation will generate regional differences
in the genetic composition of New Zealand’s coastal and
estuarine benthos. However, the detection of a similar
population composition on east and west coasts, particular-
ly in the South Island where east and west coast D cluster
populations are disjunct, suggests that certain haplotypes
may be favoured at specific latitudes. If survivorship or
fecundity co-vary with haplotype and environmental vari-
ables such as temperature, regional variation in haplotype
frequency and a major genetic divergence through central
New Zealand (as detected in A. stutchburyi and other taxa)
could be explained by a latitudinal gradient in SST and the
relatively abrupt transition between subtropical and sub-
Antarctic waters off the coast of central New Zealand
(Hadfield et al. 2007). Tests of neutrality provide support
for the hypothesis that A. stutchburyi are experiencing
selection, possibly in conjunction with a population or
range expansion. Rapid population expansion following a
period of restricted abundance and distribution could
further increase regional genetic differentiation, particularly
if regionally restricted haplotypes evolved in response to
environmental variation during periods of relative isolation.
Given the ephemeral nature of estuaries when sea level
fluctuates (Fleming 1979), repeated episodes of population
and range expansion and contraction are a plausible
scenario for estuarine taxa.

Comparison of Genetic and Biogeographic Boundaries

Congruence between biogeographic and genetic boundaries
is expected and could be explained by a combination of
historical and contemporary processes (Avise et al. 1987).
While the degree of congruence appears to be greater for A.
stutchburyi and other estuarine taxa relative to coastal
species, we did not detect genetic differentiation at five of
the 11 biogeographic boundaries described by Shears et al.
(2008). This lack of complete congruence could result from
the use of molecular markers that are inappropriate for
detecting genetic variation across biogeographic break
points, or where sampling resolution was inadequate to
detect subtle genetic differences. Alternatively, the applica-
bility of the hypothesis of congruence (Avise et al. 1987)
may be location and taxon specific (Burton 1998).

While it is difficult to assess the suitability of molecular
markers and the adequacy of sampling designs without further
analyses, the idea that congruence will vary among species
and biogeographic break points has already been the subject
of considerable debate (e.g. Burton 1998; Dawson 2001; Pelc
et al. 2009). In a review of population genetic studies across
the southeast and southwest coasts of the USA, Pelc et al.
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(2009) found for taxa with potentially limited dispersal
(estuarine taxa and direct developers), that genetic boundaries
were congruent with biogeographic break points, while for
open coast taxa with planktonic larvae, genetic boundaries
were not. The available data suggest that a similar pattern may
exist for New Zealand’s marine benthos. However, as
available research has largely focussed on open coast taxa,
additional studies of estuarine and direct developing species
will be required to further test this hypothesis.

Conclusions and Management Implications

Our results indicate that the estuarine clam, A. stutchburyi
is genetically subdivided and that genetic boundaries are
partially congruent with biogeographic break points. The
genetic structure we detected in A. stutchburyi was similar
to that reported previously for estuarine taxa and generally
greater than the structure reported for open coast taxa.
Accordingly, long-distance inter-population gene flow may
be more frequent in coastal compared with estuarine taxa.
Historical events and environmental processes can also
cause geographical variation in genetic composition and
may act either individually or together with present-day
dispersal to generate the genetic structure we observed.
Congruence between genetic and biogeographic boundaries
suggests that some of the genetic subdivisions we detected
may be attributed to environmental variation or historical
events. However, with a single non-recombining molecular
marker (mtDNA), it will be difficult to fully determine
which mechanisms are generating this subdivision (Balloux
2010).

Estuaries are one of the most highly impacted marine
environments (Kennish 2002), with anthropogenic and
natural disturbances often resulting in the alteration,
degradation or loss of estuarine habitats and communities.
Recovery will depend on the spatial and temporal scales of
disturbance and the rate of recruitment from intact
populations (Thrush et al. 1996, 2005). Where disturbances
are estuary-wide, recovery may rely on recruitment from
other estuaries. Our results indicate that dispersal among
estuaries may in some cases be limited. If true, estuarine
communities may be slower to recover relative to coastal
taxa and more vulnerable to localised population failures.
Estuarine taxa may need to be managed more conserva-
tively and at smaller spatial scales than coastal species.

While our analyses identified six genetically distinct
subpopulations, it has been suggested that analyses of
mtDNA may underestimate subdivision and overestimate
connectivity (Goudet et al. 1996; Buonaccorsi et al. 1999).
Further analyses incorporating multiple autosomal markers
will provide more reliable estimates of connectivity and
subdivision (Balloux 2010). Until such data are available,

environmental managers must use other tools to define
population units. The partial congruence we detected with
biogeographic boundaries suggests that classifications
based on taxonomic diversity may provide a suitable proxy
for population subdivision in estuarine taxa until genetic
data become available.
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