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Abstract The extent to which marine populations are
“open” (panmixia) or “closed” (self-recruitment) remains
a matter of much debate, with recent reports of high levels
of genetic differentiation and self-recruitment among
populations of numerous species separated by short geo-
graphic. However, the interpretation of patterns of gene
flow (connectivity) is often based on a stepping stone
model of dispersal that can genetically homogenise even
distant populations and blur genetic patterns that may
better reflect realised dispersal. One way in which realised
long-distance dispersal can be accurately determined is by
examination of gene flow of taxa between isolated archi-
pelagos and a mainland where there is no possible stepping
stone dispersal across the open ocean. We investigated the
genetic structuring of populations of the intertidal gastro-
pod Nerita melanotragus from the subtropical Kermadec
Islands and temperate New Zealand’s North Island (the
mainland), separated by 750 km of open ocean and char-
acterised by contrasting environmental conditions. Analy-
ses of seven microsatellite markers revealed an absence of
genetic structuring with low Fgt and Jost’s D values (from
0.000 to 0.007 and from 0.000 to 0.015, respectively) over
large geographic distances and no evidence of isolation by
distance among all populations. These results indicate that
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the realised dispersal of N. melanotragus is of at least
750 km, this species exhibits a very “open” form of con-
nectivity and its larvae exhibit sufficient phenotypic plas-
ticity to settle successfully in different environmental
conditions, ranging from subtropical to cool temperate.

Introduction

One of the most fundamental debates within marine pop-
ulation genetics concerns the degree to which populations
are “open or closed” (Swearer et al. 1999; Cowen et al.
2000; Almany et al. 2007; Shanks 2009; Pinsky et al.
2012). In an “open” population, migration (i.e. gene flow)
is sufficient to generate low or non-detectable levels of
genetic differentiation between the source and the receiv-
ing populations. In contrast, in a “closed” population,
migration is insufficient to promote genetic homogeneity,
leaving the populations genetically differentiated from
each other (Cowen et al. 2000; Cowen and Sponaugle
2009). Early research on marine connectivity considered
most populations to be open because of the continuous
fluid nature of the oceans and life history characteristics of
many marine organisms. In particular, the presence of a
dispersive larval stage for most taxa and/or adults with
great capacity to move was believed to promote migration
among populations, with larvae and spores transported
many kilometres away from their natal sites (Scheltema
1986). As a result, all new recruits were often considered to
be immigrants (e.g. Tracey et al. 1975). However, recent
research has provided examples of barriers to gene flow
and population differentiation at scales of only a few
kilometres, leading to the conclusion that marine popula-
tions may not be as “open” as previously thought (Bell and
Okamura 2005; Wood and Gardner 2007; Nunes et al.
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2009; Crandall et al. 2012; Wei et al. 2013 and references
therein).

The distance and the number of larvae that actually
disperse away from their natal area, then survive, settle and
reproduce in a new population are challenging to estimate
because they depend on a variety of interconnected biologic
and physical factors. The pelagic duration and feeding
mode of larvae were for a long time considered to be
proxies for dispersal distances achieved by a species
(Scheltema 1986). Dispersal capacity integrates larval
physiology, adult biology, life history and the physical
characteristics of the surrounding environment to estimate
the distance that larvae may disperse. This estimation is
made regardless of the presence of suitable adult habitat or
the recruitment and settlement success of the larvae, their
subsequent growth and their reproduction in the new pop-
ulation (Johnson and Black 2006; Shanks 2009; Reisser
et al. 2011; Wei et al. 2013). Indeed, the fitness of settling
larvae may be reduced because of an extended time spent in
the nutrient-poor open sea (Morgan 1995). Also, new
recruits may experience increased genotype-dependent
mortality compared to the self-recruited larvae because they
are not adapted to the local environmental conditions (e.g.
Koehn et al. 1980; Hilbish et al. 1982). In contrast, the
concept of realised dispersal considers that larvae that settle
in the new population must, by definition, survive and go on
to reproduce with local individuals for a dispersal event to
be considered successful. As such, realised dispersal is
much more biologically meaningful than dispersal capacity
because it accounts for the forces that can reduce or prevent
gene exchange among populations at different stages of the
life cycle, from larvae to adults. Whilst genetic markers are
commonly used to estimate the dispersal of a species and
levels of genetic differentiation among populations (e.g.
Paetkau et al. 2004; Piry et al. 2004; Manel et al. 2005;
Excoffier and Lischer 2010), estimating the true realised
dispersal may be impossible because genetic homogeneity
is not always due to the realised dispersal between popu-
lations. For example, two distant populations may be
genetically connected via intermediate areas of suitable
adult habitat (stepping stones) that provide generational
layovers between numerous dispersal events (Crandall et al.
2012). Thus, genes from one population can “hop” and
spread from one area to another in a sequential manner in
time and space, leading to genetic homogeneity among sites
that are geographically distant (Crandall et al. 2012; Pinsky
et al. 2012). Hence, with stepping stone dispersal, the
genetic variation among populations of a species might not
be representative of its realised dispersal (Pineda et al.
2008; Weersing and Toonen 2009). The only way to assess
whether genetic homogeneity is due to realised or stepping
stone dispersal is to ensure that no suitable adult habitat
occurs between populations. This is hard to test for most
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species because of the mosaic of habitat complexity that
comprises the coastal zone and which facilitates the step-
ping stone model of dispersal for many taxa. However, one
particular system can be used as the perfect study site for
measuring effectively realised dispersal: oceanic island
archipelagos.

Oceanic islands of volcanic origin are not part of conti-
nental shelf areas and have never been connected to a
continent. Therefore, species occurring on such islands have
originated from the dispersal of distant populations, as
opposed to being derived from an ancestral presence before
the physical break up of landmasses. Furthermore, geo-
graphic (and temporal) isolation of populations on offshore
islands may give rise to modified life history characteristics
that are adapted to local conditions (Strathmann et al. 2002).
This can ultimately result in the formation of new species
(Wood and Gardner 2007; Reisser et al. 2011). Because
many kilometres of open sea with no suitable adult habitat
can separate an oceanic archipelago from the closest land-
mass, the stepping stone model of dispersal is unlikely, if
not impossible, to occur. Thus, measures of gene flow
between an oceanic island population and its closest
mainland population are unlikely to be biased by stepping
stone dispersal and can provide a biologically meaningful
estimate of the “true” realised dispersal of the species.

In this study, we investigated the genetic diversity,
genetic structuring and levels of genetic connectivity of
Nerita melanotragus, an intertidal marine gastropod,
occurring at the remote Kermadec Islands and on the North
Island coasts of New Zealand. The two landmasses are
separated by ~750 km of open sea (Fig. 1). Nerita is a
genus of widely occurring snails (Neritidae, Gastropoda,
Mollusca) found mainly on tropical and subtropical coasts,
but with a few species, including N. melanotragus, occur-
ring in temperate regions (Frey and Vermeij 2008). N.
melanotragus, also known as the black nerite, has a pelagic
larval duration (PLD) of 5-6 months (Waters et al. 2005),
which makes it an ideal candidate to test realised dispersal
versus stepping stone dispersal between populations sepa-
rated by a wide expense of open ocean. N. melanotragus
occurs on the intertidal rocky shores of eastern Australia,
Lord Howe Island, Norfolk Island, northern New Zealand
and the Kermadec Islands.

In this study, our aims were to estimate the extent of
realised dispersal in N. melanotragus and to test for the
impact of stepping stone dispersal on genetic structuring
among populations. We thus investigated the levels of
population connectivity and genetic structuring at three
different spatial scales: (1) populations within the Kerma-
dec Islands, separated by 0.7-15 km of sea with potential
for stepping stone dispersal, (2) populations within New
Zealand’s North Island, separated by 14-1,100 km of
coastal habitat with potential for stepping stone dispersal
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Fig. 1 Map of the sampled area around New Zealand and the
Kermadec Islands. NI North Island, S South Island, KIMR Kermadec
Islands Marine Reserve, BOA Boat Landing, DAY Dayrell Island,
DEN East Denham, EGE Egeria Islet, MEY Meyer Island, MIL Milne

and (3) between the Kermadec Islands and the North
Island, separated by 750-2,000 km, with no possible
stepping stone dispersal over 750 km of open sea.

Materials and methods
Sampling area

The Kermadec Islands is a subtropical island arc in the
South Pacific Ocean, composed of 11 volcanic islands and
are approximately 0.6—1.4 m years old (Gabites Appendix
2 in Lloyd and Nathan 1981). They are divided into three
groups: the northern group with Raoul Island and its out-
lying islets; the middle group with Curtis, Cheeseman and
Macauley Islands; the southern group with L’Esperance
Rock and Havre Rock (Gardner et al. 2006).

Sample collection and storage

Samples of N. melanotragus were collected between 2002 and
2006 from the North Island and during two research trips in

Islet, TAP Tapotupotu Bay, WHA Wharau Road, RUS Russell
Harbour, TAU Taupiri Bay, OAK Oakura Bay, HEK Waiheke Island,
HAH Hahei, MAU Mt Maunganui, WEL Wellington

2002 and 2004 from the Kermadec Islands (Fig. 1). In total,
580 individuals were collected from 15 populations (280
individuals from six populations of the northern group of the
Kermadec Islands, and 300 individuals from nine populations
of the North Island) (Table 1). Whole animals were sampled
and preserved in absolute ethanol after crushing each shell to
allow infiltration of the ethanol to the deeper tissues. Samples
were subsequently stored in the lab at 4 °C.

DNA extraction

Each individual was removed from its shell. Genomic
DNA was extracted from ~2 to 4 mm> of foot tissue,
directly under the operculum, using the High Pure PCR
Template preparation kit (Roche) following the manufac-
turer’s instructions. Extracted DNA concentration was
estimated by running each sample against a High DNA
mass ladder (Invitrogen) on an ethidium bromide-stained
1 % agarose gel. DNA was subsequently stored at —20 °C.
We controlled for species identification by amplifying the
mitochondrial gene cytochrome oxidase subunit 1 (COI)
using the universal primers LCO1490 and HCO2198
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Table 1 Sampling sites where samples were collected, along with the coding used in this chapter (code), number of individuals (N), sites

coordinates (geometric latitude and longitude) and the sampling date

Sampled sites Code N Latitude Longitude Sampling date
Kermadec Islands

Boat Landing, Raoul Island BOA 40 29°15.418'S 177°54.140'W 8/11/04
Dayrell Island DAY 50 29°14.407'S 177°51.265'W 11/07/04
East Denham Bay, Raoul Island DEN 40 29°16.396'S 177°57.010W 4/11/04
Egeria Islet EGE 50 29°14.586'S 177°53.417W 9/07/02
Meyer Island MEY 50 29°14.405'S 177°52.412'W 7/07/02
Milne Islet MIL 45 29°16.516'S 177°54.146'W 10/07/02
New Zealand North Island

Tapotupotu Bay, Cape Reinga TAP 30 34°26.530'S 172°42.497'E 23/04/08
Wharau Road, Bay of Islands WHA 40 35°12.352'S 174°02.721'E 3/10/05
Russell Harbour, Bay of Islands RUS 29 35°15.571'S 174°07.195'E 6/10/05
Taupiri Bay, Bay of Islands TAU 30 35°16.427'S 174°17.421'E 6/10/05
Oakura Bay, Bay of Islands OAK 31 35°22.975'S 174°20.890'E 7/10/05
Waiheke Island, Hauraki Gulf HEK 40 36°47.582'S 175°5.458'E 11/04/09
Hahei, Coromandel HAH 35 36°50.231'S 175°48.116'E 27/04/03
Mount Maunganui, Bay of Plenty MAU 32 37°38.279'S 176°11.503'E 24/09/02
Wellington, Island Bay WEL 32 41°20.403'S 174°45.331'E 26/12/06

(Folmer et al. 1994) and analysed the morphology of the
operculum as described in Spencer et al. (2007).

Primer amplification and genotyping

Ten fluorescently labelled microsatellite primer pairs were
designed for N. melanotragus (Reisser et al. 2012) and
divided into three multiplex groups. Amplifications were
carried out on an Applied Biosystems GeneAmp 2700
Thermocycler using a touch-down PCR protocol over 45
cycles: a first initial step of 2 min at 96 °C followed by 20
cycles of 20 s at 94 °C, 30 s at 55 °C/45 °C (annealing
temperature progressively lowered by 0.5 °C per cycle)
and 30 s at 72 °C, followed by 25 cycles of 20 s at 94 °C,
30s at 45 °C and 30s at 72 °C, followed by a final
elongation step of 7 min at 72 °C. Allele scoring was
automated in GeneMarker (SoftGenetics, State College,
PA) after the creation of allele binary files specific to each
microsatellite marker.

Data analysis

The goodness of fit of each locus to Hardy—Weinberg
equilibrium (HWE) was tested for using GENEPOP’007
(Rousset 2008) and MICRO-CHECKER version 2.2.3
(Van Oosterhout et al. 2004). The data set was divided into
four groupings for analyses: (1) all Kermadec Islands
populations, (2) all North Island populations, (3) all pop-
ulations divided in two groups (North Island vs. Kermadec
Islands) and (4) all populations taken individually.
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Genetic diversity

Allelic diversity (A), observed (Ho) and expected (Hg)
heterozygosities under HWE, and the inbreeding coefficient
(F1s) were estimated using GENEPOP’007 for each of the
15 populations. Tests for linkage disequilibrium were per-
formed in GENEPOP using a likelihood ratio test with a
level of significance determined by permutation (Markov
Chain parameters: 10,000 dememorization steps, 5,000
batches, 10,000 iterations per batch). Statistical significance
(P values) was corrected for multiple testing using the False
Discovery Rate (FDR) procedure (Benjamini and Hotch-
berg 1995). Allelic richness [Ar(g)] standardised for sample
sizes was calculated by HPrare V1.0 (Kalinowski 2005)
using a rarefaction method, with the minimum number of
genes (g) set by the software to values of 46 (for the North
Island populations), 76 (for the Kermadec Islands popula-
tions) and 520 (for all 15 populations). The mean Ar(g) was
calculated for each population and then compared across
groups using the Mann—Whitney U test (for comparison of 2
samples) or its extension and the Kruskal-Wallis test (3
samples or more) suitable for nonparametric data, as
implemented in Statistica (Statsoft 1994).

Population genetic structuring and relationship

We performed an AMOVA analysis in Arlequin 3.5.1.2
(Excoffier and Lischer 2010) with year of sample collec-
tion as one of the variables to test for any structuring effect
linked with temporal variation of genotype frequencies.
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Population pairwise Fgr values were also estimated in
Arlequin for each of the four geographic groupings, and
significance was assessed after 10,000 permutations.
Fisher’s exact tests of differentiation between pairs of loci
were performed in Arlequin (Raymond and Rousset 1995),
with 10,000 permutations. Where appropriate, all P values
were adjusted using the FDR procedure.

We also took into account recent criticism of the
exclusive use of Fgt or Gst as measures of genetic dif-
ferentiation (Gerlach et al. 2010; Meirmans and Hedrick
2010). We calculated Jost’s estimated D values (Dgst; Jost
2008) using the software SMOGD (Crawford 2010), with
100 bootstrap replicates, and calculated the Dggt harmonic
mean across loci for each pairwise population comparison.

Estimation of self-recruitment

Assignment methods are complementary to Fgr estimates
because they provide a specific assessment of contempo-
rary migration, whereas Fst methods assess average levels
of gene flow over long time scales (see Manel et al. 2005
for full discussion). To determine levels of contemporary
dispersal and self-recruitment within and between groups,
and averaged from all populations between groups,
assignment tests were carried out with GENECLASS2
(Piry et al. 2004), employing the “leave one-out” meth-
odology (Paetkau et al. 2004). Probability of assignment
was based on 10,000 simulated individuals and an
exclusion threshold of P < 0.05. Individuals that were
excluded from their populations of collection were reas-
signed to another sampled population when P > 0.1. The
difference between the exclusion threshold and the reas-
signment threshold allows for the presence of individuals
originating from non-sampled populations (Underwood
et al. 2007). When the results indicated more than one
possible population of origin (P > 0.1), the individual was
assigned to the population showing the highest
probability.

Spatial genetic structuring

Isolation by distance was tested for with a Mantel test,
performed by the software ISOLDE, through GENEPOP
(online platform). The Mantel test examines the correlation
between genetic differentiation (pairwise Fst (1 — Fst)
values) and geographic location using the logarithm of
geographic distances among populations (shortest possible
route via the sea).

In order to test for the presence of random, clumped or
uniform spatial distributions of alleles, the software
package Alleles in Space (AIS; Miller 2005) was
employed to perform an allelic aggregation index analysis
(AAIA) based on the analysis of individual genotypes

(and not alleles despite the name of the analysis) to test
non-random patterns of spatial genetic diversity (null
hypothesis that genotypes are distributed at random across
a landscape; see Clark and Evans 1954, and Miller 2005
for modifications). AIS, rather than implementing meth-
odology that relies on arbitrary groupings of individuals,
instead has the ability to perform joint analyses of inter-
individual spatial and genetic information that can be
applied at virtually any spatial scale. Estimation of the
“physical area” encompassed by the samples used a
rectangle defined by the maximum and minimum coordi-
nates provided in the data set’s coordinate file (default
option in AIS). This technique is particularly suitable
when working on large spatial scale. An allele-specific
aggregation index R; was calculated for each allele at each
locus and was used to obtain an average allelic aggrega-
tion index R{*V". Significance of R; and R]*"" was tested
through the use of 1,000 permutations.

Results
Data set analysis

A total of 574 individuals were analysed (299 from the
North Island and 275 from the Kermadec Islands). Tests for
Hardy—Weinberg equilibrium showed that three loci
(Nerl5, Ner42 and Ner49) deviated significantly from
expectations in almost all of the populations (Table 2).
MICRO-CHECKER attributed this deviation to the pre-
sence of null alleles and stuttering. These three loci were
dropped from all analyses.

Overall genetic diversity

Rarefied allelic richness ranged from 2.998 to 14.000 with
10 private alleles in the Kermadec Islands populations,
from 2 to 12.124 with 15 private alleles for the North
Island populations and from 4.952 to 16.786 with 22 pri-
vate alleles for all populations (15 from North Island and 7
from the Kermadec Islands) (Table 2). No significant
linkage disequilibrium was observed for any pairs of loci
after FDR correction.

AMOVA analysis testing the effect of the year of
sampling (two temporal groups: 2002-2004 vs.
2005-2009) indicated that the percentage of variation
between the two time groups was of 0 % (Fcr < 0.001,
P = 0.533), as was the variation among populations within
groups (Fsc < 0.001, P = 0.929). The variation among
individuals within populations represented 1.31 % of the
total variation of the sample set (Fig = 0.013, P = 0.076).
Finally, 98.86 % of the total variation was attributed to
differences within individuals (Fir = 0.011, P = 0.121).
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Genetic structuring among the Kermadec Islands
populations

Mean rarefied allelic richness calculated over the seven loci
revealed no significant difference among the six sampled
populations (Kruskal-Wallis, P = 0.416). Estimates of Fgr
between pairs of populations within the Kermadec Islands
ranged from 0.000 to 0.005 and were not statistically sig-
nificant, as were Jost’s Dggt harmonic means across loci,
ranging from 0.000 to 0.004 (Table 3). Fisher’s exact tests
of differentiation between pairs of populations were not
statistically significant (P > 0.999). Assignment tests suc-
cessfully classified 45 individuals to their sampled popu-
lations, with assignment success ranging from 7.5 % (East
Denham) to 33 % (Milne Islet) (Table 4). A total of 230
individuals were assigned to other populations and three
individuals (one from Boat Landing, one from East Den-
ham and one from Meyer Islet) remained unassigned.
Isolation by distance analysis revealed no correlation
between genetic distance and geographic distance
(R2 = 0.001; P = 0.526), and the AAIA analysis showed
no significant allelic aggregation within the Kermadec
Islands sample set (Ravg = 0.874, P = 0.197).

Genetic structuring among the North Island populations

There was no significant difference in allelic richness
among the nine sampled populations (Kruskal-Wallis,
P = 0.433). Pairwise Fgst values were not statistically
significant and ranged from 0.000 to 0.006, as were Jost’s
Dgst harmonic means across loci, ranging from 0.000 to
0.015 (Table 3). Fisher’s exact tests of differentiation
between pairs of loci confirmed these results (P > 0.999).
Assignment testing correctly classified 30 out of 297
individuals to their sampled populations, with an assign-
ment success ranging from 0 % (Wellington Coast) to
26.7 % (Taupiri Bay) (Table 4). No individuals remained
unassigned. Isolation by distance analysis revealed no
correlation between genetic distance and geographic dis-
tance (R* = 0.0009, P = 0.458) and the AAIA analysis
showed no significant allelic aggregation within the North
Island sample set (Ravg = 0.751, P = 0.303).

Genetic structuring between the combined North Island
populations and the combined Kermadec Islands
populations

The Mann—Whitney test did not reveal any significant
difference in allelic richness between populations from the
combined North Island and the combined Kermadec
Islands populations (P = 0.482). The Fgr value between
the combined Kermadec Islands populations and the
combined North Island populations was not significant nor

was Jost’s Dggr value (0.000 and 0.001, respectively,
Table 3). Fisher’s exact tests of differentiation also gave
non-significant results (P > 0.999). A total of 316 indi-
viduals were correctly assigned to their sampled geo-
graphic group, with a 49.5 % success for the Kermadec
Islands populations and 60.5 % success for the North
Island populations, and 21 individuals (13 from the North
Island and 8 from the Kermadec Islands) remained unas-
signed (Table 4).

Genetic structuring among all 15 populations

No significant difference in allelic richness was found
when considering all the 15 populations independently
(Kruskal-Wallis, P = 1.000), and pairwise Fst estimation
and Jost’s Dggt harmonic mean across loci ranged from
0.000 to 0.007 and from 0.000 to 0.015, respectively, and
were not significant (Table 3). Fisher’s exact tests of dif-
ferentiation also gave non-significant results (P > 0.999).
Assignment testing correctly classified 35 out of 570
individuals to their sampled populations, with an assign-
ment success ranging from O % (Russell Harbour and
Wellington) to 15.21 % (Milne Islet). One individual from
East Denham remained unassigned (Table 4). Whilst the
isolation by distance analysis showed no correlation
between genetic distance and geographic distance
(R> = 0.001, P =0.172), the AAIA analysis revealed
significant allelic aggregation (Ravg = 0.686, P = 0.016),
indicating the non-random occurrence of genotypes across
the geographic distribution of all the populations.

Discussion

Our results provide evidence of high levels of gene flow at
scales of 10 s of km and also at scales of 100 s of km and
therefore highlight the “open” nature of genetic connec-
tivity in and between coastal mainland and oceanic island
populations.

Genetic homogeneity of N. melanotragus populations

The analysis of N. melanotragus populations from the
Kermadec Islands revealed complete genetic homogeneity
across all six populations. This lack of structuring is not
surprising given the spatial scale involved and likely results
from high migration rates among populations, as reflected
by the low Fgt values. This observation is supported by the
relatively low assignment success of individuals to their
sampled population. This indicates that all populations can
be considered as “open” at the scale of the Kermadec
Islands archipelago (maximum distance between sites of
14.5 km). High levels of migration are likely to be reached
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Table 3 Population pairwise Jost’s Dggsy values of differentiation North Island populations, (c) the combined Kermadec Islands
(above diagonal) and population pairwise Fgr values (below diago- populations versus the combined New Zealand North Island popu-
nal) for (a) the Kermadec Islands populations, (b) the New Zealand lations and (d) all 15 populations taken independently

Dayrell Island Meyer Islet Egeria Islet Boat Landing Milne Islet East Denham Bay
(a)
Dayrell Island - 0.001 0.001 0.000 0.000 0.004
Meyer Islet 0.005 - —-0.014 0.000 0.000 0.001
Egeria Islet 0.000 0.000 - 0.001 0.000 0.000
Boat Landing 0.000 0.000 0.000 - 0.000 0.001
Milne Islet 0.000 0.000 0.000 0.000 - 0.003
East Denham Bay 0.001 0.000 0.000 0.000 0.002 -
Tapotupotu  Wharau Rd  Russell Hbr  Taupiri Bay Oakura Bay Waiheke Isl. Hahei Mt Maunganui Wellington
(b)
Tapotupotu - 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000
Whaurau Rd 0.000 - 0.000 0.000 0.001 0.000 0.000  0.000 0.001
Russell Hbr 0.000 0.000 - 0.000 0.000 0.000 0.000  0.000 0.000
Taupiri Bay 0.000 0.000 0.000 - 0.000 0.000 0.000  0.000 0.000
Oakura Bay 0.000 0.000 0.000 0.000 - 0.000 0.000  0.000 0.000
Waiheke Isl 0.000 0.000 0.002 0.000 0.000 - 0.015  0.000 0.000
Hahei 0.000 0.000 0.002 0.000 0.000 0.000 - 0.000 0.000
Mt Maunganui  0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000
Wellington 0.000 0.006 0.000 0.000 0.000 0.006 0.003  0.000 -
North Isl. Kermadec Isl.
(c)
North Isl. - 0.001
Kermadec Isl. 0.000 -
Dayrell Isl.  Meyer Isl.  Egeria Isl.  Boat Landing  Milne Isl.  East Denham  Tapotupotu Bay =~ Wharau Rd
(d)
Dayrell Isl. - 0.001 0.001 0.000 0.000 0.004 0.000 0.000
Meyer Isl. 0.005 - 0.000 0.000 0.000 0.001 0.000 0.000
Egeria Isl. 0.000 0.000 - 0.001 0.000 0.000 0.000 0.000
Boat landing 0.000 0.000 0.000 - 0.000 0.001 0.000 0.006
Milne Isl. 0.000 0.000 0.000 0.000 - 0.003 0.000 0.001
East Denham 0.001 0.000 0.000 0.000 0.002 - 0.000 0.002
Tapotupotu 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000
Wharau Rd 0.000 0.000 0.000 0.000 0.001 0.001 0.000 -
Russell Hbr 0.005 0.000 0.000 0.000 0.003 0.000 0.000 0.000
Taupiri Bay 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Oakura Bay 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Waiheke Isl. 0.000 0.002 0.001 0.000 0.000 0.005 0.000 0.000
Hahei 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000
Mt Maunganui  0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000
Wellington 0.007 0.003 0.000 0.000 0.002 0.000 0.000 0.006
Russell Hbr Taupiri Bay Oakura Bay Waiheke Isl. Hahei Mt Maunganui Wellington
(d)
Dayrell Isl. 0.001 0.000 0.001 0.003 0.000 0.000 0.000
Meyer Isl. 0.000 0.000 0.000 0.001 0.000 0.000 0.002
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Table 3 continued

Russell Hbr Taupiri Bay Oakura Bay Waiheke Isl. Hahei Mt Maunganui Wellington
Egeria Isl. 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Boat landing 0.000 0.000 0.000 0.003 0.000 0.002 0.000
Milne Isl. 0.000 0.000 0.000 0.000 0.000 0.000 0.000
East Denham 0.000 0.000 0.001 0.007 0.000 0.000 0.002
Tapotupotu 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Wharau Rd 0.000 0.000 0.001 0.000 0.000 0.000 0.001
Russell Hbr - 0.000 0.000 0.000 0.000 0.000 0.000
Taupiri Bay 0.000 - 0.000 0.000 0.000 0.000 0.000
Oakura Bay 0.000 0.000 - 0.000 0.000 0.000 0.000
Waiheke Isl. 0.002 0.000 0.000 - 0.015 0.000 0.000
Hahei 0.002 0.000 0.000 0.000 - 0.000 0.000
Mt Maunganui 0.000 0.000 0.000 0.000 0.000 - 0.000
Wellington 0.000 0.000 0.000 0.006 0.003 0.000 -

Statistically significant P value after correction for FRD are indicated in boldface

because of the small estimated larval dispersal time
required for connecting the different populations. Larvae of
N. melanotragus can spend an average of 5 months
(~ 150 days) in the water column before either dying or
recruiting to a population (Waters et al. 2005, 2007). Sut-
ton et al. (2009) studied the directionality and timing of
virtual larval drift in the Kermadec region using oceano-
graphic models and found that drifting larvae dispersed in a
roughly circular pattern from each of the Kermadec
Islands, with a slight eastward bias introduced by the mean
flow. The timing of larval dispersion from Raoul Island
(the main island in the northern group) to its neighbouring
islands and seamounts averaged 1-3 days and was in the
order of 10 days for the most distant islands to the south of
the Kermadec archipelago. These dispersal values are small
compared to the estimated PLD of N. melanotragus and
highlight the potential for larvae of this species to disperse
among all suitable sites within the Kermadec Islands
archipelago. Beyond this, the modelling estimates of flow
among islands of the Kermadec Islands group provided by
Sutton et al. (2009) result in an intriguing possibility. The
minimum PLD of N. melanotragus is unknown, but given
that the maximum PLD is 5-6 months, it seems likely that
larvae of this species must spend more than a few days in
the water column to achieve a reasonable state of devel-
opment and a competent state for settlement. N. atramen-
tosa larvae, the sister species with similar life history, has a
minimum PLD of 3 months (in Waters et al. 2005, from
Underwood 1974). Thus, if the minimum PLD is greater
than 3—4 days (as seems likely), then recruitment of Ker-
madec-derived individuals to Kermadec sites is unlikely to
occur, meaning that all or very nearly all individuals of N.
melanotragus within the Kermadec Islands are immigrants

from the New Zealand North Island, or from other more
distant populations.

Genetic investigation of N. melanotragus from the North
Island of New Zealand also revealed genetic homogeneity
among all nine populations. Hence, those populations may
also be considered as “open” at the scale of the North
Island (i.e. from 14 to 1,100 km). These results are con-
gruent with many connectivity studies that have reported
high levels of genetic homogeneity associated with exten-
sive gene flow among populations of many different taxa
occurring as far south as 41.5°S, the geographic extent of
NZ’s North Island (reviewed by Ross et al. 2009; Gardner
et al. 2011). Based on modelling of surface currents, esti-
mated dispersal times across the sampled sites in the North
Island range from 11 to 144 days (Chiswell and Rickard
2011), the upper limit of which is very similar to the PLD
of N. melanotragus. Stepping stone dispersal is also
expected to play a role in contributing to the lack of genetic
structuring. In support of this, no particular directionality in
migration was detected in the present study (131 individ-
uals assigned to the south of their sampled populations vs.
136 individuals assigned to the north), despite the presence
of a directional current pattern along the east coast of the
North Island (the East Auckland Current, EAC, flowing
southward; Sutton et al. 2009). Although the EAC is the
main oceanographic current of the east coast of NZ, details
of the fine-scale oceanographic features of this region are
still lacking, and it is likely that local oceanographic fea-
tures such as eddies will trap larvae and allow them to
disperse against the mean flow at a given time and place,
allowing for multi-directional dispersal.

There was also an absence of genetic structuring at the
largest spatial investigated—across the range of Kermadec
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Table 4 Assignment test results showing percentage of individuals
successfully assigned for: (a) the Kermadec Islands populations,

Kermadec Islands populations versus the combined New Zealand
North Island populations and (d) all 15 populations taken indepen-

(b) the New Zealand North Island populations, (c) the combined dently
Dayrell Isl. Meyer Isl. Egeria Isl. Boat landing Milne Isl. East Denham
(a)
Dayrell Isl.* 8 8 8 36 32 6
Meyer Isl.* 12 14 12 12 40 6
Egeria Isl.* 12 16 8 20 34 8
Boat landing* 15 7.5 10 30 325 2.5
Milne Isl. 15.6 244 44 17.8 333 44
East Denham* 15 10 20 20 25 7.5
Tapotuotu  Wharau Rd  Russell Hbr ~ Taupiri Bay Oakura Bay Waiheke Isl. Hahei Mt Maunganui Wellington
(b)
Tapotupotu* 13.3 33 10.0 333 16.7 0.0 10.0 6.7 33
Wharau Rd 0.0 7.5 22.5 325 12.5 5.0 2.5 15.0 2.5
Russell Hbr* 34 34 10.3 37.9 13.8 34 6.9 13.8 34
Taupiri Bay 33 0.0 133 26.7 26.7 6.7 133 6.7 33
Oakura Bay 6.5 0.0 19.4 194 16.1 32 32 29.0 32
Waiheke Isl. 10.0 7.5 10.0 30.0 15.0 7.5 5.0 15.0 0.0
Hahei 8.6 2.9 14.3 28.6 14.3 0.0 5.7 20.0 5.7
Mt Maunganui 3.1 3.1 15.6 28.1 31.3 3.1 9.4 6.3 0.0
Wellington 6.3 0.0 18.8 25.0 18.8 15.6 0.0 15.6 0.0
North Isl. Kermadec Isl.
(c)
North Isl. 60.5 39.5
Kermadec Isl. 51.5 49.5
Dayrell Isl. Meyer Isl. Egeria Isl. Boat Landing Milne Isl. East Denham Tapotupotu Bay
(d)
Dayrell Isl. 3.7 3.7 1.9 20.4 16.7 1.9 1.9
Meyer Isl.* 10.0 7.5 7.5 7.5 17.5 0.0 2.5
Egeria Isl.* 8.0 2.0 2.0 16.0 12.0 4.0 0.0
Boat landing 10.0 0.0 0.0 12.5 2.5 2.5 5.0
Milne Isl. 8.7 10.9 0.0 10.9 15.2 0.0 6.5
East Denham* 2.5 2.5 7.5 5.0 10.0 0.0 7.5
Tapotupotu* 10.0 33 0.0 16.7 133 0.0 6.7
Wharau Rd 0.0 0.0 0.0 10.0 12.5 0.0 0.0
Russell Hbr* 0.0 6.7 6.7 30.0 6.7 0.0 33
Taupiri Bay 0.0 6.7 33 26.7 33 0.0 0.0
Oakura Bay 32 32 0.0 19.4 9.7 0.0 32
Waiheke Isl. 10.0 0.0 0.0 7.5 15.0 0.0 7.5
Hahei 0.0 0.0 2.9 22.9 114 5.7 29
Mt Maunganui 9.4 3.1 0.0 9.4 18.8 0.0 0.0
Wellington 2.9 0.0 5.7 18.8 14.3 3.1 29
Wharau Rd Russell Hbr Taupiri Bay Oakura Bay Waiheke Isl. Hahei Mt Maunganui Wellington
(d)
Dayrell Isl. 3.7 20.4 1.9 0.0 1.9 9.3 0.0
Meyer Isl.* 2.5 12.5 22.5 7.5 2.5 7.5 15.0 0.0
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Table 4 continued

Wharau Rd Russell Hbr Taupiri Bay Oakura Bay Waiheke Isl. Hahei Mt Maunganui Wellington
Egeria Isl.* 0.0 20.0 18.0 2.0 2.0 4.0 8.0 0.0
Boat landing 25 12.5 17.5 15.0 0.0 5.0 0.0 2.5
Milne Isl. 0.0 10.9 6.5 6.5 22 4.3 8.7 6.5
East Denham* 0.0 15.0 27.5 2.5 2.5 5.0 5.0 0.0
Tapotupotu* 0.0 6.7 30.0 33 0.0 33 33 33
Wharau Rd 5.0 15.0 325 7.5 5.0 0.0 12.5 0.0
Russell Hbr* 33 0.0 16.7 10.0 33 6.7 33 0.0
Taupiri Bay 0.0 13.3 13.3 13.3 6.7 10.0 33 0.0
Oakura Bay 0.0 9.7 12.9 9.7 32 0.0 22.6 3.2
Waiheke Isl. 25 10.0 22.5 10.0 5.0 25 7.5 0.0
Hahei 0.0 5.7 20.0 8.6 0.0 2.9 14.3 0.0
Mt Maunganui 0.0 9.4 18.8 15.6 3.1 9.4 3.1 0.0
Wellington 9.4 8.6 18.8 8.6 3.1 0.0 9.4 0.0

Boldface shows correct assignments. The symbol (*) indicates populations with at least one non-assigned individual

Island North Island populations that are ~ 750 km apart.
Only the allelic aggregation analysis showed a small but
significant difference between the regions, explained by the
presence of private alleles (7 in the Kermadec Islands and
15 in the North Island populations). Assignment tests
revealed that migrants were equally distributed between the
two groups, which is indicative of bidirectional exchange
across the South Pacific Ocean, consistent with estimations
of larval dispersal time from Raoul Island to Cape Reinga
and the reverse direction (over 1.5 months, and about
1 month respectively; Sutton et al. 2009). Comparison
between the two regions points to the importance of step-
ping stone dispersal within the North Island group. For
example, pairwise comparison of each individual North
Island population with each of the Kermadec Islands
populations reveals only genetic homogeneity. This
extends to the most southerly of the North Island popula-
tions which is ~2,000 km from the Kermadec Islands
group: the estimated dispersal time between Wellington
and the Kermadec Islands is 180 days, which is slightly
longer than the PLD of N. melanotragus (based on data in
Sutton et al. 2009 and Chiswell and Rickard 2011). The
absence of genetic differentiation between populations that
are so geographically distinct is best explained by long-
distance dispersal between the Kermadec Islands and the
New Zealand North Island via a stepping stone model of
dispersal that is well developed within the North Island
group of populations. Hence, we conclude that the realised
dispersal of a N. melanotragus larva is at least 750 km (see
Pinsky et al. 2012 for definitions).

Although microsatellite markers have many advantages
compared to other techniques (e.g. allozymes, mitochon-
drial DNA, RAPDs, AFLPs, etc.), they also have limita-
tions for some applications. The stepwise mutation process

that adds or subtracts repeats to existing alleles may result
in alleles of identical size having different mutational
histories. Alleles of identical size but different identities
are usually scored as the same allele, thereby reducing the
levels of differentiation among populations/individuals.
This phenomenon, known as allele size homoplasy, is
made more likely if the range of possible allele sizes itself
is constrained (Estoup et al. 2002). Many statistical anal-
yses made with microsatellite data are highly affected by
homoplasy. For example, genetic indices such as Wright’s
Fgr estimate (1931), Weir and Cockerham’s 0 (Fgt) esti-
mate or Nei’s Ds and Da distances (Nei 1972; Takezaki
and Nei 1996) are all based on the infinite allele model (the
assumption that mutations generate only new alleles).
Homoplasy will therefore result in an underestimation of
genetic distance when using those statistics. It is possible
that homoplasy occurs in our data set, leading to an over-
estimation of genetic homogeneity. However, comple-
mentary studies using other types of markers can be used to
further support or reject hypotheses and observations made
with microsatellites. For example, Waters et al. (2007)
examined mitochondrial DNA (COI sequence) variation in
N. melanotragus and reported no evidence of differentia-
tion between populations on either side of the Tasman Sea.
In the context of genetic connectivity between NZ and
Australia, Chiswell et al. (2003) suggested that such
transport would take approximately 700 days, more than 4
times the PLD of N. melanotragus. Although infrequent
long-distance dispersal events may allow a handful of
larvae to travel from Australia to New Zealand, it is more
likely that dispersal follows a stepping stone pattern, using
two intermediate island groups, Lord Howe Island and
Norfolk Island, where N. melanotragus is known to occur.
Hence, results obtained on a broader spatial scale and with
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another type of molecular marker are consistent with our
own findings, potentially indicating that although homo-
plasy is possible, it should not play a significant role in
levels of genetic homogeneity of our populations.

Long-distance dispersal, environmental tolerance
and phenotypic plasticity

Long-distance dispersal may be achieved in different ways,
including rafting on natural or man-made objects (Fraser
et al. 2011; Hoeksema et al. 2012). Whilst there is pres-
ently no evidence for rafting as mechanism of dispersal for
N. melanotragus, it cannot be discounted for post-meta-
morphic stages. In terms of larval dispersal, which is the
most likely major contributor to long-distance dispersal,
the possession of a long PLD suggests that the larvae are
likely to experience contrasting environmental conditions
in the water column as they are dispersed over long dis-
tances and between different regions. It also means that
newly arrived recruits at a site may experience very dif-
ferent environmental conditions than those at their natal
site. N. melanotragus occurs on rocky intertidal shores
across a region encompassing the east coast of Australia,
Lord Howe Island, Norfolk Island, northern New Zealand
and the Kermadec Islands. These regions range from cool
temperate, through warm temperate, to subtropical, with
the associated environmental variability inherent in such
regional differences. Indeed, the Kermadec Islands biota
has been recognised as unique, with a marine environment
providing important links between the temperate waters of
the coasts of New Zealand and the subtropical and tropical
waters of Australia and Fiji and Tonga, respectively
(Gardner et al. 2006 and references therein). The high
levels of gene flow between the Kermadec Islands and
northern New Zealand, coupled with the absence of step-
ping stone dispersal and transient adaptation/selection,
suggest a significant degree of tolerance to environmental
variation in the larvae, juveniles and adults of N. mela-
notragus. It seems likely that selection for broad-ranging
phenotypic plasticity is an adaptation and possibly even a
requirement associated with the possession of a larval
phase with a long PLD when dispersal may encompass a
range of environmental conditions.

Crandall et al. (2010) reported high levels of connec-
tivity in two amphidromous gastropods in the Caribbean,
and although they attributed this genetic homogeneity to
the long PLD of these species, they noted that larvae
occurring in a “rare habitat” could display acute pheno-
typic plasticity (time of metamorphosis) in order to opti-
mise their chances of settling successfully. Indeed, two
conflicting selection pressures act on the dispersal capacity
of larvae occurring in rare or remote habitats: (1) selection
might favour homing/retention behaviours in order for a

@ Springer

maximum number of larvae to self-recruit (Strathmann
et al. 2002) and (2) selection might favour physiologic or
developmental traits allowing for plasticity in term of
settlement time (Elkin and Marshall 2007, in Crandall et al.
2010). For N. melanotragus, it seems likely that in addition
to plasticity in settlement time, physiologic traits might
also allow for plasticity in settlement location (i.e. capacity
to adapt to a wide range of environmental conditions). This
would account for the ability of the Kermadec Islands
larvae to settle in New Zealand populations (and vice
versa), as well as trans-Tasman exchange between Aus-
tralia and NZ, and explains the wide-ranging ecological
distribution of this species.
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