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Abstract Marine organisms with a planktonic larval stage

have the potential to be transported substantial distances,

with the distance travelled depending on factors such as

pelagic larval duration (PLD) and physical factors such as

ocean currents and geographical barriers. The endemic New

Zealand sea urchin, Evechinus chloroticus, is found

throughout the North and South Islands, and with a PLD of

approximately 30 days, is expected to show strong connec-

tivity among all populations. Population connectivity and

genetic differentiation were examined over both a geo-

graphically broad scale, throughout New Zealand, and on a

fine scale (within the Hauraki Gulf on the North Island).

Significant genetic differentiation was revealed through

analysis of mitochondrial COI sequences (FST = 0.096

p\ 0.01) and six microsatellite loci (FST = 0.0120

p\ 0.008). This was consistent with a division between

northern and southern regions located to the south of Cook

Strait, at a phylogeographic barrier previously reported in

other New Zealand benthic marine invertebrates. Fine-scale

population differentiationwas evident between the inner and

outer Hauraki Gulf populations, and between the most

northern populations and the remainder of the North Island.

Together, this study suggests that strong coastal currents,

upwelling in the Cook Strait region, and geographic distance

(approximately 2000 km north to south) may all be acting to

restrict gene flow and contribute to genetic divergence

among populations of E. chloroticus.

Keywords Population connectivity � Population
genetics � Gene flow � Pelagic larvae � Phylogeographic
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Introduction

Larval dispersal has a major ecological and evolutionary

role in shaping adult marine populations. Whether larvae

are retained in the local population or are dispersed by

coastal ocean currents to geographically distant popula-

tions can have a large affect on the population dynamics

and genetic make-up of the mature and local population.

Benthic marine organisms that exploit broadcast spawning

as a mode of reproduction, and have a pelagic larval phase

where embryos develop in the water column, are of par-

ticular interest in population connectivity studies, as

pelagic larvae have the potential to travel extensive dis-

tances before settlement occurs (Hellberg 1996). Larval

dispersal and population connectivity is a growing area of

research and has large implications in designing Marine

Protected Areas (MPA) and networks of MPAs (Botsford

et al. 2001, 2009; Jones et al. 2007).

Many studies have investigated biotic and abiotic factors

that have the potential to either facilitate or create a barrier

to larval dispersal, and hence, affect the connectivity be-

tween populations. A correlation has been found between

the time pelagic larvae spend in the water column, coined

the pelagic larval duration (PLD), and the distance that is

travelled by the larvae before recruitment and settlement

into a population occurs (Shanks et al. 2003; Shanks 2009).
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Attributes of the hydrodynamic ocean environment such as

persistent coastal ocean currents, eddies, and upwelling are

also large components shaping marine populations, and

may affect dispersal and gene flow by entraining or ad-

vecting larvae (Cowen et al. 2000; Banks et al. 2007; Treml

et al. 2008; Rasmussen et al. 2009). Some have even ar-

gued that oceanic currents and upwelling play a larger role

in determining levels of population connectivity than the

PLD (Treml et al. 2008; White et al. 2010; Weersing and

Toonen 2009). The development mode of pelagic larvae

and large ocean currents do not necessarily preclude ge-

netic homogeneity, as larval behavior may also play a role

in creating genetic structure over a small spatial scale

(Doherty et al. 1995; Leis and Carson-Ewart 2001; Levin

2006; Mercier et al. 2013).

Evechinus chloroticus, commonly known as kina, has a

wide geographic distribution across the North and South

Islands of New Zealand (Andrew 1988; Shears et al. 2008;

Barker 2007), and broadcast spawns from late October to

March. Spawning in general is synchronous in males and

females and may potentially occur as mass spawning

events in response to environmental cues such as tem-

perature, tides, and lunar cycles (Lamare and Stewart 1998;

Barker 2007). The planktonic larvae of E. chloroticus have

a relatively long PLD of approximately 30 days (Dix

1970).

Previous population genetic studies have been con-

ducted in E. chloroticus throughout New Zealand using

both allozyme markers (Mladenov et al. 1997) and mi-

crosatellites (Perrin 2002), but not mitochondrial DNA

(mtDNA). Both of these previous studies concentrated their

sampling of populations in the South Island, with Perrin

(2002) focused particularly in the southwestern Fiordland

region. Mladenov et al. (1997) found little genetic differ-

entiation and high levels of gene flow around New Zealand,

apart from some detectable genetic subdivision among

samples within Doubtful Sound, Fiordland. The mi-

crosatellite analyses (Perrin 2002) revealed further fine-

scale differentiation among samples from Fiordland, with

some significant differences observed at small scales

(\100 km) within and among fiords. While the use of

polymorphic microsatellite markers revealed greater dif-

ferentiation between northern and southern populations,

both studies had very limited sampling on the North Island

(only two locations in each study). Due to these sampling

regimes, it has been difficult to gain an overall picture of

phylogeography and population connectivity estimates in

E. chloroticus.

Studies investigating population differentiation have

been conducted in numerous broadcast spawning intertidal

species in New Zealand (Apte and Gardner 2002; Ayers

and Waters 2005; Goldstien et al. 2006; Veale and Lavery

2011; Will et al. 2011; Wei et al. 2013a). Many of these

studies documented a prominent phylogeographic break

between the North and South Islands in the vicinity of

Cook Strait (Ross et al. 2009). The previous sampling has

not permitted an investigation of the existence of this

north/south break among populations of E. chloroticus, and

this study has extended sampling in this species to address

this question.

An aspect of population structure in the marine realm

that is often overlooked is the difference in genetic patterns

that can be observed between small and large geographic

scales. This was first brought to prominence by Johnson and

Black (1982, 1984) who showed that in marine gastropod

populations, significant small-scale genetic differentiation

occurred among local populations, yet populations thou-

sands of kilometers apart displayed similar levels of dif-

ferentiation. This pattern is sometimes called chaotic

genetic patchiness, and is most often explained by localized

pulses of recruitment driving short-term small-scale dif-

ferentiation, with the homogenizing effect of occasional

long-distance dispersal resulting in long-term genetic dif-

ferentiation only among very distant populations (Yearsley

et al. 2013; Broquet et al. 2013). E. chloroticus has been

shown to exhibit some patterns of subtle genetic differen-

tiation at both small, within fjords, and large scales,

throughout New Zealand (Mladenov et al. 1997; Perrin

2002). Although previous authors have largely attributed

these patterns to the likely effects of local selective forces,

more neutral forces of chaotic genetic patchiness may in-

stead drive them. This alternative can only be tested through

more extensive sampling at both small and large scales.

The research presented here aimed to (1) investigate

scales of population connectivity in a broadcast spawning

benthic marine invertebrate using two classes of genetic

markers, mtDNA and microsatellites, over both a broad

geographic scale (approximately 2000 km) and over a fine

geographic scale (three populations within the Hauraki

Gulf on the North Island, approximately 60 km apart), and

(2) to assess if the previously described phylogeographic

barrier between the North and South Islands was present

among populations of E. chloroticus.

Materials and methods

Sampling and DNA extraction

E. chloroticus samples were collected between November

2009 and August 2010 from locations across New Zealand

by snorkel in 2–5 m of water at all locations except Barney’s

Rock, Kaikoura, where samples were collected by SCUBA

at depths of 12–15 m, (Fig. 1; Table 1). Twenty-five to fifty

samples were collected from each location, except Barney’s

Rock, Kaikoura, where only seven individuals could be
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collected. 5–10 spines, with the associated muscle tissue,

were removed from each individual using forceps and pre-

served in 1.5 ml micro-centrifuge tubes filled with 95 %

ethanol. The sampled tissue was stored at -20 �C within

2 weeks of being collected. For DNA extraction, a small

amount of tissue was macerated using flame-sterilized for-

ceps and scalpel, and the phenol chloroform isoamyl alcohol

(PCI) protocol, modified from Hoelzel and Green (1998)

was used. Re-suspended DNA was stored at -20 �C until

polymerase chain reaction (PCR) was preformed (Birt 2000;

Hoelzel and Green 1998).

PCR and sequencing

Mitochondrial marker COI

A previously developed primer set (Echino F1 and Echino

R1; (Ward et al. 2008) was used to amplify a partial

fragment of the mitochondrial gene Cytochrome Oxidase

Subunit I (COI). The 25 lL PCR consisted of 2 lL of

15 ng/lL DNA template, 1 lL 109 reaction buffer,

0.5 lM of each primer, 0.2 mM dNTPs, 0.25 U of Taq

DNA polymerase (Platinum Taq, Invitrogen), 2.5 mM of

magnesium chloride (MgCl2), and 0.5 mg/lL of bovine

serum albumin (BSA). The optimized thermal cycling

protocol consisted of an initial denaturing step of 4 min at

94 �C, 35 cycles of 94 �C for 20 s, 48 �C for 15 s, 72 �C
for 15 s, followed by a final extension of 72 �C for 10 min.

All PCR amplifications were performed on Biometra and

Applied Biosystems thermocyclers. PCR products were run

on a 1.6 % agarose gel and stained with ethidium bromide.

The amplified fragment length was approximately 650 bp.

The COI PCR products from 253 individuals were pu-

rified of excess dNTP’s and single stranded primers using a

shrimp alkaline phosphate (SAP), exonuclease-I (Exo) di-

gestion. PCR products plus the SAPEX mixture (10 U/mL

SAP and 10 U/ml Exo) were incubated at 37 �C for

30 min, 80 �C for 15 min, and 20 �C for 15 min. The

purified products were used in a cycle sequencing protocol

Table 1 Sampling locations

and abbreviations corresponding

with Fig. 1, and the number of

individuals sampled per

population for each marker type

Population Number of Individuals

Sequenced (mtDNA/usats)

Latitude Longitude

Piha (PH) 22/25 -47.150 167.567

Northland (NoL) 28/50 -34.997 174.849

Whangaroa Peninsula (WP) 19/25 -36.595 174.815

Waiheke Island (WI) 22/25 -36.776 174.013

Great Barrier Island (GBI) 23/26 -36.302 174.482

Mahia Peninsula (MP) 30/38 -39.089 117.963

Wellington (WG) 25/25 -41.289 174.834

Nelson (NL)* 24/25 -41.153 173.416

Kaikoura (KK)* 7/7 -42.460 173.556

Easy Harbour, Stewart Is. (SL)* 15/15 -47.150 167.567

Patterson Inlet, Stewart Is. (STI)* 37/50 -46.990 168.119

The asterisked populations (*) are those located on the South Island

Fig. 1 Locations where E. chloroticus were sampled. The popula-

tions encircled are those located within the Hauraki Gulf. The dashed

black lines represent the hypothesized phylogeographic break in the

vicinity of Cape Campbell and Cape Farewell (Apte and Gardner

2002; Ayers and Waters 2005)
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using a 1/8 dilution of BigDyeTM Dye Terminator chem-

istry v3.1 (Applied Biosystems Inc.). The products were

purified with CleanSEQTM using a SPRITM paramagnetic

bead tray (Agencourt Bioscience Corporation) following

the prescribed protocol. The purified products were then

sequenced on an Applied Biosystems 3130XL capillary

DNA sequencer.

Microsatellite loci

Six microsatellite loci developed for E. chloroticus by

Perrin and Roy (2000) were used in this study: A34,

AAT42, B14, C1, C29, and G29 (Perrin and Roy 2000).

Fluorescent-labeled primers were used for four loci (A34,

AAT42, B14 and C1), and a CAG-tail method (Schuelke

2000) of attaching a fluorescent probe to the 5’ end of the

PCR product was used for loci C29 and G29. The PCRs for

the loci amplified with fluorescent-labeled primers were

run at a total volume of 10 lL consisting of 15 ng/lL DNA

template, 1.25 lL 109 reaction buffer, 0.5 lM fluorescent

labeled forward primer, 0.5 lM of the reverse primer,

0.2 mM dNTPs, 0.25 U Taq DNA polymerase (Platinum

Taq, Invitrogen), 2.5 mM of magnesium ion (Mg2?), and

1.25 mg/lL of BSA. In reactions for CAG-tail loci, the

fluorescent-labeled forward primer was replaced with

0.05 lM of the forward CAG-tailed primer plus 0.5 lM of

a matching generic fluorescent-labeled primer.

The PCR thermocycler temperature profile programs for

each locus are as follows: program (1) 94 �C for 4 min, 35

cycles of 20 s at 94 �C, 53 �C for 15 s, 72 �C for 15 s, with a

final extension period of 7 m at 72 �C (2) 94 �C for 4 min, 25

cycles of 94 �C for 1 m, 55 �C for 1 m, 72 �C for 1 m, 8

cycles of 94 �C for 1 m, 53 �C for 1 m, 72 �C for 1 m,with a

final extension period of 7 m at 72 �C, programs (1) and (2)

were modified from Perrin and Roy (2000). Program (3)

94 �C for 4 min, 25 cycles of 94 �C for 15 s, 46 �C for 20 s,

72 �C for 20 s, 8 cycles of 94 �C for 15 s, 45 �C for 20 s,

with a final extension period of 7 m at 72 �C. Program (1)

was used for loci A34, AAT42, B14, and C1, program (2)

was used for loci C1, and program (3) was used to attach a

CAG-tail fluorescent probe to loci C29 and G29. The PCR

products were run on a 1.6 % electrophoresis gel to check if

amplification was successful (Holleley and Geerts 2009).

Products from successful amplifications were cleaned to

remove excess salts, dNTP’s, and unincorporated primers,

with Ampure TM using a SPRITM plate following the

manufacturer’s protocol. The cleaned products were mul-

tiplexed for each individual sea urchin. Two multiplex

schemes were used from Multiplex Manager (Holleley and

Geerts 2009). Loci B14, C1, C29, and G29 were grouped in

multiplex A, and loci A34 and AAT42 were grouped in

multiplex B. 3–4 lL of the pooled PCR products (1:4 di-

lution for each loci in multiplex A and a 1:2 dilution for

each loci in multiplex B) were added to 10 lL of HiDi

Formamide and 0.3 lL of LIZ 600 size standard (Applied

Biosystems). This mix was then heat shocked at 95� for

5 min before being run on an ABI 3130 Genetic Analyzer.

Data analysis

Mitochondrial DNA

Haplotypes from the mitochondrial sequencing were iden-

tified using alignments in Geneious Pro 5.1.0TM(Drummond

et al. 2010). Genbank accession numbers are KP980809–

KP981060. Haplotype diversity was calculated using gene

diversity and nucleotide diversity measures following (Nei

1978) in ARLEQUIN v 3.5 (Excoffier and Lischer 2010).

Microsatellite markers

Genotypes from each individual were identified using

GENEMAPPER v 3.7 (Applied Biosystems) and then

checked manually for accuracy and consistency. Multiple

PCRs of individuals, and multiple runs on the Genetic

Analyzer ABI 3130, were conducted to detect any geno-

typing errors between PCRs and different runs on the se-

quencing machine. Approximately 10 % of the total

samples were re-run for quality control. The dataset was

checked for genotyping errors with Microchecker, and

tested for the presence of null alleles (Van Oosterhout et al.

2004). The table of allele frequencies by population is

provided in Supplementary Table S1.

The observed and expected heterozygosity (HO and HE

respectively) for all loci and each population were cal-

culated with the program Genetic Data Analysis (GDA) v

1.1 (Lewis and Zaykin 2002). Departures from Hardy–

Weinberg equilibrium (HWE) and linkage disequilibrium

(LD) were calculated in Genepop v 4.2 (Raymond and

Rousset 1995) using the Markov chain method with 1000

dememorization steps, 100 batches, and 1000 iterations

per batch. The significance of HWE and LD was deter-

mined by applying sequential Bonferroni correction (Rice

1989). The inbreeding coefficient (Fisher) for each locus

and each population were also calculated in Genepop. The

effective number of alleles per locus (Ne) was calculated

using Ne = 1/(Sum p2). Shannon’s Information index

(I) was calculated in the program GenAlEx (Peakall and

Smouse 2006, 2012) using I = -19 Sum (p 9 Ln (p)) as
an additional measure of genetic diversity (Sherwin et al.

2006).

Population differentiation

Genetic differentiation between populations was assessed

using mitochondrial haplotype frequencies and microsatellite
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allele frequencies through analyses of molecular variance

(AMOVA) (Excoffier et al. 1992) in ARLEQUIN v 3.5 (Ex-

coffier and Lischer 2010). The standardized measures of ge-

netic variance (F) values (Wright 1951, 1965; Weir and

Cockerham 1984) were calculated for microsatellite allele

frequencies, and from these calculations the total variancewas

partitioned into the variance explained among populations

(FST), among populations within regional groupings (FSC),

and among regional groupings (FCT). Both standard and cor-

rected F0-statistics were calculated (Meirmans 2006; Meir-

mans and Hedrick 2011). For mitochondrial data, analyses

were conducted using either frequency data alone (standard

F-statistics) or including the genetic distances between hap-

lotypes (U–statistics). Genetic differentiation for the mtDNA

was calculatedusing aKimura 2-parameter correctedmeasure

of nucleotide differentiation (Kimura 1980). The pairwise

F-statistics (Weir andCockerham1984)were calculatedusing

haplotype frequencies for mtDNA data, and for each mi-

crosatellite locus an unbiased probability (P), using the Fisher

method of exact differentiation (Fisher 1935), was calculated

and tested against the null hypothesis that alleles were drawn

from the same distribution in all populations. Populations

were assigned a priori to North and South regional groups in

the hierarchical AMOVAanalyses, which allowed us to test if

the previously described phylogeographic barrier between the

North and South Islands was evident in E. chloroticus. The

statistical significance of population pairwise FST values was

corrected for false discovery rate (Benjamini and Yekutieli

2001).

The FST values for both marker types were used to

produce a multi-dimensional scaling (MDS) plot in PRI-

MER 6 using 1000 repetitions and a minimal stress level of

0.001 (Clarke and Gorely 2006).

To assess if there was an isolation-by-distance pattern in

both the data sets, a Mantel test was carried out in IBDWS

(Jensen et al. 2005). A Mantel test uses the geographic

distances between pairs of populations and the pairwise FST
values to test the significance between geographic dis-

tances and genetic distances. Regression analyses were

then used to assess the strength of the relationship.

The program STRUCTURE 2.3.3 was used to assign

individuals to a population based on their genotypes from

multiple loci using Bayesian methods (Pritchard et al.

2000; Falush et al. 2003). Analyses were undertaken both

using and ignoring prior geographic location (Locprior

option). Four iterations of 1,000,000 Monte Carlo Markov

Chain (MCMC) repetitions were run following a 500,000

burn-in period for 1 to 11 inferred populations. An ad hoc

calculation, DK, a measure of the second order rate of

change of the log probability [Ln P(D)] of the data in re-

lation to the number of K (clusters), was used to infer the

most likely number of K (Evanno et al. 2005).

Results

Mitochondrial DNA sequence variation

A fragment of the Cytochrome Oxidase subunit I (COI)

gene was sequenced for 252 individuals from the 11

sampling locations spanning the whole of New Zealand,

from Northland to Stewart Island (shown in Table 1).

Successful sequences were obtained for 83 % of the total

individuals sampled. The sequence fragment length used in

alignments was approximately 650 base pairs in length, and

thirty-six haplotypes were identified from the successfully

sequenced mtDNA.

A network of E. chloroticus haplotypes revealed a star-

like phylogeny, with a high level of haplotype variation,

but low level of nucleotide variation (Fig. 2). Two domi-

nant haplotypes were observed: 51 % were Hap A and

19 % were Hap B. The haplotype network failed to reveal

any obvious patterns of phylogeographic structure.

Haplotypes were grouped into two regions to identify if

there were any unique haplotypes to the North Region

(including Nelson, Fig. 1) or to the South Region. The

haplotype network did reveal four haplotypes (Hap S, T, 4,

and 10), which were found exclusively in individuals from

the South Region. These haplotypes were represented by

Fig. 2 Haplotype network of relationships among mitochondrial COI

sequences. Haplotypes were randomly assigned either a letter or a

number. The size of the circle reflects relative haplotype frequencies,

with crosshatches on connecting lines indicating the number of base

substitutions. Haplotypes found in northern and southern regions are

indicated by red & blue respectively
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only one individual, with the exception of Hap T (n = 7).

The haplotype frequencies for each population are shown

in Fig. 3.

Microsatellite Neutrality Tests and Allelic Variation

All six microsatellite loci were highly polymorphic with a

range of 2–23 alleles present for each locus (Table 2). The

experimental error rate in identifying allele size was\1 %

(estimated from replicated genotyping of more than 10 %

of individuals (N = 25 to 31) for each locus). Mi-

crosatellite loci A34 and C1 had the greatest allelic var-

iation of the six loci used, with 15 and 23 alleles,

respectively. Additionally, the six loci revealed relatively

high levels of heterozygosity with a range of 0.690–0.748

over all populations. Populations all showed similar levels

of microsatellite variation across the range sampled

(Table 3). Tests of Hardy–Weinberg equilibrium (HWE)

revealed only two significant divergences within popula-

tions (locus B14 in the Northland population, and locus

AAT42 in the Patterson Inlet, Stewart Island population.

Tests in Micro-Checker revealed that null alleles might be

present in these instances, but only at low frequency

(\5 %). No loci were significantly diverged from HWE

when averaged across populations, and no populations

were significantly diverged from HWE when averaged

across loci.

Population differentiation

A signal of population structure was evident in both the

mitochondrial data and the microsatellite data from

AMOVA analyses (Table 4A, B), pairwise comparisons of

genetic differentiation (Table 5; Fig. 4) and the assignment

Fig. 3 Mitochondrial haplotype distribution of E. chloroticus in New

Zealand. Haplotypes with a relative frequency less than 10 % were

pooled as ‘‘others’’ for presentation. The size of the pie chart indicates

the relative number of individuals sampled. The populations (from

North to South) are Piha, west coast (PH), Mahinepua Bay, Northland

(NoL), Army Bay, Whangaparaoa Peninsula (WP), Oneroa Bay,

Waiheke Island (WI), Puriri Bay, Great Barrier Island (GBI), Mahia

Peninsula, Hawke’s Bay (MP), Kau Bay, Wellington (WG), Cable

Bay, Nelson (NL), Barney’s Rock, Kaikoura (KK), Patterson Inlet,

Stewart Island (STI), Easy Harbour, Stewart Island (SL). Major

current systems are shown with arrows: East Auckland Current

(EAC), East Cape Current (ECC), Southland Current (SC), Westland

Current (WC), D’Urville Current (DU), and West Australian Current

(WAC)

Table 2 Microsatellite variation across loci, including the expected

heterozygosity (He), the observed heterozygosity (Ho), the number of

alleles (Na), the effective number of alleles (Ne), the inbreeding co-

efficient (Fisher), and Shannon’s Information index (I), averaged

across populations. N = 311 individuals sampled

Locus He Ho Na Ne FIS I

A34 0.82 0.72 10.9 6.0 0.09 2.0

AAT42 0.58 0.61 4.3 2.4 -0.04 1.0

B14 0.49 0.39 5.1 2.1 0.08 0.9

C1 0.94 0.93 17.2 12.1 0.02 2.6

C29 0.70 0.64 6.6 3.5 0.04 1.4

G29 0.73 0.74 6.1 3.4 -0.01 1.4

Table 3 Microsatellite variation across populations including the

number of individuals genotyped (N), the expected heterozygosity

(He), the observed heterozygosity (Ho) significant deviations from

Hardy-Weingberg Equilibrium (HWE) indicated in bold, the number

of alleles (Na), the effective number of alleles, the inbreeding coef-

ficient (Fisher), and Shannon’s Information index (I), averaged across

loci

Population N He Ho p value Na Ne FIS I

PH 25 0.74 0.70 0.07 8.3 4.6 0.07 1.6

NoL 50 0.70 0.67 0.05 10.0 5.2 0.05 1.6

WP 25 0.74 0.68 0.08 9.1 5.1 0.08 1.6

WI 25 0.72 0.69 0.05 9.0 5.3 0.05 1.6

GBI 25 0.74 0.64 0.13 8.7 5.4 0.03 1.6

MP 38 0.75 0.65 0.14 10.7 5.5 0.04 1.7

WG 25 0.75 0.71 0.05 8.7 5.2 0.06 1.6

NL 25 0.75 0.69 0.08 7.3 4.5 0.08 1.6

KK 7 0.72 0.60 0.18 5.0 3.8 0.08 1.4

SL 15 0.71 0.60 0.16 6.7 4.3 0.06 1.4

STI 50 0.71 0.68 0.05 8.7 5.0 0.05 1.5
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tests using STRUCTURE for themicrosatellite data (Fig. 5).

An AMOVA analysis was first used to test an initial parti-

tioning scheme of grouping the populations into North Is-

land and South Island regional groups, and revealed there

was moderately significant population differentiation be-

tween the two island groups in the mitochondrial COI data

(UCT = 0.030, p\ 0.01) but not in the microsatellite data

(FCT = 0.0039, p[ 0.05, Table 4).

To test if there was evidence of a phylogeographic break,

or major genetic discontinuity, at the north of the South Is-

land, as previously described for other marine species (Ross

et al. 2009), the Nelson population was placed into the

Northern group. This grouping revealed significantly greater

regional differentiation in both the mitochondrial COI data

(FCT = 0.090, p\ 0.01; UST = 0.056, p\ 0.01) and the

microsatellite data (FST = 0.0092, p\ 0.008) (Table 5).

Population pairwise tests of genetic differentiation re-

vealed similar results between the two marker types. The

general pattern was that the most southern Stewart Island

populations were the most genetically differentiated, with

some differentiation among North Island populations

(Table 5). Both the mitochondrial and microsatellite

markers revealed moderate levels of differentiation be-

tween the Stewart Island populations and all other

populations except for Kaikoura.

On a smaller scale, both mtDNA and microsatellite

analyses (Figs. 3, 4; Table 5) revealed some significant,

but less clearly interpreted differences among the northern

populations sampled. These comparisons suggest that the

most northern population (Northland, NoL) and inner

Hauraki Gulf populations (Whangaparoa Peninsula, WP

and Waiheke Island, WI) are somewhat distinct in their

haplotype and allele frequencies from the remaining

northern populations. For mtDNA, these three populations

(NoL, WP & WI) all have a much lower frequency of the

most common A haplotype (Fig. 3), compared with the

outer Hauraki Gulf population (Great Barrier Island) and

the remaining northern populations, and are significantly

different in a number of pairwise comparisons (Table 5).

The microsatellites also revealed a similar trend in that no

significant differences were observed among the north-

ernmost and inner Hauraki Gulf populations (NoL, WP &

WI) (Table 5), but that these populations were often sig-

nificantly different from outer Hauraki Gulf and more

southern populations (Great Barrier Island, Mahia Penin-

sula, Wellington and Nelson) and also the only west coast

population (Piha). Not all of these pairwise comparisons

were significant after correcting for false discovery rate,

and there was some inconsistency in the significant pair-

wise comparisons between the mitochondrial and mi-

crosatellite analyses. However, for the microsatellite data,

Table 4 Hierarchical AMOVA analyses from North versus South

Island regional groupings

North Island versus

South Island Populations

North Island Group

including Nelson

A: Mitochondrial F-statistics and U-statistics

FST 0.067 0.096

FSC 0.022 0.007

FCT 0.046 0.090

UST 0.043 0.060

USC 0.013 0.005

UCT 0.030 0.056

B: Microsatellite F-statistics and F0-statistics (in parentheses)

FST 0.0087 (0.033) 0.0120 (0.051)

FSC 0.0048 (0.018) 0.0029 (0.010)

FCT 0.0039 (0.015) 0.0092 (0.036)

The first analyses grouped populations into North Island and South

Island. In the second analyses, the Nelson population was included

with the North Island populations

Bold values indicate a P\ 0.05 after correction

Fig. 4 Multi-Dimensional Scaling (MDS) plot of pairwise FST values

for a mtDNA data, and b microsatellite data. The South Island

populations are in blue, and the North Island populations in red, with

the most northerly populations in darker red. Note that the Nelson

(NL) population is most similar to the North Island populations
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the significant population pairwise comparisons were

consistent across a variety of measures of population di-

vergence (FST, F
0
ST and Dest), and across all individual loci

analysed (Supplementary Table S2).

The MDS plots (Fig. 4), display spatially the genetic re-

lationships among sampled populations. They show that for

both mitochondrial and microsatellite data, the northern and

southern region populations group together. The Nelson

population clearly falls within the northern group, and that

the Kaikoura population, south of the proposed phylogeo-

graphic break, is intermediate. Among the North Island

populations, bothmtDNAandmicrosatellite plots reveal that

the most northern population (NoL) and inner Hauraki Gulf

populations (WP and WI) group together, somewhat apart

from the remaining North Island populations, with GBI be-

ing the most significantly different of these (Table 5).

The STRUCTURE analysis produced the highest value

of DK at K = 2, with clear differences between the

Northern and Southern regions, with the Kaikoura and both

Stewart Island populations on the South Island having

similar assignment patterns (Fig. 5). From the STRUC-

TURE analysis it is apparent that the Whangaparoa

Peninsula population had an assignment pattern slightly

different from the other North Island populations.

Isolation by distance plots (Fig. 6), show that there is a

significant but not strong correlation for both the mito-

chondrial and microsatellite datasets, (R2 = 0.234,

p = 0.003 and R2 = 0.151, p = 0.009 respectively). It is

clear that a large proportion of the isolation by distance

signal is driven by the long distance comparisons with the

two Stewart Island populations (Fig. 6), as these relation-

ships become non-significant if the pairwise comparisons

from these two populations are removed (R2 = 0.025,

p = 0.8290 for mtDNA; and R2 = 0.033, p = 0.154 for

microsatellite data).

Discussion

To date, this study is the most comprehensive effort at de-

scribing the genetic patterns and population connectivity in

E. chloroticus. The main findings of this research are that (1)

E. chloroticus is not as genetically uniform as suggested by

previous allozyme analysis (Mladenov et al. 1997), and that

(2) significant genetic structure is evident over both large and

small spatial scales. These findings are supported by previ-

ous microsatellite study of fiord populations in the far

southwest of New Zealand (Perrin 2002), which revealed

Fig. 5 Bar plot from

STRUCTURE when K = 2.

Each bar represents the

proportion of each individual’s

genotype assigned to the

respective groups. Population

abbreviations are defined in

Table 1

Table 5 Population pairwise FST values using mtDNA haplotype frequencies (below diagonal), and F0ST values using microsatellite allele

frequencies (above diagonal)

Population PH NoL WP WI GBI MP WG NL KK SL STI

PH 0.1045* 0.112* 0.061 0.048 0.017 -0.010 -0.026 0.067 0.2098* 0.133*

NoL 0.014 0.064 0.038 0.082* 0.078* -0.007 0.076* 0.1045* 0.247* 0.152*

WP 0.000 0.004 -0.057 0.0855* 0.062 0.065 0.077* 0.047 0.023 0.086*

WI -0.008 -0.016 -0.014 0.078* 0.019 0.038 0.032 0.086* 0.114* 0.1045*

GBI -0.009 0.079* 0.008 0.049* 0.029 0.010 0.015 -0.025 0.032 0.049

MP -0.006 0.059 0.038 0.038 -0.023 0.008 -0.009 0.010 0.1235* 0.0855*

WG -0.026 0.021 0.003 0.003 -0.006 -0.006 0.018 0.020 0.143* 0.1045*

NL -0.021 0.007 0.040 0.011 0.008 -0.005 -0.022 0.007 0.2275* 0.134*

KK -0.020 -0.047 -0.011 -0.040 0.058 0.024 -0.014 -0.027 -0.013 -0.019

SL 0.098 0.020 0.049 0.049 0.195* 0.150* 0.105 0.073 -0.059 0.028

STI 0.124* 0.076* 0.071 0.071 0.201* 0.167* 0.121* 0.081 0.013 0.009

Bold values indicate a p value\ 0.05

Values with asterisk are still significant after correcting for false discovery rate. Population abbreviations defined in Table 1
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some genetic differences over small spatial scales. The

phylogeographic break at the north of the South Island that is

described for many New Zealand invertebrate species also

appears to be present in E. chloroticus.

Population connectivity over a broad geographic

scale

Mitochondrial andmicrosatellite DNA data forE. chloroticus

revealed that there was genetic differentiation between the

northern and southern populations, with the genetic division

between the two occurring in the vicinity of the previously

described phylogeographic break. This differentiation was

most clearly supported by the STRUCTURE analysis and

hierarchical AMOVA analyses that grouped the population

closest to this phylogeographic barrier (Kaikoura) with the

southern group, and the nearby Nelson population with the

northern group.These results suggest a prolongedorpersistent

barrier impacting larval dispersal across the broad geographic

scale.

Although there is some support for a pattern of isolation-

by-distance among the sampled populations, it is also very

clear that most of the isolation-by-distance signal is driven

by the most divergent Stewart Island populations, and that

the pattern largely disappears if these populations are re-

moved. The Kaikoura population is somewhat intermedi-

ate. However, the most powerful test for assigning

populations to either region, the microsatellite STRUC-

TURE analysis, places this population in the southern

group, while the geographically close Nelson population is

assigned to the northern region. Unfortunately, only a small

sample could be acquired from the Kaikoura population for

this study, limiting the ability to make strong conclusions

about the exact location of the phylogeographic break, but

the importance of the sample demanded its inclusion in the

analyses.

Population differentiation between the North and South

Islands is one of the most prominent patterns of marine

genetic structure previously described in New Zealand, and

has been observed in a number, but by no means all, marine

invertebrate species examined to date. The Cook Strait

region is an area where ocean currents become complex,

and are proposed to create an oceanographic barrier to gene

flow (e.g., Ross et al. 2009). More intense sampling in this

region has identified a genetic break that occurs on the

northwest coast of the South Island near Farewell Spit, and

on the northeast coast of the South Island near Cape

Campbell in several invertebrate species with planktonic

larvae (Veale and Lavery 2011): the green-lipped mussel

Perna canaliculus (Apte and Gardner 2002; Wei et al.

2013a); the cushion sea-star Patiriella regularis (Waters

and Roy 2004; Ayers and Waters 2005); two species of

limpets Cellana ornata and C. radians (Goldstien et al.

2006); and the snakeskin chiton Sypharochiton pelliser-

pentis (Veale and Lavery 2011). Other studies have clearly

identified that a genetic break occurs either north of the top

of the South Island in species of seagrass (Zostera muelleri,

(Jones et al. 2008), estuarine clams (Ross et al. 2012) and

abalone (Will et al. 2011), or further south of the proposed

barrier at Cape Campbell in two species of bull kelp

(Durvillaea antarctica and D. willana, (Collins et al. 2010;

Fraser et al. 2010). It is also important to remember that a

number of studies report that no genetic break is evident

around the Cook Strait region (e.g., two species of estu-

arine amphipod, Stevens and Hogg 2004; an intertidal crab,

Hinnendael 2008; an anemone, Veale and Lavery 2012;

and a number of species of intertidal fishes, e.g., Hickey

et al. 2009), highlighting that, although it may not be an

Fig. 6 Plots of population pairwise genetic distance (FST) versus

geographic distance (km) for amtDNA sequences and bmicrosatellite

genotypes. Results of Mantel tests of isolation by distance are

provided for each data set. Pairwise comparisons between the

Patterson Inlet and Easy Harbour, Stewart Island populations and

each of the other nine populations are indicated by a black circle
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uncommon phenomenon, it is far from universal for coastal

marine species with New Zealand-wide distributions.

In E. chloroticus 9 % of the total mtDNA variance is

partitioned between Northern and Southern regional groups

(FCT = 0.090, p = 0.006, Table 4). In comparison, this is a

higher percentage than has been found previously in the sea

star (Patiriella regularis) (6 %) between similar Northern

and Southern groups (Ayers and Waters 2005). However,

higher levels of mtDNA divergence between these groups

were found in the greenshell mussel (Perna canaliculus)

(16 %) (Apte and Gardner 2002) and in the chiton

(Sypharochiton pelliserpentis) (47 %) (Veale and Lavery

2011). Thus, E. chloroticus displays an intermediate level of

differentiation along this recognized phylogeographic break.

These broad-scale results are also supported by previous

population genetic analyses of this species that were not as

extensive in either geographic or marker sampling (Mla-

denov et al. 1997; Perrin 2002). The previous analyses

indicated there were significant genetic differences be-

tween far northern and far southern sampling locations, but

were not able to identify accurately the location or degree

of those differences. The current study has greatly in-

creased our understanding of these broad-scale differences

in E. chloroticus.

In general, the present results for E. chloroticus are

supportive of the hypothesis that upwelling around Cape

Campbell is acting as a barrier to gene flow (Apte and

Gardner 2002). The proposed genetic break at Cape Fare-

well on the west coast of the South Island was unable to be

assessed directly in this study, as no samples were obtained

from the west coast of the South Island.

The broad patterns of genetic differentiation found

amongst populations of E. chloroticus, are not peculiar for

a species with a pelagic larva that has a relatively long

development period. Numerous studies of population con-

nectivity in sea urchins have revealed that despite the long

PLD, patterns of genetic differentiation or isolation by

distance do occur over large spatial scales (Addison and

Hart 2004; Palumbi et al. 1997; Olivares-Banuelos et al.

2008; Benham et al. 2012).

Population differentiation within the North Island

Despite previous predictions of genetic uniformity due to the

relatively long PLD in E. chloroticus, we also found evi-

dence of low to moderate population differentiation among

North Island populations, even at a relatively small scale in

the Hauraki Gulf. Not all the fine-scale differences between

populationswere observed in both types ofmolecularmarker

in this study. This could be due to the inherent nature of each

marker and their power to detect differentiation (Avise 1994;

Hedrick 1999), or simply stochastic variation among loci

(Balloux and Lugon-Moulin 2002).

There is a small amount of evidence (from microsatellite

data alone) of genetic differentiation between populations

from the east and west coasts of the North Island, (which

may have been suspected), although sampling is still in-

sufficient to confirm this. In the Hauraki Gulf, our findings

suggest that there may be low levels of genetic differen-

tiation present, such that inner Gulf populations are more

genetically similar to populations further north, while the

outer Gulf population on Great Barrier Island appears more

genetically similar to southern North Island populations

(MP and WG). The exact geographic pattern of these fine-

scale genetic differences are not clear-cut, due to some

inconsistencies in the patterns of pairwise population dif-

ferences. However, it is clear that the North Island

populations are not genetically panmictic, and that there is

evidence that inner and outer Hauraki Gulf populations

differ genetically.

The existence of fine-scale genetic differences in this

species is supported by the previous genetic analyses

(Perrin 2002), which indicated that significant genetic

differentiation occurs among the fiords of the far southwest

of New Zealand. Other studies have also shown evidence

for fine-scale differentiation in sea urchins (Banks et al.

2007; Zulliger et al. 2009; Penant et al. 2013).

Factors driving fine-scale population differentiation

Distinct fine-scale population structure can arise due to

habitat discontinuity, local ocean currents, or adaptation to

distinct environments (Kinlan et al. 2005; Sanford and

Kelly 2011). Alternatively, fine-scale variation in allele and

genotype frequencies has been attributed to more neutral

factors, such as random genetic drift, and fluctuations in

spawning and larval dispersal pulses (Hedgecock et al.

2007). All these factors are possible causes of the patterns

observed in E. chloroticus, and have been proposed to

explain similar patterns in other sea urchins and other New

Zealand species with planktonic larvae.

The population structuring in Stronglyocentrotus francis-

canus along the west coast of North Americawas attributed to

local recruitment patterns due to local hydrodynamics, despite

the species’ long pelagic larval duration (49–133 days) and

the unidirectional California Current System (North to South)

(Benham et al. 2012). The surprising level of fine-scale dif-

ferentiation in Paracentrotus lividus populations within the

Atlantic and Mediterranean was believed to be driven by

varying environmental conditions (plankton blooms and

seawater temperatures) necessary for larval survival and re-

cruitment (Penant et al. 2013). In the New Zealand context,

some support has been presented to suggest that genetic di-

vergences among populations of the mussel Perna canalicu-

lus are best explained by local adaptation to varying sea

surface temperatures (Wei et al. 2013b).
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More neutral, random or ‘‘chaotic’’ factors have also

been supported in other similar species. A study of abalone

(Piggott et al. 2008) identified fine-scale genetic differen-

tiation among populations along the eastern coast of Aus-

tralia, despite the documented ability of the larvae to

disperse large distances, and attributed the fine-scale ge-

netic structure to random events of local larval retention.

Similarly, significant genetic differences have been

recorded between larval, juvenile and adult brittle stars

within the same locality, strongly indicating that random

recruitment events must play a factor (Muths et al. 2009).

In E. chloroticus, larval retention may play a major

factor within the Hauraki Gulf, such that inner Gulf

populations are more genetically similar to populations

further north, while the outer Gulf population on Great

Barrier Island appears more genetically similar to the

Southern North Island populations. The major coastal

current along the north-east of the North Island, the East

Auckland Current, sweeps southward past Great Barrier

Island in the outer Hauraki Gulf and around the East Cape,

and is associated with large eddy systems (described in

Chiswell 2003). Circulation in the inner Hauraki Gulf is

somewhat isolated from the offshore East Auckland Cur-

rent, and may act to segregate larval recruitment in the

northern and inner Hauraki Gulf region from the remainder

of the east coast by promoting retention of larvae.

Alternatively, the sub-tidal habitat, local hydrodynam-

ics, and intermittent temporal persistence of urchin

populations may be driving the fine-scale genetic patterns

within the Hauraki Gulf populations. Adult E. chloroticus

in the Hauraki Gulf have a patchy distribution and gener-

ally are found in low abundance in the inner Gulf, ranging

to high abundance in the outer Gulf (Smith 2004). The

patterns of abundance observed in the Gulf suggest that

local hydrodynamics or environmental conditions, such as

unsuitable settlement habitat, (like sheltered soft-sediment

beaches and circulating sediment loads commonly found in

the Gulf; Phillips and Shima 2006; Walker 2007), may

limit recruitment and survival of larvae and juveniles in the

inner Gulf to infrequent events.

Thus, the small levels of differentiation observed among

the Hauraki Gulf populations of E. chloroticus could be a

result of ‘‘chaotic patchiness’’ in recruitment (Johnson and

Black 1982, 1984). Only a small proportion of the adult

population may successfully spawn at a given location at

any one time, leading to the successful local recruitment

potentially coming largely from one cohort, and resulting

in genetic variability among local sampling locations. En-

vironmental differences may further differentiate local

populations in the short-term through selective forces on

the sensitive new recruits. Evidence of this phenomenon

has been observed in other broadcast spawning marine

invertebrates (e.g., Hedgecock et al. 2007; Hedgecock and

Pudovkin 2011). Thus localized patterns of reproductive

output and recruitment success may significantly impact

the fine-scale population genetic structure of E. chloroticus

at locations that are not subject to strong homogenizing

water movements, such as the southern fiords and poten-

tially the Hauraki Gulf.

Overall, the small-scale genetic differences between the

inner and outer Hauraki Gulf may be due to purely local

differences in cohort recruitment, or they may instead be

part of a broader influence on larval selection and recruit-

ment that separates the most northern and inner Gulf

populations from those further south. This sets up several

alternative hypotheses for more rigorous testing. In order to

ascertain the true extent of fine-scale patterns of differen-

tiation in this species, and whether they are persistent over

time, additional sampling is needed over multiple years.

We are currently in the process of undertaking this.

Conclusion

Although E. chloroticus is a species with high dispersal

capabilities and the potential for high connectivity between

geographically separated populations, the genetic analyses

presented here reveal some significant spatial genetic

heterogeneity at both large and small scales. The results

from this research contrast with the early genetic research

conducted on E. chloroticus, in which little genetic dif-

ferentiation was reported among populations.

Overall, the genetic patterns observed in E. chloroticus

were similar to those seen in some other marine broadcast

spawning species in New Zealand. A north/south genetic

divide is detected south of Cook Strait at low to moderate

levels in E. chloroticus. Analysis of the present samples

suggests that the genetic break lies near Cape Campbell on

the East Coast of the South Island, although greater sam-

pling is required to confirm this. There is also some evi-

dence of small-scale genetic structure around the North

Island at low to moderate levels, including low genetic

divergence in both mtDNA and microsatellites between

inner and outer Hauraki Gulf populations.

In summary, both broad-scale and fine-scale genetic

patterns were evident in E. chloroticus. It appears that local

and regional ocean currents and distinct geographical fea-

tures may largely drive the broad genetic differentiation

patterns observed, while local cohort recruitment and per-

haps selection on recruits may drive the fine-scale patterns.

The long PLD in this species is important in maintaining the

species’ cohesion among populations within New Zealand,

but does not prevent genetic divergence of populations at

either large or small scales. The results from this study

provide fertile hypotheses of specific spatial restrictions to

gene flow or environmental-driven selection in this species.
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Additional sampling at varying geographic and temporal

scales is being undertaken to further examine the genetic

patterns of E. chloroticus presented here and to more rigor-

ously test the proposed restrictions to connectivity.
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