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Abstract Gene flow among small fragmented populations
is critical for maintaining genetic diversity, and therefore the
evolutionary potential of a species. Concern for two New
Zealand endemic subspecies, the Hector’s (Cephalorhyn-
chus hectori hectori) and Maui’s (C. h. maui) dolphins,
arises from their low abundance, slow rate of reproduction,
and susceptibility to fisheries-related mortality. Our work
examined genetic differentiation and migration between the
subspecies and among regional and local Hector’s dolphin
populations using mitochondrial (mt) DNA and microsat-
ellite genotypes from 438 samples. Results confirmed earlier
reports of a single unique mtDNA control region haplotype
fixed in the Maui’s dolphin, and provided new evidence of
reproductive isolation from Hector’s dolphins (9-locus
microsatellite Fgr = 0.167, P < 0.001). Independent evo-
lutionary trajectories were also supported for Hector’s dol-
phin populations of the East Coast, West Coast, Te Waewae
Bay and Toetoe Bay. Low asymmetrical migration rates
were found among several Hector’s dolphin populations and
assignment tests identified five Hector’s dolphins likely to
have a migrant father from another regional population.
There appears to be sufficient step-wise gene flow to
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maintain genetic diversity within the East and West Coasts;
however, the two local South Coast populations exhibited a
high degree of differentiation given their close proximity
(~100 km). To maintain the evolutionary potential and
long-term survival of both subspecies, genetic monitoring
and conservation management must focus on maintaining
corridors to preserve gene flow and prevent further popu-
lation fragmentation and loss of genetic diversity, in addi-
tion to maintaining local population abundances.

Keywords Gene flow - Migration - Microsatellites -
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Introduction

Gene flow among small fragmented populations is critical
for the maintenance of genetic diversity, and therefore the
evolutionary potential, or ability of a species to adapt to
environmental changes. When gene flow is severely
restricted, low-abundance population fragments become
increasingly vulnerable to characteristics correlated with the
risk of extinction, including the loss of genetic variation via
genetic drift, accumulation of mildly deleterious mutations,
inbreeding depression, and the inability to adapt to change
(Frankham 1995). These effects are particularly concerning
for endemic island populations, which tend to display higher
rates of extinction than non-endemic or mainland species
(Frankham 1997, 1998). The Hector’s dolphin (Cephalo-
rhynchus hectori) is the only cetacean endemic to the North
and South Islands of New Zealand, and is currently facing
threats from both anthropogenic and genetic factors.

Two subspecies of Hector’s dolphin are currently rec-
ognized: C. h. hectori, which retains the common name
Hector’s dolphin; and C. h. maui, referred to as the Maui’s
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dolphin (Baker et al. 2002). The Hector’s dolphin has an
estimated abundance of 7,270 individuals (95 % CI =
5303-9966; Slooten et al. 2004) distributed discontinu-
ously around the South Island (Fig. 1), and has been listed
as ‘Endangered’ by the IUCN since 2000 (Reeves et al.
2008). The most recent estimate for the ‘Critically Endan-
gered” Maui’s dolphin population is 80 individuals (95 %
CI = 48-252) concentrated along the central West Coast of
the North Island (Baker et al. In review). These dolphins are
generally sighted within a few kilometers of shore (e.g.
Dawson and Slooten 1988; Dawson et al. 2004), but have
been documented ranging out to 35 km, and exhibit an
‘offshore’ shift during the austral winter (Slooten and
Dawson 1988; Briger et al. 2003; Stone et al. 2005; Rayment
et al. 2006). This coastal distribution coincides with areas
utilized by commercial and recreational fisheries, whose
targets include flatfish, red cod, mullet, butterfish, moki and
small sharks (New Zealand Department of Conservation,
Ministry of Fisheries 2007). While the quantification of by-
catch rates using an observer program has proven challeng-
ing (Blezard 2002; Fairfax 2002; Reid 2002), observations

Fig. 1 Distribution (shaded
coastline) and mitochondrial
control region haplotypes

(360 bp) for the Maui’s dolphin
(NI); regional populations of the
Hector’s dolphin: East Coast
(EC), West Coast (WC), South
Coast (SC); and local
populations of the Hector’s
dolphin: Cloudy Bay (CB),
Kaikoura (KK), Pegasus Bay
(PG), Banks Peninsula (BP),
Timaru (TM), Westport (WP),
Greymouth (GM), Jackson Bay
(JB), Te Waewae Bay (TW),
Toetoe Bay (TB). EC and WC
sample sizes include additional
samples collected from
unknown local populations
within each region

WC (n=154)

JB (n=56)
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made during the 1997-1998 fishing year on the East Coast of
the South Island were used to estimate a mean bycatch rate of
0.037 (SE = 0.15) Hector’s dolphins caught per setnet,
extrapolated to a count of 18 dolphins in the given area and
timeframe (Baird and Bradford 2000). Of the 503 Hector’s
and Maui’s dolphin carcasses opportunistically recovered by
the New Zealand Department of Conservation between 1921
and 2011, cause of death was able to be determined for 257,
of which 185 Hector’s and 5 Maui’s showed direct evidence
of fisheries-related mortality (New Zealand Department of
Conservation 2011). Incidental gillnet entanglement is
considered to be the primary anthropogenic threat to Hec-
tor’s and Maui’s dolphins (Dawson 1991; Dawson and
Slooten 2005; Slooten 2007), and according to the most
recent population viability analysis by Slooten (2007), the
low reproductive output of these dolphins is not sufficient to
sustain the populations at the estimated levels of anthropo-
genic mortality.

The loss of genetic diversity and restriction of gene flow
have also emerged as concerns for the Hector’s and Maui’s
dolphins, given their small population sizes and fragmented
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distribution. A loss of mitochondrial DNA (mtDNA)
diversity was documented for the Maui’s dolphin and East
Coast Hector’s dolphin populations by a comparison of
‘contemporary’ samples collected 1988-1998 with avail-
able historical samples from 1870 to 1987 (Pichler and
Baker 2000). The ‘contemporary’ Maui’s dolphin popula-
tion was found to be fixed for a single unique mtDNA
haplotype (‘G’), without detection of two other haplotypes
represented by three historical specimens reportedly col-
lected on the North Island. There is, however, doubt about
the subspecies origin of these three historical non-‘G’
specimens, which caused them to be excluded from the
analyses of Baker et al. (2002) to define the Hector’s and
Maui’s dolphin subspecies; their skeletal measurements
were consistent with those of Hector’s dolphins; there is
doubt about the reported collection location of one in the
Bay of Islands; and there is speculation that the other two
crossed Cook Strait either pre- or post-mortem. In addition
to the lack of gene flow detected between the two sub-
species, restrictions in gene flow were also detected
between the East, West and South Coast populations of
Hector’s dolphins using maternally-inherited mtDNA
(Pichler et al. 1998; Pichler 2002). A preliminary analysis
of six biparentally-inherited microsatellite loci also sup-
ported the differentiation of the East and West Coasts, but
did not differentiate the South Coast from either of them
(Pichler 2002).

In many coastal cetaceans gene flow is facilitated by
relatively large home ranges, high mobility and the absence
of geographic barriers. This is illustrated by the harbor
porpoise (Phocoena phocoena), which ranges over 400 km
in the Bay of Fundy (Read and Westgate 1997), and the
bottlenose dolphins (Tursiops sp.) along the California
coast, which can range in excess of 670 km (Wells et al.
1990). The dolphins of the genus Cephalorhynchus, how-
ever, exhibit much smaller home ranges, which may hinder
gene flow if small population fragments are created with
large distances separating them. The average home range
observed for the Chilean dolphin (C. eutropia) is 23.1 km
(Heinrich 2006), 36.6 km for the Heaviside’s dolphin (C.
heavisidii; Elwen et al. 2006), and 31 to 33 km for the
Hector’s dolphin (Bréger et al. 2002; Rayment et al. 2009).
A kernal density (Kos) analysis for Hector’s dolphins
around Banks Peninsula adjusted the observed home range
estimate to approximately 50 km (Rayment et al. 2009).
Based on the observations of the dolphins around Banks
Peninsula by both Briger et al. (2002) and Rayment et al.
(2009), the maximum home range for Hector’s dolphins
appears to be just over 100 km, as ‘outlier’ individuals
have been sighted across a maximum of 107 km (Rayment
et al. 2009), with the next largest distance observed in both
studies being 60 km. Results from the satellite-tagging of
three individuals around Banks Peninsula were also

consistent with a small home range (Stone et al. 2005).
During the three to six month observation period, the
tagged individuals preferentially occupied areas within a
10-14 km radius from the individual’s mean activity center
and the maximum along shore distance over which an
individual’s signal was detected was 66 km. These studies
all suggest that Hector’s dolphins are not likely to regularly
move across distances larger than approximately 60 km,
with only rare movements in excess of 100 km. Therefore,
we expect to find high levels of gene flow within areas
where the distribution of Hector’s dolphins is continuous or
separated by distances less than 60 km, and little to no
gene flow between populations separated by distances
greater than 100 km.

The evolutionary potential of Hector’s and Maui’s dol-
phins is dependent on maintaining genetic diversity
through sustaining local abundances as well as gene flow.
To identify natural population boundaries and begin to
assess evolutionary potential, we examined the current
genetic diversity, gene flow and migration between Hec-
tor’s and Maui’s dolphins, as well as among regional and
local populations of the Hector’s dolphin. Our work builds
upon previous studies (Pichler et al. 1998; Pichler and
Baker 2000; Pichler 2002), while offering novel insights
that result from larger sample sizes with more representa-
tion of living dolphins as compared to primarily beachcast
or bycaught specimens; increasing coverage of the distri-
bution and including the Toetoe Bay population; and
expanding the preliminary microsatellite analysis from six
loci (n = 82) up to 13 loci (n = 266) allowing the exam-
ination of biparental gene flow and migration.

Materials and methods

Sample collection, DNA extraction and sex
identification

A total of n = 438 tissue samples of Hector’s (n = 342)
and Maui’s dolphins (n = 96) were collected from 1988 to
2007 and stored by the University of Auckland Cetacean
Tissue Archive. Our sample set was restricted to these
years to maintain a current sample of adequate size, while
minimizing the potential for generational changeover based
on the 20 year maximum lifespan reported for Hector’s
dolphins (Slooten and Lad 1991). Samples were obtained
from free-swimming dolphins using a minimally invasive
biopsy dart (n = 176) as described by Kriitzen et al.
(2002), or using the skin swab (n = 132) method described
by Harlin et al. (1999). Samples were also collected during
the necropsy of carcasses found beachcast or bycaught
(n = 129); and one sample was recovered from the stom-
ach contents of a seven-gill shark during necropsy
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(C. Thorburn, personal communication). Maui’s dolphin
samples spanned the majority of their restricted distribu-
tion, and the Hector’s dolphin samples represented ten
local populations within three regional populations (East,
West, and South Coasts; Fig. 1). All samples were stored in
70 % ethanol at —20 °C prior to tissue digestion with
proteinase K followed by total cellular DNA extraction
using a standard phenol:chloroform protocol (Sambrook
et al. 1989) as modified for small samples by Baker et al.
(1994). Sex was identified using a multiplexed PCR pro-
tocol to amplify fragments of the sry and ZFX/ZFY genes
according to Gilson et al. (1998). The observed sex ratio
for each population and each type of sample (i.e. biopsy,
swab or beachcast) were compared to an expected 1:1 sex
ratio using a two-tailed exact binomial test.

Mitochondrial control region

A fragment of approximately 700 bp from the 5’ end of the
maternally inherited mtDNA control region was amplified
using the primers MI13-Dlp-1.5 (5-TGTAAAACGA-
CAGCCAGTTCACCCAAAGCTGRARTTCTA) and Dlp-
8G (5'-GGAGTACTATGTCCTGTAACCA; Dalebout et al.
2005). Each 10 pl reaction contained 1x PCR II buffer,
2.5 mM MgCl,, 0.4 uM each primer, 0.2 mM dNTP, 0.125
units of thermostable Platinum Taq DNA Polymerase
(Invitrogen) and 10-20 ng DNA template. Thermocycling
was carried out with an initial denaturation step of 94 °C for
2 min followed by 35 cycles of 94 °C for 30 s, 55 °Cfor45 s
and 72 °C for 45 s, and concluded with a final extension at
72 °C for 10 min. Excess nucleotides and primers were
removed using ExoSap-IT (USB) before cycle sequencing
with BigDye version 3.1 terminator chemistry (Applied
Biosystems, Inc.). Sequence products were cleaned using
CleanSEQ (Agentcourt) and run on an ABI 3730 or 3130XL
DNA Analyzer. Sequences were aligned and edited using
SEQUENCHER v. 4.7 (Gene Codes Corporation). Haplo-
types were assigned based on alignment with 360 bp refer-
ence sequences of the 17 haplotypes previously identified for
Hector’s and Maui’s dolphins (Pichler et al. 1998; Pichler
and Baker 2000; Pichler 2002). Haplotype (%) and nucleotide
() diversity, as well as a hierarchical AMOV A and pairwise
Fsrand @gr at the subspecies, regional and local levels were
calculated in ARLEQUIN v. 3.1 (Excoffier 2006). A parsi-
mony network was created using TCS 1.21 (Clement et al.
2000) to visualize the relationships among haplotypes.

Microsatellites
Hector’s dolphin samples were genotyped for 13 loci and
Maui’s dolphins for 15 loci using published cetacean

primers (Schlotterer et al. 1991; Buchanan et al. 1996;
Valsecchi and Amos 1996; Hoelzel et al. 1998a, b; Rosel
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et al. 1999; Bérubé et al. 2000; Kriitzen et al. 2001;
Caldwell et al. 2002; Online Resource 1). As the datasets
for the two subspecies were originally generated for inde-
pendent objectives, nine loci have genotypes for both
subspecies datasets and were used for subspecies level
comparisons. Each 10 pl PCR reaction contained 1x PCR
II buffer, 2.5 mM MgCl,, 0.4 uM each primer, 0.2 mM
dNTP, 0.125 units Platinum Taq (Invitrogen) and 10-20 ng
DNA template. Thermocycling conditions differed among
loci and are described in Online Resource 1. Products were
run on an ABI 3730 or 3130XL DNA Analyzer and allele
peaks were binned and visually verified using GENEM-
APPER v.3.7 (Applied Biosystems). To minimize geno-
typing error, each amplification and sizing run included a
negative control to detect contamination and 4 internal
control samples to ensure comparable allele sizing across
all runs. Additionally, 4 blind replicates were indepen-
dently run for 13 loci; an additional 4 replicates for 9 loci;
and 51 replicates for 4 loci that were reported by Pichler
(2002). Independent visual verification of automated allele
binning was also repeated for 95 samples by researchers
experienced with genotyping (R. M. Hamner and A.
Alexander). Genotyping error rates were calculated by
dividing the number of incongruent allele calls by the total
number of alleles compared (Bonin et al. 2004).

Replicate samples of the same individual were identified by
comparing genotypes in CERVUS v. 3.0 (Kalinowski et al.
2007) and the overall probability of identity (P;p) and prob-
ability of identity for siblings (Pipsj,) were calculated in
GenAlEx v. 6.1 (Peakall and Smouse 2006). To avoid false
exclusion, initial matching allowed for up to five mismatching
loci, which were examined for potential allelic dropout or
processing error. Sex and mtDNA haplotypes were subse-
quently compared to support our confidence in correctly
identifying re-samples. After review and revision, samples
with matching genotypes for at least 10 loci (P;p < 1.59 x
107°) were accepted as re-samples of the same individual and
were only represented once in subsequent analyses.

Micro-Checker v. 2.2.3 (Van Oosterhout et al. 2004)
was used to assess the presence of null alleles, and the
independence of microsatellite loci was tested using the
linkage disequilibrium analysis in GENEPOP (Raymond
and Rousset 1995). ARLEQUIN v. 3.1 (Excoffier 2006)
was used to calculate the number of alleles and the
observed and expected heterozygosity per locus, assess
departures from Hardy—Weinberg equilibrium, run a locus
by locus hierarchical AMOVA, and calculate pairwise Fgt
values for the regional and local populations.

Isolation by distance

A correlation between genetic differentiation and geo-
graphic distance was evaluated by Mantel tests
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implemented in GenAlEx v. 6.1 (Peakall and Smouse
2006). Independent tests of mtDNA and microsatellite data
were conducted using corrected pairwise Fgr values (Fgt/
1—Fgr) as a representation of genetic distance. Geographic
distance was measured along the coastline between the
mid-points of each local population using Google Earth
5.1. Two representations of geographic distance were
analyzed: (1) the shortest coastal distance connecting each
pair of populations and (2) a circum-linear pathway pro-
posed by Pichler (2002) connecting Timaru and Toetoe
Bay (extended from the original Te Waewae Bay endpoint)
by taking the long way around the South Island via the
West Coast (Fig. 2).

Sex-biased dispersal

The apparently greater differentiation between mtDNA and
microsatellites (see Results) prompted tests for male-biased
dispersal to determine if this pattern was due to differences
in the effective population size of the two markers or an
indication of male-biased dispersal. Therefore, sex-biased
dispersal around the South Island was examined by com-
paring sex-specific Fst, inbreeding coefficient (Fig), mean
corrected assignment index (mAlc) and variance of mean
corrected assignment index (vAlc) based on microsatellite
genotypes using two-tailed tests and 1,000 permutations of
the resampling procedure in FSTAT v. 2.9.3 (Goudet

calculated based on mtDNA data (whereby individuals
were coded as homozygotes) and compared using the
resampling procedure in FSTAT (see Oremus et al. 2007).
As the pattern of genetic differentiation suggested that gene
flow occurs more commonly between local populations
within regions, the data for each region was analyzed
independently, as well as all together.

Migration rates and identification of migrants

The direction and magnitude of recent migration rates
(m) between the Maui’s dolphin and three Hector’s dolphin
regional populations were estimated using the 9-locus
microsatellite dataset and the Bayesian method imple-
mented in BayesAss v3.0 (Wilson and Rannala 2003).
Following a burn-in of 10°, we performed 3 x 10° itera-
tions with a sampling frequency of 2000, and deltas set to
0.30, 0.40, and 0.15 for allele frequency, inbreeding coef-
ficient and migration rate, respectively, to achieve accep-
tance rates between 20 and 40 %, as recommended by
Rannala (2011). To confirm convergence, the analysis was
repeated three times with different seed numbers and the
trace files were examined for consistent oscillations.
After confirming the ability of Structure v 2.3.2 (Prit-
chard et al. 2000, 2007) to identify the Maui’s dolphin and
three regional Hector’s dolphin populations without a pri-
ori location information (Online Resource 2), individual
assignment and identification of migrants were assessed at
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the subspecies and regional population levels using this
program. The “Use PoplInfo” option (G = 0) was applied
to run 10® Markov chain Monte Carlo (MCMCO) replicates
following a burn-in of 10> for K = 4 (9-locus Maui’s and
Hector’s dolphin dataset) and K = 3 (13-locus Hector’s
dolphin dataset). Individuals with a membership coefficient
<0.6 for the population from which they were sampled
were considered as potential migrants or having migrant
ancestry. Additionally, the Bayesian method of Rannala
and Mountain (1997) was implemented in GeneClass2 v.
2.2.2 (Piry et al. 2004), with an alpha of 0.01 and 10,000
repetitions of Paetkau et al.”s (2004) MCMC re-sampling
algorithm. Individuals with —log(Lyome/Lmax) = 2 were
identified as potential migrants or having migrant ancestry.

Given the strong differentiation of maternally-inherited
mtDNA between regions, this marker was used a posteriori
to evaluate the individuals identified by both programs as
being actual migrants or having migrant ancestry. If a
potential migrant’s mtDNA haplotype was characteristic of
the population to which it was assigned, then its identifi-
cation as a migrant was supported. Alternatively, if a
potential migrant’s mtDNA haplotype was characteristic of
the region from which it was sampled, and not the region to

which it was assigned, then it is not likely to be an actual
migrant itself, but more likely the offspring of a female in
her natal region and a migrant male (e.g., an F1 migrant).

Results
Genetic sex identification

Amplification of the sry and ZFX/ZFY fragments allowed
for identification of 114 females and 149 males, excluding
replicate samples of the same individual (see Microsatellite
diversity for identification of individuals). The sex of the
remaining 126 individuals (n = 125 swab samples; n = 1
beachcast sample) was not identified due to low quality and
quantities of DNA, which were consistent characteristics of
the swab samples analyzed in this study. Significant devi-
ations from the expected 1:1 sex ratio (P < 0.05) were
found only for beachcast Maui’s and Hector’s dolphins,
with an excess of female Maui’s dolphins and an excess of
male Hector’s dolphins (Table 1). The overall male bias in
Hector’s dolphin samples stems from an excess of male
beachcast samples from the East Coast of the South Island.

Table 1 Genetic sex identification of Maui’s and Hector’s dolphins and exact binomial test of sex ratio (¥*P < 0.05)

F M U Total with P Biopsy Beachcast Swab
known
sex F M n P F M n P F M n

Maui’s 41 277 1 68 0.148* 24 21 45 0.766 15 5 20 0.041%* 2 2
Hector’s 74 121 125 195 0.001* 46 42 88 0749 27 75 102  <0.001* 4 4
East Coast 34 70 14 104 0.001* 26 21 47 0.560 8 47 55  <0.001* 2 2

™ 1 13 14 0.002* 13 14 0.002*

BP 4 9 13 0.267* 4 6 10 0.754 3 3 0.250*

PG 5 19 24 0.007* 5 19 24 0.007*

KK 7 10 14 1.000* 6 1 7 0.125 0.375* 2 2

CB 14 16 4 30 0.856* 14 14 28 1.000 0.500%*

? 3 6 9 2 2 1 6 7 *
West Coast 26 31 98 57 0.597* 10 5 15 0302 16 24 40 0.268* 2 2

WP 2 14 43 16 0.004* 2 14 16 0.004*

GM 7 7 19 14 1.000* 7 14 1.000%*

JB 11 10 36 21 1.000* 10 5 15 0.302 1 3 0.625* 2 2

? 6 6 6
South 13 20 13 33 0.296* 10 16 26 0.327 3 4 1.000%*

Coast

™ 10 15 13 25 0.424%* 7 11 18 0.481 3 4 7 1.000%*

TB 3 5 8 0.727%* 3 5 8 0.727
Total 114 149 126 263 0.036* 70 63 133 0.603 42 80 122 0.001* 2 4 6

Hector’s dolphin populations: East Coast, (EC), Timaru (TM), Banks Peninsula (BP), Pegasus Bay (PG), Kaikoura (KK), Cloudy Bay (CB),
West Coast (WC), Westport (WP), Greymouth (GM), Jackson Bay (JB), South Coast (SC), Te Waewae Bay (TW) and Toetoe Bay (TB)

# Includes an individual recovered from the stomach contents of a seven gill shark, ‘U’ indicates sex unknown, ‘?’ indicates unknown local

population
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No significant sex bias was observed for biopsy samples
collected from any area (Table 1).

Mitochondrial DNA diversity

Mitochondrial DNA control region sequence of approxi-
mately 650 bp was obtained for 388 individuals, excluding
replicate samples from the same individual (see Microsat-
ellite diversity for identification of individuals). Sixteen of
the 17 previously described haplotypes (Pichler et al. 1998;
Pichler and Baker 2000; Pichler 2002) were found, as well
as five additional haplotypes (S, T, U, V and W; GenBank:
JQ890071-JQ890075). Only the historical haplotype ‘N’,
previously observed in one individual sampled on the
North Island and one from Kaikoura on the East Coast of
the South Island (Pichler and Baker 2000), was not found
in the current sample. Overall haplotype diversity (k) was
0.846 &+ 0.008 and nucleotide diversity () was 0.787 £
0.460 %. The increased sample size available for the
Maui’s dolphin (n = 70) confirmed earlier reports (Pichler
et al. 1998; Pichler and Baker 2000; Pichler 2002) that this
subspecies is fixed for a single mtDNA haplotype (‘G’) not
found among the 20 haplotypes currently detected in the
South Island Hector’s dolphin populations (Figs. 1, 3).
Each regional Hector’s dolphin population was character-
ized by one or two predominant haplotypes, along with
additional low frequency haplotypes (Fig. 1). The haplo-

type network reflects the phylogeographic structure
Fig. 3 Parsimony network of © North Island
21 Hector’s (n = 318) and one @ East Coast
Maui’s (n = 70) dolphin @ West Coast
mtDNA haplotypes (360 bp) @ Souith Comst
R (O Historical
created using TCS 1.21. The ® Hypothetical Node

circles representing each
haplotype are proportional to
sample size (n) and are shaded
according to the geographic
region from which they were
sampled. Changes in base pairs
between haplotypes and their
relative positions in the
sequence are mapped onto the
lines connecting them

E (n=5)

A-239-G

G-327-A . T-219-C

presented by Pichler et al. (1998), however with our
increased sample size, novel Hector’s dolphin haplotypes
were detected and the most common haplotypes were
found to be shared with at least one other region in low
frequencies (Fig. 3). Most local Hector’s dolphin popula-
tions exhibited multiple haplotypes, with A ranging from
0.410 to 0.721 and =n ranging from 0.239 to 0.982 %
(Table 2). The exception was the Timaru population, for
which the current sample (n = 14) was fixed for the most
common East Coast haplotype (‘C’).

Microsatellite diversity

Microsatellite genotypes were obtained for 266 samples, of
which 49 were excluded based on genotype matches (i.e.
resamples of the same individual or processing error;
Pip = 6.7 x 107" Ppyp, = 6.8 x 107°). Therefore, 217
individuals were included in the microsatellite-based
analyses. Each locus was genotyped for an average of 191
individuals, producing 2 to 29 alleles per locus with no
consistent significant deviations from Hardy—Weinberg
equilibrium across populations (Table 3) and no evidence
of null alleles. The Maui’s dolphin showed less allelic
diversity than the Hector’s dolphin populations at eight of
the nine loci with data for both subspecies, even when
compared to the South Coast population (n = 31), which
was represented by almost half as many samples as the
Maui’s dolphin (n = 58). A genotyping error rate of 2.2 %

O (n=1)

U (n=1)

A (n=3)

P (n=2)

Q (n=3)
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Table 2 Mitochondrial DNA haplotype diversity () and nucleotide
diversity (m) for the Maui’s dolphin, and Hector’s dolphin regional
(East Coast, West Coast, South Coast) and local populations: Ti-
maru,(TM), Banks Peninsula (BP), Pegasus Bay (PG), Kaikoura
(KK), Cloudy Bay (CB), Westport (WP), Greymouth (GM), Jackson
Bay (JB), Te Waewae Bay (TW) and Toetoe Bay (TB)

Location n # Haplotypes h (£SD) T % (£SD)
Maui’s 70 1 0 0
Hector’s 318 20 0.818 £ 0.012 0.694 £ 0.415
East Coast 118 12 0.508 £+ 0.055 0.390 + 0.266
™ 14 1 0 0
BP 13 3 0.410 £ 0.154 0.356 £ 0.268
PG 24 4 0.431 £ 0.117 0.239 £ 0.195
KK 24 7 0.609 £ 0.112 0.456 £ 0.310
CB 34 6 0.686 + 0.074 0.609 + 0.384
West Coast 154 12 0.718 £ 0.026  0.489 +£ 0.316
WP 59 8 0.665 £+ 0.057 0.444 £ 0.297
GM 33 8 0.750 £ 0.056 0.459 + 0.308
JB 56 7 0.721 £ 0.032 0.546 + 0.348
South Coast 46 6 0.745 £ 0.040 0.827 + 0.489
™ 38 5 0.718 £ 0.041 0.754 £ 0.455
TB 8 3 0.679 £+ 0.122  0.982 + 0.636
Overall 388 21 0.846 £+ 0.008 0.787 +£ 0.460

Regional population numbers include some samples from unknown
local populations within a region

was calculated from the blind replicates and 1.1 % from
the independent allele binning. The majority of error from
the blind replicates appeared to be allelic dropout that
occurred in the earlier runs of EV1 and EV14, and is likely
to be the result of advances in genotyping technology (i.e.
the move to capillary systems) since the generation of the
previous dataset by Pichler (2002).

Subspecies isolation and regional differentiation

In addition to the fixed difference in mtDNA (®Pgr =
0.563; P < 0.001), the Hector’s and Maui’s dolphins also
showed a high degree of differentiation based on biparen-
tally-inherited genotypes from the nine microsatellite loci
(Fst = 0.167, P < 0.001). All individuals were assigned to
the expected subspecies by the methods of both Gene-
Class2 and Structure (Fig. 4).

Within the Hector’s dolphin, hierarchical analyses of
both mtDNA and 13-locus microsatellite data confirmed
strong genetic differentiation among the East, West and
South Coast regions (mtDNA Fgr = 0.321, P < 0.001;
&g = 0.395; microsatellite Fgr = 0.058, P < 0.001),
with large differences among regions, but some difference
among local populations within regions (Table 4). All
pairwise regional mtDNA Fgst and @st and microsatellite
Fsr values were significant (P < 0.001; Table 5), however
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not all individuals assigned clearly to the region from
which they were sampled in the GeneClass2 (Table 6) and
Structure (Fig. 5) analyses, suggesting that a very low level
of gene flow is occurring between the regions (see
Migration Rates and Identification of Migrants).

Hector’s dolphin local differentiation

Pairwise comparisons of the local Hector’s dolphin popula-
tions within the East and West Coasts reflected the differ-
entiation among the regions, however relatively little
significant differentiation was detected among most local
populations within the same region (Table 7). Notable
exceptions were found between local populations at the
extremes of the East Coast (Timaru and both Cloudy Bay and
Kaikoura) and West Coast (Westport and Jackson Bay;
Fig. 1), suggesting that a stepping-stone pattern of gene flow
is occurring within these regions (see Hector’s dolphin iso-
lation by distance). Unlike the East and West Coasts, how-
ever, the two local populations within the South Coast, Te
Waewae and Toetoe Bays, displayed a notable restriction in
gene flow based on both mtDNA (Fst = 0.136; P = 0.03)
and microsatellites (Fgt = 0.043; P = 0.005) over the small
distance of only ~ 100 km that separates them.

Hector’s dolphin isolation by distance

Mantel tests supported a one-dimensional stepping stone
pattern of gene flow following the long way around the
South Island from Timaru to Toetoe Bay, with an apparent
barrier to gene flow between them for both mtDNA
(* =059, P =0.001) and microsatellites (+* = 0.51,
P = 0.001; Fig. 2). The tests using the shortest possible
coastal distance connecting each population pair also pro-
duced a significant correlation between genetic differenti-
ation and distance, but showed much lower correlation
coefficients: mtDNA (r2 = 0.12, P = 0.013) and micro-
satellite (#2 = 0.33, P = 0.001). Interestingly, among the
East Coast—South Coast comparisons the Timaru—Toetoe
Bay comparison produced the highest pairwise Fgy for the
mtDNA data, but the lowest pairwise Fgt for the micro-
satellite data. This suggests the likely influence of a low
level of male-biased gene flow between these populations,
despite a likely historical female gene flow connection
between the South and West Coasts.

Hector’s dolphin sex-biased dispersal

No prevalent pattern of sex-biased dispersal was found
among Hector’s dolphins. Within the West Coast, males
exhibited significantly higher Fjs than females (P =
0.048), and approached significantly lower mAlc (P =
0.077), suggesting male-biased dispersal among the local
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Fig. 4 Assignment of individuals as Hector’s or Maui’s dolphin
subspecies based on the Structure v.2.3.2 analysis of 9-locus
microsatellite genotypes. Each vertical bar represents an individual

and is shaded according to its coefficient of membership to the Maui’s
dolphin (orange) and Hector’s dolphin (yellow) subspecies

Table 4 Hierarchical analysis of molecular variance (AMOVA) based on mtDNA control region (360 bp) and 13-locus microsatellite genotypes
for 10 local populations of Hector’s dolphins grouped into three regions (East Coast, West Coast and South Coast)

Source of variation mtDNA (n = 388) Microsatellites (13 loci, n = 146)

d.f. % Variation F value P d.f. % Variation F value P

Among regions
Fcr 2 29.2 0.292 0.001%** 2 5.1 0.050 <0.001%#%**
Dt 2 36.7 0.367 <0.001%#*%*

Among local populations within regions
Fsc 7 29 0.041 <0.001%#%** 7 0.7 0.008 0.032%*
bc 7 29 0.045 0.001%**

Among individuals within local populations
Fgsr 293 67.9 0.321 <0.001%##* 282 94.2 0.058 <0.001%**
Dgr 293 60.5 0.395 <0.001%#%*%*

* Indicates significance at P < 0.05; *** indicates significance at P < 0.001

Table 5 Pairwise Fgt and @gr (in parentheses) values based on mtDNA control region haplotypes (below diagonal) and Fgr based on
microsatellite genotypes (above diagonal) for the Maui’s dolphin and East, West and South Coast regional populations of Hector’s dolphins

NmtDNA NI EC wC SC
Nmicrosatellite 58 85 43 31
Maui’s dolphin (NI) 70 - 0.166%** 0.217%%%* 0.256%**
East Coast (EC) 118 0.700%%*%* — 0.039%%** 0.071%%*
(0.7547%*3%)
West Coast (WC) 154 0.563*%%* 0.322%%* - 0.058%%**
(0.714%%%) (0.422%%%)
South Coast (SC) 46 0.6827%** 0.391%%* 0.210%%%* -
(0.754%%%) (0.505%*%) (0.203%%%*)

Comparisons including the Maui’s dolphin were based on 9-locus microsatellite genotypes, while those between Hector’s dolphin populations
were based on 13-locus genotypes

**% Indicates significant Fst or ®@gt, P < 0.001

populations within this region (Table 8). On the other
hand, males exhibited a higher microsatellite Fgr
(P = 0.012) within the South Coast, suggesting female-
biased dispersal between the two South Coast populations.
The overall sample exhibited a higher mtDNA Fgr
(P = 0.001) for males, also suggesting female-biased dis-
persal among the three coastal regions; however this may
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be an artifact of a strong overall bias toward male samples
(Table 8).

Migration rates and identification of migrants

Migration rates estimated between the Maui’s dolphin and
each of the Hector’s dolphin regional populations were
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Table 6 Potential inter-regional Hector’s dolphin migrants identified by the analysis of 13-locus microsatellite genotypes using Structure and
GeneClass2

Individual Sample type Sex mtDNA Region GeneClass2

Sampled Assigned —Log(Lhome/Lmax) P
CheSI52 Beachcast M C EC SC 2.127 0.0057
CheTIO5 Beachcast M C EC SC 2.543 0.0029
CheWC007 Beachcast M J wC EC 4.169 0.0001
CheTW05-09 Biopsy M L SC wC 2.442 0.0074
CheTBO05-11 Biopsy M M SC EC 2.349 0.0069

Refer to Fig. 4 for membership coefficients produced by Structure

1.0

0.8

Membership coefficient

e East Coast * West Coast L South Coast

Fig. 5 Assignment of individuals to the East, West or South Coast bar represents an individual and is shaded according to its coefficient
regional populations of Hector’s dolphins based on the Structure of membership to the East (red), West (blue) and South Coast (green)
v.2.3.2 analysis of 13-locus microsatellite genotypes. Each vertical regional populations. Arrows indicate potential migrants

Table 7 Pairwise Fgr values based on mtDNA control region haplotypes (below diagonal) and 13-locus microsatellite genotypes (above
diagonal) for local populations of Hector’s dolphins in Timaru (TM), Banks Peninsula (BP), Pegasus Bay (PG), Kaikoura (KK), Cloudy Bay
(CB), Westport (WP), Greymouth (GM), Jackson Bay (JB), Te Waewae Bay (TW) and Toetoe Bay (TB)

n East Coast West Coast South Coast
™ BP PG KK CB WP GM JB ™ TB

™ 14 - 0.020* 0.022 0.007 0.009 0.032* 0.048%* 0.028* 0.058* 0.039%*
BP 13 0.120 - 0.003 0.008 0.003 0.043* 0.053* 0.064* 0.099* 0.097*
PG 24 0.092 0.005 - —0.019 —0.011 0.017 0.023* 0.059* 0.085* 0.067*
KK 24 0.136* 0.012 0.018 - —0.003 0.020 0.024* 0.042* 0.095* 0.069*
CB 34 0.186* 0.017 0.046 0.010 - 0.029* 0.039%* 0.045%* 0.080* 0.063*
WP 59 0.494* 0.360* 0.345% 0.301* 0.215% - —0.018 0.006 0.049* 0.064*
GM 33 0.521* 0.363* 0.362%* 0.298* 0.208* 0.006 - 0.019 0.081* 0.064*
JB 56 0.492* 0.349* 0.356%* 0.292* 0.196* 0.051%* —0.001 - 0.069* 0.079%*
™ 38 0.540* 0.400* 0.405% 0.332* 0.282%* 0.240* 0.200%* 0.207* - 0.043*
TB 8 0.741* 0.476* 0.482% 0.365* 0.317* 0.319% 0.271* 0.286* 0.136* -

Italicized values indicate intra-regional comparisons and other values indicate inter-regional comparisons
* Indicates significant Fgr (P < 0.05)

very low with large standard errors (Table 9), providing no  with large standard errors, several showed a directional
evidence for migration between the two subspecies. Fur-  bias in migration that correlates with the prevailing
thermore, we did not detect any migrants or individuals  currents around the South Island (Table 9). The high
with migrant ancestry between the Hector’s and Maui’s  migration rate of 0.189 (SE = 0.078) from the West
dolphin subspecies (Fig. 4). Coast to the East Coast corresponds to the D’Urville

Although most migration rates estimated among the  Current, which flows east through Cook Strait (Brodie
regional populations of Hector’s dolphins were also low 1960). The next largest migration rate was 0.066

@ Springer



998

Conserv Genet (2012) 13:987-1002

Table 8 Two-tailed tests of sex-biased dispersal based on the com-
parison of sex-specific microsatellite (msat) Fsy, mtDNA Fgr,
inbreeding coefficient (Fis), mean corrected assignment index
(mAlc), and variance of corrected assignment index (vAlc)

Female Male P
East Coast (5 local populations)
n 27 (31) 50 (67)
Fgr msat —0.004 0.013 0.319
Fst mtDNA —0.023 0.028 0.866
Fis —0.015 0.010 0.637
mAlc —0.423 0.229 0.357
vAlc 10.363 6.091 0.160
West Coast (3 local populations)
n 18 (20) 20 (30)
Fgr msat —0.010 0.008 0.574
Fst mtDNA 0.047 0.093 0.765
Fis —0.038 0.085 0.048 *M
mAlc 0.850 —0.765 0.077
vAlc 5.804 9.095 0.265
South Coast (2 local populations)
n 11 (13) 20
Fgr msat —0.069 0.071 0.012 *F
Fst mtDNA 0.183 0.119 0.734
Fis 0.143 0.018 0.130
mAlc —1.143 0.629 0.157
vAlc 9.078 8.753 0.961
Overall (3 regional populations)
n 64 (73) 95 (120)
Fgst msat 0.052 0.051 0.955
Fst mtDNA 0.232 0.439 0.001 *F
Fis —0.002 0.034 0.323
mAlc —0.031 0.021 0.926
vAlc 12.621 10.336 0.339

The direction of significant evidence of a sex bias is indicated by *F
for female-biased and *M for male-biased (P < 0.05)

The mtDNA sample size (n) is indicated in parentheses if it differed
from the microsatellite sample size

(SE = 0.36) from the South Coast to the East Coast,
corresponding to the Southland Current, which flows
from the West Coast of the South Island east through

Foveaux Strait before it hooks north along the East
Coast (Brodie 1960).

Although the majority of the Hector’s dolphins showed
very strong assignment to the region from which they were
sampled, five individuals were identified as potential
migrants between regions by the methods of both Structure
and GeneClass2 (Fig. 5; Table 6). An a posteriori review
of mtDNA showed that the haplotypes of these individuals
were characteristic of the region from which they were
sampled, and were only detected in very low frequencies or
not at all in the region to which they were assigned. This
suggests that these five individuals are more likely F1
migrants produced by resident females and migrant males
than actual migrants themselves.

Discussion

Our findings confirmed the subspecies classification of the
Maui’s dolphin (Cephalorhynchus hectori maui) and the
Hector’s dolphin (C. h. hectori) based on a larger sample of
mtDNA and more extensive survey of microsatellites
(Pichler et al. 1998; Pichler and Baker 2000; Pichler 2002).
The two subspecies appear to be entirely isolated with no
detectable levels of current female or male gene flow or
migration. While these findings would qualify the Hector’s
and Maui’s dolphins for elevation to species status under
some species concepts, we feel that evidence of diagnostic
nuclear DNA differences and irreversible divergence is
necessary before such a proposal is suggested (Reeves et al.
2004).

In addition to the previously described differentiation
between the East and West Coast populations of Hector’s
dolphins (Pichler et al. 1998; Pichler and Baker 2000;
Pichler 2002), significant differentiation for two South
Coast populations (Te Waewae Bay and Toetoe Bay) was
also supported by both our mtDNA and microsatellite
analyses. Therefore, independent management plans should
be considered for each of these populations. Although
Toetoe Bay is represented by a small sample size (eight
individuals) and would benefit from further sampling, the

Table 9 Migration rates (m) among the Maui’s dolphin (North Island) and three regional populations of the Hector’s dolphin (East, West and
South Coasts) estimated from nine-locus microsatellite genotypes using BayesAss v3.0

From n To

NI EC wC SC
NI 58 0.982 (SE = 0.010) 0.007 (SE = 0.007) 0.006 (SE = 0.006) 0.006 (SE = 0.006)
EC 85 0.006 (SE = 0.006) 0.972 (SE = 0.015) 0.007 (SE = 0.007); *1 0.015 (SE = 0.012); *1
wC 43 0.010 (SE = 0.009) 0.189 (SE = 0.078) 0.783 (SE = 0.076) 0.018 (SE = 0.016); *1
SC 31 0.014 (SE = 0.012) 0.066 (SE = 0.036); *2 0.024 (SE = 0.022) 0.896 (SE = 0.039)

The number of F1 migrants detected by both Structure and GeneClass2 are indicated (*#) for comparison
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genetic differentiation detected by this first investigation of
the genetic diversity in this small population warrants
attention. Almost half of the sampled individuals represent
a newly detected haplotype, ‘S’, which has never been
sampled in any other population. Furthermore, it lacks
haplotype ‘M’, which characterizes almost half of the
closest neighboring population in Te Waewae Bay and
would likely be detected if female gene flow were occur-
ring regularly between these two populations. Within the
larger East and West Coast populations, there appears to be
a sufficient level of step-wise gene flow to maintain genetic
diversity. However among the four Hector’s dolphin pop-
ulations, only very rare dispersal events are facilitating
gene flow across the approximate 100-370 km gaps sepa-
rating them. The cause of the gaps separating these four
genetically differentiated populations of Hector’s dolphins
is likely environmental as well as behavioral. An avoidance
of deep water seems to be a primary factor limiting the
distribution and density of these dolphins, as most sightings
occur in depths less than 39 m (Bréger et al. 2003). This is
consistent with the rarity of Hector’s dolphin in the Fi-
ordland area between the West and South Coasts, where
depths are in excess of 300 m (Dawson and Slooten 1988;
Slooten et al. 2004). It is also consistent with the apparent
reluctance of these dolphins to cross the deep water of
Cook Strait, which divides the North and South Islands
(Dawson and Slooten 1988), and may have spurred the
divergence of the two subspecies when it opened near the
end of the last ice age 15-16,000 years ago (Lewis et al.
1994; Pichler 2001). The North Island—South Island sepa-
ration is a common biogeographic pattern seen among both
terrestrial and marine organisms of New Zealand (Wallis
and Trewick 2009; Trewick and Bland 2011), so it is
plausible that a host of ecological and environmental fac-
tors played a role in the divergence of Hector’s and Maui’s
dolphins and continue to maintain their differentiation.
Regardless of the causes, gaps in Hector’s dolphin dis-
tribution larger than the average 30-50 km home range
(maximum reported ~ 107 km; Briger et al. 2002; Ray-
ment et al. 2009) seem to be presenting barriers to dispersal
that are acting as a force of isolation. This is consistent
with the high degree of genetic differentiation observed
between the regions, and over the approximate 100 km
distance between the Te Waewae Bay and Toetoe Bay
populations. Furthermore, Rayment et al. (2009) identified
‘hotspots’ of Hector’s dolphin density around Banks Pen-
insula that were spaced approximately 30 km apart, and
suggested that dolphins with home ranges centered around
hotspots would have little interaction with dolphins of
adjacent hotspots. Therefore, within the East and West
Coasts, each local population is likely to serve as a critical
link for maintaining the stepping-stone chain of gene flow.
The loss of a local population could interrupt the regional

connectivity, resulting in smaller isolated subpopulations
facing increased susceptibility to genetic drift and extinc-
tion. This may already be the case for Te Waewae and
Toetoe Bays.

The protection of discrete local populations alone,
however, is not sufficient to preserve the evolutionary
potential of the Hector’s dolphin. Consideration must be
given to protecting corridors for the individuals dispersing
between local populations, and the even more rare dis-
persers between regions. It is this occasional gene flow that
enhances the evolutionary potential of small populations.
Dispersal events are particularly important for the local
populations at the extremes of the East Coast and West
Coast regions, as the genetic diversity of these extreme
populations is primarily maintained by gene flow with a
single adjacent intra-regional population. These popula-
tions also border the gaps between regions, and therefore,
are likely to be critical in facilitating the rare dispersal
responsible for maintaining the connectivity of the sub-
species as a whole. If these ‘peripheral’ local populations
are extirpated, the regions will be separated by larger
geographic gaps, further reducing the frequency of dis-
persal. The two South Coast populations illustrate the rel-
atively small scale over which differentiation can occur.
The approximate 100 km coastal distance that separates the
eastern edge of Te Waewae Bay and western edge of
Toetoe Bay sampling areas is sufficient to restrict local
gene flow, and the approximate 160 km to the nearest
regional population (East Coast, Timaru) appears to be
sufficient for the complete isolation of maternal lineages.

The East and South Coasts, however, appear to be
connected by a low level of male-mediated gene flow
showing a directionally-biased migration rate favoring
movement from the South Coast to the East Coast. This
directional bias is consistent with the detection of two F1
migrants sampled in the East Coast inferred to have fathers
from the South Coast, compared to a single F1 migrant for
which the opposite was found. Interestingly, the father of
the one F1 migrant detected between the East and West
Coasts would have traveled in opposition to the prevailing
direction of migration and D’Urville Current, suggesting
that more complex factors than just currents influence
dispersal direction.

We did not find evidence of a strong sex-bias in dis-
persal among Hector’s dolphin populations. In general, the
microsatellite-based tests implemented have low power to
detect sex-biases unless the rate of dispersal is high and the
sex-bias is large (Goudet et al. 2002). It is possible that the
significant biases detected could be artifacts of the small
samples sizes or variability in sample sizes that results
when the samples representing each population are divided
by sex. Conversely, a low rate of male-biased gene flow,
consistent with the Fig test within the West Coast and the
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F1 migrants resulting from migrant fathers that were
detected, could be masked by an isolation by distance
effect. If a low number of males were more likely to dis-
perse over longer distances, the signal could be over-
shadowed by that of both sexes engaging in the step-wise
pattern of shorter-range dispersal and gene flow between
adjacent local populations (Goudet et al. 2002). Given the
disagreement in the direction of bias for the few significant
results, we cannot conclude that dispersal in Hector’s
dolphins is strongly skewed toward either sex.

Conservation approaches should, however, consider the
implications of the differences in sex biases observed in
beachcast samples from Hector’s and Maui’s dolphins. In
the Hector’s dolphin, the male bias represented in beach-
cast specimens suggests that the protection of corridors
may be particularly vital for male Hector’s dolphins. A
pattern of male-biased dispersal would be consistent with
the suggestion that males are likely to encounter more nets
while dispersing between areas, thereby increasing the
likelihood of entanglement (Pichler 2002). In the Maui’s
dolphin, the observed female bias in beachcast samples
could be an indication of deleterious inbreeding effects.
Given the isolation and small size of this remnant popu-
lation, some degree of inbreeding is inevitable. The dis-
covery of beachcast pregnant females and neonates is
consistent with lethal pregnancy-related complications that
have been associated with inbreeding depression in captive
populations (Adamec et al. 2006; Strom Holst and Fros-
sling 2009).

The continued genetic monitoring (Schwartz et al. 2007)
of these populations is critical to assessing the effectiveness
of current management strategies for Hector’s and Maui’s
dolphins and the potential need for more active conservation
interventions in the future. The opportunity for monitoring
across the relatively short lifespan of these dolphins, com-
pared to other cetaceans, will also provide broader insight
into the demographic and genetic forces influencing the
survival, or extinction, of small populations.
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