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Abstract At least four species of New Zealand snipes
(Coenocorypha) became extinct following the introduction
of predatory mammals, and another two species suffered
massive range reductions. To investigate species limits and
population differentiation in six of the seven remaining
offshore populations, we assayed variation in nine micro-
satellite loci and 1,980 base pairs of four mitochondrial
DNA (mtDNA) genes. Genetic diversity in all populations
except the largest one on Adams Island in the Auckland
Islands was very low in both genomes. Alleles were fixed
at many microsatellite loci and for single mtDNA haplo-
types, particularly in the populations in the Chathams,
Snares, Antipodes and Campbell Islands. Strong population
structure has developed, and Chathams and Snares Islands
populations are effectively genetically isolated from one
another and from the more southern island populations.
Based on reciprocal monophyly of lineages and their
morphological distinctiveness we recommend that three
phylogenetic species should be recognized, C. pusilla in
the Chatham Islands, C. huegeli in the Snares Islands and
C. aucklandica in the southern islands. The populations of
C. aucklandica in the Auckland Islands, Antipodes Island
and Campbell Island may warrant recognition as
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subspecies, and all should be managed as separate con-
servation units.
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Introduction

Coenocorypha snipe once ranged across the New Zealand
region and offshore islands, and as far north as Norfolk
Island, Fiji, and possibly New Caledonia (Holdaway et al.
2001; Worthy 2003). Only a few of the New Zealand taxa
have persisted to the present, and are of great conservation
concern due to their small population sizes, restricted dis-
tributions, and extreme vulnerability to introduced mam-
malian predators. They are still found on some outlying
islands in the Chatham Islands, and on the subantarctic
Snares, Antipodes, Auckland and Campbell Islands. Snipe
became extinct on the three main islands of New Zealand
and from the main Chatham Island following introduction
of Pacific rats (Rattus exulans) by Polynesians (Worthy and
Holdaway 2002). More recent extinctions and range con-
tractions of five taxa have followed introductions of cats
(Felis catus), pigs (Sus scrofa), Norway rats (Rattus nor-
vegicus), rabbits (Oryctolagus cuniculus), cattle (Bos tau-
rus), sheep (Ovis aries), dogs (Canis familiaris), weka
(Gallirallus australis), and ship rats (Rattus rattus) on
various islands (Miskelly 1987, 1988, 2000; Aikman and
Miskelly 2004; Miskelly et al. 2006). The only population
that currently coexists with an introduced mammal (house
mouse, Mus musculus) is on Antipodes Island.

Given the persistence of New Zealand snipe on small
isolated islands, their presumably small effective
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population sizes and vulnerability to predation, an impor-
tant component of population recovery planning is to esti-
mate species limits and evolutionary significant units
(ESUs) or conservation management units (CMUs). There
is agreement that the extant population of the Chatham
Islands is a valid species (C. pusilla), but the taxonomic
status of the remaining populations is less certain. Popula-
tions from the Auckland Islands, Snares Islands, Little
Barrier Island, Stewart Island and the Antipodes Islands
were listed in the 1990 Checklist of New Zealand birds
(Turbott 1990) as separate subspecies of the species origi-
nally described from the Auckland Islands (C. aucklandi-
ca). However, Worthy et al. (2002) suggested that separate
species status was warranted for each of the populations on
the Auckland Islands, Snares Islands, Little Barrier Island
and islands off Stewart Island, based on morphological,
plumage and behavioural differences between them.

Two of the five snipe taxa that we sampled in this study
still occupy their entire historic ranges: the Snares Island
snipe on the tiny 333 ha Snares Islands, and the Antipodes
Island snipe on the larger (2,111 ha) but more remote
Antipodes Islands (Fig. 1; Miskelly et al. 2001, 2006). The
three remaining taxa have suffered human-induced popula-
tion size reductions of varying, and in some cases alarming
extremes. Following the introduction of cats and pigs to
50,990 ha Auckland Island, and a variety of predatory and
browsing mammals to Enderby Island (710 ha) and Rose
Island (75 ha), Auckland Island snipe became confined to
Adams Island (10,119 ha) in the south, Disappointment
Island (566 ha) in the west, and Ewing Island (57 ha) in the
Port Ross sample in the north (Fig 1, Miskelly et al. 2006).
Chatham Island snipe became extinct on Chatham Island
(78,438 ha) and Pitt Island (6,190 ha) between 1550 and
1870 (Millener 1999), and from 113 ha Mangere Island
about 1900 following introduction of rabbits, sheep, goats
(Capra hircus) and cats (Tennyson and Millener 1994). For
the next 70 years they were believed to be confined to 218 ha
Rangatira (South East) Island (Fig. 1), although they may
have persisted on the nearby and rarely visited Star Keys
(10 ha). Although rodents and cats never established on
Rangatira Island, the island was farmed from 1840 until the
last stock were removed in 1961 (Nilsson et al. 1994); by the
1950s there was very little ground cover left, and snipe were
rarely seen. Indeed, Bell (1955), and Dawson (1955) saw
none during their visits in 1953 and 1954, respectively, and
so the taxon came very close to extinction. Mangere Island
has been free of terrestrial mammals since 1968, and 23 snipe
were reintroduced from Rangatira Island by the New
Zealand Wildlife Service in 1970 (Bell 1974); snipe are now
common on both islands (Miskelly 1990).

The most extreme population bottleneck was experi-
enced by the Campbell Island snipe, which was discovered
on 19 ha Jacquemart Island (Fig. 1) only in 1997, 157 years
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after naturalists first visited the Campbell Island group
(Miskelly 2000; Barker et al. 2005). It is now apparent that
snipe were extirpated from 11,268 ha Campbell Island
following the introduction of Norway rats about 1828
(Miskelly 2000), but survived fortuitously on sheer-sided
Jacquemart Island, 1 km off the exposed south coast of the
main island. Snipe from Jacquemart Island started to
recolonise Campbell Island following the eradication of rats
in 2001 (Miskelly and Fraser 2006a). The remarkable dis-
covery of this previously unknown and critically endan-
gered population prompted our investigation of the genetic
relationships of Coenocorypha snipe.

Although the threats to these populations are more likely
to be demographic ones in the shorter term, they also could
be at risk from genetic erosion in the longer term. In par-
ticular we expect that genetic drift will be enhanced in
small populations, and they likely experienced founder
effects and both natural and human-induced population
bottlenecks which led to loss of genetic variation, increased
inbreeding and possibly lower fitness (Ramakrishnan et al.
2005; Woodworth et al. 2002). We therefore assayed var-
iation in nine microsatellite loci and four mitochondrial
genes from recently collected blood or feather samples to
estimate levels of gene diversity, population structure and
species limits in New Zealand snipes.

Methods
Sample collection

Samples from the six populations of New Zealand snipes
were collected under permit between 2000 and 2007
(Table 1; Fig. 1). Because Mangere Island snipe are des-
cended from 23 birds translocated from Rangatira Island in
1970, samples from both islands were pooled to comprise the
Chatham Islands population. In the Auckland Islands the
samples collected on Rose Island and adjacent Enderby
Island were combined into the Port Ross samples (PROSS).
Samples from the critically endangered Campbell Island
population were obtained from the main island (Miskelly and
Fraser 2006a, b). Most sampled birds were adults captured in
hand nets, and either sampled for blood or feathers. Blood
was preserved in 95% ethanol, and feathers were stored in a
freezer once they reached the laboratory. The only isolated
population not sampled was Disappointment Island within
the Auckland Islands archipelago (Fig. 1).

Isolation and testing of microsatellite loci
for polymorphism

Isolation of microsatellite loci was achieved using the
enrichment protocol of Hamilton et al. (1999). About 5 mg



Conserv Genet (2010) 11:1363-1374 1365
New Zealand
- 40°S
South |
Chatham 9 Chatham Island
Islands
Stewart | b
Snares Islands ;';',‘;’n"d"d”
L O 50° 4
® Auckland Islands
G)Camplmll Island
170°E 180° Pitt Island Star Keys
1 1 °
_]?_ Mangere Islaf\c-l )
Enderty Rangatira
‘ Ir;aendy N Island
-N- Rose | :
l o, P 0 20km
3’ * Eving |
Disappointment -
Island
. -
Aiiekiana Campbell Island
Island
|
_T_
-
Jacquemart Island
Adams Island |:|:|:|:|:|:|:|:|:|I:?krn DI::r:r:lgkm

Fig. 1 Distributions of extant taxa of New Zealand snipe. Snipe on
the Snares and Antipodes Islands occupy their entire historic ranges.
Those on the three remaining island groups have passed through
population size reductions of varying degrees, with shading showing

of high molecular weight genomic DNA was isolated and
digested using the restriction enzymes Hae III, Rsa 1 and
Nhe 1 to create an appropriately sized genomic library
(400-800 bp). The genomic library was then enriched for
GT and CT repeats (using biotinylated oligonucleotides
(CT);5 and (GT);5) and ligated into the vector pBluescript
(Stratagene). Vectors were transformed into Escherichia
coli XL1-Blue Electrocompetent (Stratagene) cells and

their minimum distributions before partial range recovery (see text).
We sampled all five taxa, and in the Auckland Islands obtained
samples from Port Ross (Enderby and Rose Islands) and Adams
Island, but not from Disappointment Island

grown on agar plates overnight. Positive clones were
detected by hybridization with biotinylated oligonucleo-
tides, using the Phototope Star Detection Kit (New England
Biolabs). Colonies were picked randomly for subsequent
sequencing. Plasmid DNA from positive clones were
extracted using the Wizard Miniprep Kit (Promega, Mad-
ison, WI, USA), and sequenced on an ABI 3100 automated
sequencer. Seventy-eight positive clones were sequenced
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Table 1 Collection details for

blood (b) and feather (f) Locality Date N  Acronym Taxon
samples of New Zealand snipes :
analyzed in this study. Taxon 9-11 May 2001 (®) 11
designations follow Worthy Rangatira 1., Chatham Is
et al. (2002) 21-22 Feb 2007 () 10
CHATS Coenocorypha pusilla
Mangere 1., Chatham Is ~ 26-27 Oct 2000 (b) 4
CHATS Total 10
6 Apr 2001 (b) 2
Snares I SNARE  C. huegeli
11-13 Apr 2005 (b) 31
SNARE Total 33
Antipodes 1. Jan-Feb 2001 (b) 9 ANTIP C. aucklandica meinertzhagenae
ANTIP Total 9
Rose I., Auckland Is 15-17 Dec 2001 (b) 5
PROSS C. aucklandica aucklandica
Enderby I., Auckland Is 6 Jan 2006 (b) 4
PROSS Total 9
Jan-Feb 2001 (b) 10
Adams ., Auckland Is ADAMS C. aucklandica aucklandica
. Jan-Feb 2006 (f) 13
Taxa have conservation statuses
of Nationally Critical
(Coenocorypha “Campbell”), ADAMS Total 23
Nationally Vulnerable
(C. pusilla), and At Risk/ Campbell 1. 7-14Jan2006 () 15 CAMPB  C. “Campbell”

Naturally Uncommon
(C. huegeli and both named
subspecies of C. aucklandica)

CAMPB Total 15

(Miskelly et al. 2008)

of which 17 contained microsatellite repeats. Primers were
designed for the sequences containing these microsatellites
and an M13 tail was added to one primer (reverse or for-
ward) of each primer pair to allow fluorescent labeling
during amplification reactions (Schuelke 2000). Genomic
DNA samples from 40 New Zealand snipes were used to
test levels of polymorphism for each primer set. Amplifi-
cation reaction volumes of 12.5 pul were used containing
100-200 ng of DNA, 1.25 pl of 10x EH buffer (Hagelberg
1994), 0.5 units of Tag DNA polymerase (Qiagen), 0.3 pl
of 5 mM dNTPs, 2.5 pmoles of each primer and 2.5 pmoles
of the appropriate fluorescent label. Amplification of all
loci began with a 4 min denaturation at 94°C, followed by
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36 cycles of 94°C for 15 s, 50°C for 25 s, 72°C for 25 s,
with a final extension of 72°C for 4 min (Perkin Elmer 480
thermal cycler). Amplification products were then run on
an ABI 3100 automated sequencer, and were scored using
GeneMapper version 3.5 along with a LIZ size standard
(Applied Biosystems). Nine polymorphic loci that ampli-
fied reliably and did not suffer from large allele dropouts or
stuttering when checked with Micro-checker 2.2.3 (Van
Oosterhout et al. 2004) were used to depict geographic
patterns of population structure (Table 2). All loci were in
linkage equilibrium, as tested with GENEPOP 3.4 (Ray-
mond and Rousset 1995). Exemplars of alleles at each
locus were sequenced to verify repeat motifs. Size
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Table 2 Details of the nine microsatellite loci used in this study

Locus Size range Repeat motif Total Primers?®

(bp) alleles

SN2 160-172 (GT)15 (168 bp) 5 SN2f_ TTAGGGCTAGTCACCGCCTG
SN2r_TGCACCAAGGTCAGCGCTAC

SN6 148-174 (GA)15 (160 bp) 8 SN6f_ATGCGTGTCTTTTGCGTGCATGTG
SN6r_CTTGGTGCATTAGATTCCAGCT

SN7 203-222 (AC)12 (211 bp) 7 SN7f_AGATGACTGCCCGAGGTCTC
SN7r_AGTGACAGGTCCCGAATCTG

SN8 228-241 (AG)11 (241 bp) 4 SN8f GCGCTGTGCTGCTGGCTCACTG
SN8r_TCACGCCAGCCTCAGGCAGAC

SN10 263-304 (GT)10 (287 bp) 9 SN10f_TACAAACACTCCGGGTTCAG
SN10r_TCCTTGGGTTTAATGAGGCGCAG

SN11 99-123 (CT)20 (109 bp) 9 SN11f_TCTTGAATTCTGCAGGGAGC
SN11r_ACGCAGAAATGTCACCGCTG

SN17a 159-171 (GT)10 (169 bp) 3 SN17FCACTGGAGTCTGGCAGCGAC
SN17ar_GTTTCTGCCTAGTCACATTC

SN19 362-368 (GTGC)2 (GT)14 (362 bp) 7 SN19f TCATATGGCTGGTTCCACTGCA
SN19r_CCTTTCCAGCTAGTCAAATATCCA

SN20 147-151 (TG)8G (TG)2 (145 bp) 3 SN20f_CGAATTGAATGATACTTCTGCTAG

SN20r_TCAGCTGATTATCTGAAGGCATGG

homoplasy was detected only at the compound repeat locus
SN19 in the 362 bp amplicon. We therefore sequenced all
these amplicons from each individual to determine their
repeat motifs and to score the alleles for the dinucleotide
repeat region only. All but two birds in our study were
sexed molecularly with primers that avoid the known
length polymorphism in the Z product of shorebirds (AJB,
unpublished data), and all loci were shown to be autosomal
by heterozygous females.

Statistical analysis of microsatellite genotypes

Allele frequencies at each locus were calculated from
genotype data of all individuals with amplifiable DNA
using CONVERT 1.31 (Glaubitz 2004). Tests of H-W
equilibrium and levels of genetic variation in population
samples were calculated with POPGENE 1.31 (Yeh and
Boyle 1997). To estimate levels of gene flow among the six
populations we used a maximum likelihood method based
on the coalescent as implemented in Migrate (Beerli and
Felsenstein 1999, 2001). This analysis does not assume the
equilibrium island model in which gene flow is symmetric
among populations, but instead allows asymmetrical gene
flow among populations. The following search parameters
were used: 10 short chains sampling 100,000 trees and
recording 5,000, followed by three long chains sampling
2,500,000 trees and recording 25,000. An adaptive heating
scheme with four chains with start temperatures 1, 1.5, 3,

and 1,000,000 was employed to more fully explore the
likelihood surface. Initial estimates of population variation
(0) and gene flow were obtained using Fst (Beerli 2004).
The analysis was run three times with different random
numbers, and results were averaged because they gave
similar estimates of the parameters.

We used the model-based clustering method imple-
mented in STRUCTURE 2.2 (Pritchard et al. 2000) to test
existing hypotheses of population structure based on the
co-ancestry of alleles in the samples. The best-fitting model
of population structure was chosen by inspection of the
log-likelihoods of the data for K = 1 to 7 populations to
find the highest likelihood of population clustering as
suggested by Falush et al. (2003). Pairwise Fst values
between populations were also computed in Arlequin
v.2.000 (Schneider et al. 2000).

Mitochondrial DNA

We amplified and sequenced protein-coding genes because
many silent sites at third positions in codons are free to
vary, much like variable regions of the control region.
Based on the rates of evolution in mtDNA genes in birds
estimated by Pereira and Baker (2006) we chose four genes
to sequence: ATPase6 and 8, COI, and COII.

Genomic DNA was extracted from blood samples using
standard procedures (Sambrook et al. 1989). Samples were
homogenized in a solution of STE buffer (100 mM NaCl;
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10 mM Tris—HCI, pH 8.0; 1 mM EDTA, pH 8.0), 0.1%
SDS, and 10 pg/ml proteinase K, and incubated overnight
at 55°C. Dilutions of these crude DNA extractions were
used as templates for amplification of the mtDNA genes via
the Polymerase Chain Reaction (PCR) in a total reaction
volume of 12 pl, consisting of 10 mM Tris—HCI, pH 8.3;
50 mM KCI; 2.5 mM MgCl,; 0.01% gelatine, 160 mg per
ml BSA; 50 uM each dNTP; 0.4 uM each primer; and 1 U
Taq DNA polymerase (Boehringer Mannheim). The fol-
lowing thermal cycle profile was carried out using a Perkin
Elmer DNA 480 Thermal Cycler: 94°C for 45 s, 50°C for
45 s; and 72°C for 1 min 30 s, for 35 cycles. An initial
denaturation step of 94°C for 5 min and a final extension
step of 72°C for 7 min were used. Following amplification,
the total volume of PCR product was subjected to electro-
phoresis through a 1.5% agarose gel in 1x TA buffer, and
visualised using ethidium bromide and UV illumination.
The band containing the PCR product was excised from the
gel and purified via filter pipet-tip centrifugation (Dean and
Greenwald, 1995). DNA sequencing reactions were cycle-
sequenced as per manufacturer’s instructions and run on an
ABI 3100 automated sequencer. DNA sequences from both
the L- and H-strands were checked for ambiguities and the
final consensus sequence was created for each gene frag-
ment and aligned in ChromasPro ver. 1.41 (Technelysium
Pty Limited, Tewantin, Australia), and then were concate-
nated in a matrix of 1,980 base pairs (bp). All sequences
obtained in this study were deposited in GenBank (acces-
sion numbers GQ452385-GQ452696).

The program Modeltest 3.6 (Posada and Crandall 1998)
was used to determine which model of sequence evolution
best fitted the mtDNA sequences, which was the TrN
(Tamura and Nei 1993) model + gamma-distributed rate
variation among sites. The program Arlequin 2.000
(Schneider et al. 2000) was used to calculate haplotype
diversity (Nei 1987). To show relationships among haplo-
types, a median-joining haplotype network was constructed
from the aligned sequence data using the program Network
4.1 (Bandelt et al. 1999).

To test whether the mtDNA sequences violated neutral
expectations we used DNAsp (Rozas et al. 2003) to compute
Tajima’s (1989) D-values, Fu and Li’s (1993) D* and F* test
statistics, and Fu’s (1997) Fs statistic. Fs is more powerful for
detecting an excess of young mutations (rare alleles) arising
from the effects of population growth on neutral sequences or
genetic hitchhiking on selected genes (Fu 1997), whereas D*
and F* are best for detecting background selection against
deleterious alleles (Fu 1997). Significance levels of the sta-
tistics were determined using coalescent simulations of
10,000 random samples based on the population parameter
values of F's and / to obtain critical values.

We conducted coalescent analyses to estimate popula-
tion divergence times between populations using the
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program MDIV (Nielsen and Wakeley 2001). To correct
for multiple substitutions at sites, the only available option
of the HKY model of sequence evolution in MDIV was
used. MDIV is based on a coalescent model that jointly
estimates the divergence time and migration rates among
pairs of populations using DNA sequence data. Four
parameters can be estimated (0, M, T and TMRCA), but we
report only population divergence time 7 = t/N, where
N,y is effective population size of females. Markov Chain
Monte Carlo (MCMC) simulations generate posterior
probability distributions whose modes represent the
parameter estimates. Parameters were estimated using three
runs of a 5,000,000 generation MCMC with an additional
2,000,000 generation burn-in period. To convert coalescent
times to years before present (ybp), a mutation rate (u) of
2.57 x 10~ %/substitutions/locus/year was used for the
protein-coding genes derived from Pereira and Baker
(2006). This is based on 1.3 x 107 substitutions/site/year
multiplied by the sequence length of 1,980 bp.

Results
Microsatellites
Allele frequencies

The six snipe populations exhibited striking patterns of
variation in allele frequencies at the nine polymorphic loci
(Fig. 2). The Chatham Islands population was fixed (100%
frequency) for allele 2 at locus SN7 that was absent in all
other populations; allele 5 at SN10 was also private.
Similarly, the Snares population was fixed for private
alleles 3 at locus SN8 and 1 at SN19, and had five addi-
tional private alleles. Of the nine microsatellite loci, seven
were fixed (at SN2, SN6, SN7, SN8, SN11, SN19, SN20)
and two (SN10, SN17) were almost fixed or had high
frequencies for particular alleles in the Chatham Island
population. Corresponding numbers in the Snares Islands
population were six loci with fixed alleles (SN2, SN7, SN8§,
SN17, SN19, SN20) and two with almost fixed alleles
(SN6, SN11). In the most endangered population (Camp-
bell Island), four loci were fixed (SN2, SN8, SN17, SN20)
and one was almost fixed (SN7). The fixed loci on
Campbell Island were fixed for a common allele (allele 1 in
SN20) in all other populations except Snares Islands (allele
3 in SN17, which was absent in the Snares Islands), or were
common alleles in all of Port Ross, Adams and Antipodes
Islands (allele 1 in SN2, allele 5 in SN8). The Antipodes
Island population was fixed for allele 3 in SN6, and allele 3
in SN17, and had two private alleles (allele 1 in SN7, and
allele 4 in SN19). The Adams Island population (within the
Auckland Islands) was fixed for allele 3 in SN17, and had
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Fig. 2 Allele frequency profiles for nine microsatellite loci in the six sampled island populations of New Zealand snipes. Allele frequencies are

shown on the ordinate and loci and alleles on the abscissa

Table 3 Estimates of genetic variation in New Zealand snipe populations calculated over nine microsatellite loci

Population N SN2 SN6 SN7 SN8 SN10 SNI11 SN17 SN19 SN20 N, H, H,

CHATS 48 1 1 1 1 4 1 2 1 1 1.44 0.019 0.034
SNARE 65 1 2 1 1 2 2 1 1 1 1.33 0.064 0.063
ANTIP 18 2 1 2 2 2 2 1 2 2 1.78 0.210 0.280
PROSS 18 2 3 2 3 3 5 1 2 3 2.67 0.346 0.370
ADAMS 44 5 7 6 4 6 8 1 5 3 5.00 0.533 0.624
CAMPB 30 1 2 2 1 2 3 1 3 1 1.78 0.185 0.235

N is the mean number of gene copies, locus columns list the number of alleles at each locus, N, is the mean number of alleles/locus, and H, and

H, are mean observed and expected heterozygosity/locus

11 private alleles. By contrast, the Port Ross population
(also in the Auckland Islands) had no private alleles and
only one fixed locus (SN17).

Genetic diversity

Despite the generally fast rate of mutation at microsatellite
loci (~1072 to 1073 per locus/generation; Dallas 1992,
Dib et al. 1996), levels of genetic diversity in New Zealand
snipe populations ranged from low to extremely low
(Table 3). In both the Chatham and Snares Island

populations mean observed heterozygosity (H, = 0.019
and 0.064, respectively) approached zero due to the fixa-
tion of alleles at most loci, and the mean number of alleles
per locus (N, = 1.44 and 1.33, respectively) was low.
Higher values of these two measures of gene diversity were
evident in the four other populations, although the recently
discovered population on Campbell Island had low mean
observed heterozygosity (H, = 0.185). The highest genetic
diversity was detected in the two sampling sites from the
Auckland Islands (Port Ross and Adams Island:
H, = 0.346 and 0.533, respectively).
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Fig. 3 Estimated population structure showing the proportion of
ancestry of the 113 New Zealand snipes sampled in this study, based
on microsatellite allele frequencies. Each individual is represented by
a bar showing its estimated membership proportion in the six clusters.
Three different runs of STRUCTURE produced almost identical
results

Population differentiation

The log-likelihood of the data in STRUCTURE was
maximized for K = 6 populations, corresponding to the
samples from each of the isolated island groups. Because of
enhanced genetic drift and other population genetic effects
in most of these populations, microsatellite alleles were not
widespread geographically. Clusters of genotypes were
largely confined to one population except in the Auckland
Islands where admixture was apparent (Fig. 3). The pro-
portion of membership of individuals in the inferred clus-
ters for the Chatham Islands and Snares Island were high
(>0.964), as expected from their low genetic diversity and
fixed alleles at loci. Conversely, individuals from the two
samples in the Auckland Islands had mixed ancestry pri-
marily in two clusters, with Port Ross individuals having
greater membership in one cluster (0.755) and Adams
Island individuals with higher membership in another
cluster (0.559). The proportion of membership was also
high in the isolated Antipodes and Campbell Islands, but
some individuals in the Auckland Islands have small to
moderate membership coefficients with Antipodes and
Campbell Island clusters. Additionally, pair-wise Fst val-
ues between the six populations were all significantly dif-
ferent from zero (P < 0.001) when Bonferroni adjustments
for multiple comparisons were applied. The Antipodes and
Campbell Island samples are well differentiated in micro-
satellites (Fst = 0.57), in contrast to mtDNA where they
share the same haplotype.

The maximum likelihood estimates of historical gene
flow (4Nm) among populations were computed in Migrate
(Table 4). The Snares Island and Chatham Islands popu-
lations are clearly isolated from each other and from pop-
ulations on the more southern islands in the Auckland,
Antipodes, and Campbell archipelagos (all regarded as C.
aucklandica, 4Nm < 0.7). Gene flow estimates between
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Table 4 Maximum likelihood estimates (4Nm) of historical gene
flow (individuals per generation) between populations of New Zea-
land snipes

To From

CHATS SNARE ANTIP PROSS ADAMS CAMPB

CHATS - 0.07 0.13 0.15 0.01 0.07
SNARE 0.11 - 0.00 0.00 0.04 0.01
ANTIP 0.24 0.34 - 0.21 0.19 0.23
PROSS  0.70 0.08 0.73 - 0.60 0.22
ADAMS 0.50 0.21 1.30 1.72 - 2.31

CAMPB 0.52 0.03 0.00 0.97 0.54 -

Estimates were obtained with Migrate (Beerli 2004) using nine
microsatellite loci

the southern populations ranged to a high of 4Nm = 2.31
from Campbell Island into Adams Island, but were insuf-
ficient to homogenize their gene pools.

Mitochondrial DNA protein-coding genes
Haplotype frequency and genetic diversity

Only 18 variable sites were detected in the 1,980 bp of
sequence from the four genes. The most variable gene was
COII with eight segregating sites, followed by COI (six sites)
and ATPase6 and ATPase8 with four sites. As with the
microsatellites, most (14/16) substitutions were restricted to
single populations and thus served as clean population-
specific markers; the two remaining haplotypes were shared
among the southern island groups (Auckland, Antipodes and
Campbell Islands; Table 5). MtDNA gene diversity in each
population was low except for Adams Island, as measured by
the number of haplotypes they possessed, the average num-
ber of nucleotide differences between haplotypes, and hap-
lotype diversity and nucleotide diversity (Table 6). The very
small numbers of substitutions in the four genes were all A-G
or C-T transitions, and jointly defined only 16 haplotypes
across all six populations. The only population with notice-
able genetic variation was on Adams Island, where nine
haplotypes were found (Table 5). All the other populations
were genetically depauperate. No genetic variation was
detected in the Antipodes Island and the critically endan-
gered Campbell Island populations, as all individuals were
fixed for the same haplotype (which these two populations
both shared with Adams Island; Table 5).

Population structure

The geographic pattern of population differentiation is
displayed clearly in a median-joining network showing the
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Table 5 Haplotypes detected in four mtDNA protein-coding genes, and their occurrence in six populations of New Zealand snipes
Haplotype CHATS SNARE ANTIP PROSS ADAMS CAMPB Total
1 - - 9 - 13 27
2 - - - 6 2 - 8
3 - - - 3 - 3
4 - - - - 3 - 3
5 - - - - 2 - 2
6 - - - - 4 - 4
7 - - - - 2 - 2
8 - - - - 1 - 1
9 - - - - 1 - 1
10 - - - - 1 - 1
11 21 - - - - - 21
12 1 - - - - - 1
13 2 - - - - - 2
14 - 10 - - - - 10
15 - 17 - - - - 17
16 - 1 - - - - 1
Total 24 28 9 9 21 13 104

Table 6 Genetic diversity in four mtDNA protein-coding genes in
populations of New Zealand snipes. Average number of nucleotide
differences between haplotypes (k), haplotype diversity (k) and
nucleotide diversity (w) are shown

Population N No. haplotypes k h m

CHATS 24 3 0.243  0.236  0.00012
SNARE 28 3 0.548  0.521 0.00028
ANTIP 9 1 .000  0.000  0.00000
PROSS 9 2 0.500  0.500  0.00025
ADAMS 21 9 1.848  0.895  0.00093
CAMPB 13 1 0.000  0.000  0.00000

mutational steps among haplotypes, and the genetic gap
between the three groups of populations (Fig. 4). It also
shows that genetic diversity is harbored principally in the
Adams Island population, and that the network radiating
from the common haplotype is not star-like but instead
involves a number of mutational steps between different
haplotypes. The network and a NJ tree of the 104
sequences (not shown) also demonstrated that the haplo-
types are sorted into three reciprocally monophyletic clades
corresponding to the Chathams Islands, Snares Island and
the more southern populations, respectively. However, the
haplotypes in the southern clade are admixed among the
Auckland Islands, Antipodes Island and Campbell Island.
Using an outgroup sequence of the four genes from the
blackish oystercatcher (Haematopus ater) the root of the
tree was located between the southern group and the
Chathams plus Snares populations.

Species limits

To help adjudicate species limits, we calculated population
divergence times using the coalescent approach in the
program MDIV (Nielsen and Wakeley 2001). Based on a
mutation rate (u) of 2.57 x 107° substitutions/locus/year
estimated for the protein-coding genes in shorebirds, the
split of the Chatham Islands plus Snares Island clade from
the southern clade dates to about 96,000 ya. The diver-
gence of the Chatham Islands and Snares populations was
estimated at about 42,000 ya, and divergence within the
southern populations dated to about 10,000 ya. These
estimates are very approximate because of the confounding
effect of enhanced genetic drift in small populations and
the wide credibility intervals associated with effectively
one mtDNA locus, but nevertheless are compatible with
very recent population divergence in the southern group,
following the last glacial maximum about 22,000 ya. This
also explains why lineage sorting is incomplete in these
populations.

Discussion

Low genetic diversity

One of the most striking findings of this study is that, with
the exception of the largest population on Adams Island
(Miskelly et al. 2006) in the Auckland Islands, these iso-

lated populations of New Zealand snipes had very low
variation in both nine microsatellite loci and four mtDNA
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Fig. 4 Median-joining network

showing connections among

New Zealand snipe mtDNA

haplotypes. Haplotypes are

identified as in Table 5, and H12
mutations separating haplotypes

on the network are shown by

site position numbers in the

sequences. Pies show the Hil
geographic distribution and

proportion of the haplotypes in

samples colour-coded to

populations

Chathams
Snares
Antipodes
Port Ross
Adams
Campbell

Median vector

protein-coding genes totaling 1,980 bp of sequence. Based
on levels of microsatellite genetic diversity in 22 threa-
tened bird species around the world listed in Table 1 of
Jamieson et al. (2006), Chatham, Snares and Campbell
Island snipes rank 2nd, 3rd and 4th after kakapo (Strigops
habroptilus) in genetic impoverishment. The Antipodes
Island snipe is 6th after the Mariana crow (Corvus kub-
aryi), the Port Ross population is 8th after the great bustard
(Otis tarda), and the Adams Island population falls
between the Taita Thrush (Turdus helleri) and the Eurasian
Vulture (Gyps fulvus). Furthermore, microsatellite allele
frequencies were either fixed or at high frequency at the
majority of loci, and there was a relative dearth of inter-
mediate frequency alleles. MtDNA haplotypes were also
fixed in the Antipodes and Campbell Island populations,
and both haplotype and nucleotide diversity were very low
in all but the Adams Island population. Such low genetic
diversity is the signature of enhanced genetic drift in small
populations, recent population bottlenecks, or recent
selective sweeps that have erased previous genetic varia-
tion. Selective sweeps would be expected to affect only
some and possibly small regions of the nuclear genome,
and so it seems unlikely that all the microsatellite loci
would be affected as has occurred in New Zealand snipes.

Radiation of Coenocorypha snipe

Our analyses revealed a clear geographic pattern in which
the Chatham Islands and Snares Island populations each
have unique mtDNA haplotypes whereas the populations in
the more southern islands share haplotypes. Microsatellites
also recovered this pattern when analyzed according to
membership coefficients in each population, indicating that

@ Springer

populations in the southern group are genetically isolated
from populations in the Chatham Islands and Snares Island.
Even within the southern group (Auckland Islands, Antip-
odes Island and Campbell Island) gene flow is very low,
indicating that they share ancestral polymorphisms which
have not yet been completely sorted into monophyletic
lineages. Based on our analyses, a prudent taxonomic
approach would be to treat the three major populations in
the southern group as one species C. aucklandica. Given the
morphometric and plumage differences between these
populations (Higgins and Davies 1996; Worthy et al. 2002;
Miskelly and Fraser 2006b) which evolve more quickly
under selection for local adaptation than do neutral genes,
they probably warrant recognition as separate subspecies.
Sample sizes from Campbell Island and Antipodes Island
are small, and they share the common mtDNA haplotype
probably due to genetic drift in these small populations.
Nevertheless, they are clearly differentiated in microsatel-
lite coancestry analyses. This result is predicted because
experimentally manipulated population bottlenecks in
Drosophila have been shown to have reduced heterozy-
gosity rather than allelic diversity in highly polymorphic
microsatellites, and also changed allele frequency distri-
butions in different populations (England et al. 2003).
Despite their smaller body size and bill length compared
to Auckland Island and Antipodes Island snipe (Miskelly and
Fraser 2006b), snipes in the recently discovered population
on Campbell Island clearly do not constitute a new species.
Given the much older divergence of the reciprocally mono-
phyletic assemblages on the Snares Islands and the Chatham
Islands, their clear genetic separation in both microsatellite
allele frequencies and mtDNA sequences, and the morpho-
metric and plumage differences between them, they are
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strongly diagnosable. We therefore recommend that each be
treated as separate phylogenetic species C. pusilla and C.
huegeli, as suggested by Worthy et al. (2002).

Without genetic data from extinct mainland New
Zealand species of Coenocorypha it is not possible to infer
their phylogenetic relationships with the extant species.
However, the split of the three extant species ~ 96,000 ya
suggests one invasion of ancestral stock to the southern-
most subantarctic islands, and a more recent split between
C. huegeli and C. pusilla. Alternatively, the Snares Island
snipe could possibly be closest genetically to the extinct
snipes of the New Zealand mainland, as Worthy et al.
(2002) could find no osteological differences between C.
huegeli and C. iredalei, which were separated by a water
gap of only 105 km. The much older split for C. auck-
landica (about 96,000 ya) from the other two species and
relatively high genetic diversity of the Adams Island pop-
ulation of C. aucklandica aucklandica indicate that snipe
persisted on the Auckland Islands during the Pleistocene
ice ages. This is contra Fleming (1982), who hypothesized
“The specialized feeding behaviour of snipe cannot cope
with frozen ground, which most northern species escape by
migrating. Thus, snipe probably did not colonise the sub-
antarctic islands until post-glacial times, in the past
10,000 years.” However, the radiation of C. aucklandica to
Antipodes and Campbell Islands in the last 10,000 years is
consistent with Fleming’s hypothesis.

Conservation management implications

Conservation management units are warranted for each of
the five taxa sampled in this study. The short term con-
servation priority for Campbell, Chatham and Auckland
Island snipes is to restore them to more (and in two cases,
all) of their historic ranges and thereby greatly increase
their population sizes (Roberts and Miskelly 2003). In the
long term this is also the best strategy to prevent extinction
from lower fitness associated with inbreeding and the
accumulation of deleterious mutations. Irrespective of
whether the erosion of genetic variation is a consequence
of population bottlenecks or enhanced genetic drift in
populations that have been small for a long time, the effect
is potentially serious for these populations. Increased ran-
dom drift can lead to inbreeding (Saccheri et al. 1999), loss
of genetic variability, and possibly lowered individual fit-
ness (Woodworth et al. 2002). This in turn has been
associated with increased susceptibility to diseases, para-
sites and environmental stress (Lacy 1997; Reed et al.
2002). Population sizes need to become large enough so
that beneficial mutations counteract this genetic load, but it
usually requires a census population size of thousands
rather than hundreds of individuals (Whitlock 2000).

The small samples we analyzed from different ends of
the Auckland Islands archipelago may indicate that some
genetic differentiation occurred when they were histori-
cally restricted to refugia in 57 ha Ewing Island and in the
much larger Adams Island, respectively. This points to the
possible importance of refugia in preserving ancestral
genetic diversity, more of which might have survived in the
small refugial population that survived on Disappointment
Island. The New Zealand Department of Conservation is
planning to eradicate cats and pigs on 50,990 ha Auckland
Island, which will restore Auckland Island snipe to 100%
of their historic range, and restore gene flow through the
north-south axis of the archipelago. If this does not proceed
soon, or is unsuccessful, we recommend translocation of
Auckland Island snipe from Adams Island to Enderby
Island to restore genetic diversity to the Port Ross snipe
population.
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