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Abstract

New Zealand has experienced a complex climatic and geological history since the Pliocene.
Thus, identifying the processes most important in having driven the evolution of New
Zealand'’s biota has proven difficult. Here we examine the phylogeography of the New
Zealand common skink (Oligosoma nigriplantare polychroma) which is distributed
throughout much of New Zealand and crosses many putative biogeographical boundaries.
Using mitochondrial DNA sequence data, we revealed five geographically distinct
lineages that are highly differentiated (pairwise ®g; 0.54-0.80). The phylogeographical
pattern and inferred age of the lineages suggests Pliocene mountain building along active
fault lines promoted their divergence 3.98-5.45 million years ago. A short interspersed
nuclear element (SINE) polymorphism in the myosin gene intron (MYH-2) confirmed a
pattern of restricted gene flow between lineages on either side of the mountain ranges
associated with the Alpine Fault that runs southwest to northeast across the South Island
of New Zealand. An analysis of molecular variance confirmed that ~40% of the genetic
differentiation in O. n. polychroma is distributed across this major fault line. The straits
between the main islands of New Zealand accounted for much less of the variation found
within O. n. polychroma, most likely due to the repeated existence of landbridges
between islands during periods of the Pleistocene that allowed migration. Overall, our
findings reveal the relative roles of different climatic and geological processes, and in
particular, demonstrate the importance of the Alpine Fault in the evolution of New
Zealand’s biota.
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Introduction

Phylogeographical studies worldwide have recognized that
patterns in genetic structuring and speciation are intimately
related to events during the Pliocene and Pleistocene. The
specific geological and climatic events that have driven
phylogeographical patterns within these periods vary
depending on the focal region. In continental regions of the
Northern Hemisphere, such as Europe and North America,
studies of genetic variation across many taxa have led to
the development of well-supported hypotheses implicating
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the glacial cycles of the Pleistocene (Hewitt 1996, 2000).
However, in New Zealand tectonic events have been
suggested as being more important in determining general
patterns (McGlone 1985).

Many biogeographical hypotheses surround the Pliocene
and Pleistocene history of New Zealand. During this period,
the New Zealand landscape experienced partial marine
inundation, volcanic activity, glacial cycles, and, most
significantly, tectonism associated with its position at the
boundary of the Australasian and Pacific plates (Suggate
1985; Worthy & Holdaway 2002). Tectonic activity has been
concentrated along the Alpine Fault (Fig. 1) that stretches
diagonally across the South Island from the southwest to the
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northeast, bisecting the ranges of many taxa. Fault activity
has generated > 460 km of lateral motion over the past 25
million years (Myr) and 20 km of uplift in just 10 Myr
(Whitehouse & Pearce 1992), likely to have induced both
allopatric divergence and adaptive divergence through the
creation of alpine habitat. Mountain building was greatest
during the Pliocene 2-5 million years ago (Ma) (Whitehouse
& Pearce 1992; Batt et al. 2000), forming the Southern Alps
that run almost the length of the South Island and reach
over 3000 m above sea level (a.s.l.) (Suggate 1990). This
uplift drained the Manawatu Strait that existed (2-6 Ma)
across the present-day Cook Strait (between the North and
South Islands, Fig. 1) and southern North Island, now con-
sidered to be a biologically depauperate region (Rogers
1989). Furthermore, the creation of high-elevation areas
accentuated the impact of the climate related glacial cycles
of the Pleistocene that followed (Wallis & Trewick 2001).
Glacial periods (<20 cycles) during the Pleistocene
(0.01-1.8 Ma) are thought to have been less severe in New
Zealand than in the continental Northern Hemisphere due
to New Zealand’s maritime setting (Wallis & Trewick 2001;
Gibbs 2006). However, glaciation was still extensive in
areas of high altitude (> 30% of land area; Wallis & Trewick
2001) and in some regions ice reached sea level (Newnham
et al. 1999). The combined effects of glaciation during inter-
stadials, and glacial outwash during interglacials, are thought
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Fig.1 The distribution of Oligosoma nigr-
iplantare polychroma (BioWeb Herpetofauna
Database 2006) and regions of New Zealand.
The locations of the Grey Valley and Seaward
Moss skinks are indicated. Inset: the biogeo-
graphical features of New Zealand. The
dashed line approximates the Pliocene
northern boundary of the Manawatu Strait
in the North Island. The solid lines represent
the approximate location of the Alpine

? Fault (heaviest) and Marlborough Fault
Glebome System in the South Island. The land area
Hawkes Bay (light shaded) and extent of glacial ice (dark

shaded) during the Pleistocene are shown.
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to have extirpated populations from the central ‘waist” of
the South Island (Canterbury), resulting in a biologically
depauperate region called the ‘Beech gap” (Gibbs 2006). In
contrast, the lowered sea levels (~130 m) during interstadials,
are also hypothesized to have facilitated gene flow among
island populations of terrestrial species through the forma-
tion of landbridges across Cook Strait and Foveaux Strait
(between the South Island and Stewart Island, Fig. 1; Suggate
et al. 1978; Fleming 1979; McGlone 1988).
Phylogeographical investigation in New Zealand has
generally focused on taxa restricted to specific habitats (e.g.
coastal: pohutukawa, Metrosideros spp., Gardner et al. 2004;
forest dwelling: brown kiwi, Apteryx australis, Baker ef al.
1995; Burbidge et al. 2003; frogs, Leiopelma spp., Holyoake
et al. 2001; bats, Mystacina tuberculata, Lloyd 2003; freshwater:
galaxiid fish, Waters & Wallis 2000; gobiid fish, Smith ef al.
2005; crayfish Paranephrops spp., Apte et al. 2007; snails,
Potamopyrgqus antipodarum, Neiman & Lively 2004; alpine:
weta, Deinacrida connectens, Trewick 2001; cicada, Maoricicada
spp., Buckley ef al. 2001; Buckley & Simon 2007; plants,
Pachycladon spp., Heenan & Mitchell 2003) or have been
geographically limited (e.g. Northland: skinks, Oligosoma
suteri, O. smithi, O. moco, Hare et al. 2008; southern South
Island: skinks, O. grande, Berry & Gleeson 2005). Few studies
have considered common and widespread species. Studying
ubiquitous species may help exclude the confounding
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influences of habitat specialization on the identification of
general phylogeographical patterns (Trewick 2001; Whitely
etal. 2006) and examining the phylogeography of wide-
spread species enables multiple hypothesized biogeo-
graphical barriers/regions to be considered simultaneously
(Berry & Gleeson 2005).

The New Zealand common skink (Oligosoma nigriplantare
polychroma) is one such ubiquitous species. It is an ideal
model species to examine the evolutionary history of the
New Zealand biota since the Pliocene. Terrestrial reptiles
are generally poor dispersers, and thus, maintenance of
gene flow is sensitive to the formation of landscape barriers
making them particularly informative in phylogeographical
studies (Avise 2000). O. n. polychroma is the most widespread
skink species in New Zealand and one of the most exten-
sively and continuously distributed endemic organisms.
Its range throughout the southern North Island, much
of the South Island and Stewart Island (Fig. 1, Patterson
& Daugherty 1990; Gill & Whitaker 2001) has been less
affected by human landscape modification and introduced
predators than most New Zealand endemics (Towns &
Ferriera 2001). O. n. polychroma remains abundant in coastal
areas, shingle riverbeds, tussock grassland, farmland and
urban areas, up to an altitude of 1700 m a.s.l. (Patterson
1992; Towns & Elliot 1996; Gill & Whitaker 2001; Towns et al.
2002).

The substantial geographical variation in morphology
(polychroma = ‘many colours’) and ecology of O. n. poly-
chroma might be indicative of phylogeographical structure
and potentially unrecognized taxa (Daugherty et al. 1990;
Patterson & Daugherty 1990; Towns et al. 2002). For instance,
an O. n. polychroma population (named the ‘Grey Valley’
skinks) found on the West Coast of the South Island
(Fig. 1) has been proposed to be distinct on the basis of
morphology and allozymes (Miller 1999). At Tiwai Point
in Southland (Fig. 1), there exist two distinct morphotypes
of O. n. polychroma, one of which has been referred to as the
‘Seaward Moss’ skink (previously called the “Tiwai Point
Brown’) due to its highly divergent brown colour and
unstriped pattern (R. Hitchmough, personal communica-
tion). Allozyme evidence suggests that the Seaward Moss
skink might represent a colour morph of O. n. polychroma
(C.H.D., unpublished data), but this warrants further
investigation.

In this study, we have investigated the phylogeography
of O.n. polychroma using mitochondrial DNA (mtDNA)
sequence data (ND2, ND4) and a SINE polymorphism in the
nuclear myosin gene intron (MYH-2). We have examined
how genetic variation is partitioned across geological features
and from our observations inferred the extent to which
these features have been important in influencing the phylo-
geographical patterns within O. n. polychroma. We have
also tested hypotheses concerning the taxonomic status of
Grey Valley and Seaward Moss skinks.

Materials and methods

Sampling

We obtained tissue samples from across the entire distribution
of Oligosoma nigriplantare polychroma including eight samples
from the Grey Valley skink and one sample from the Seaward
Moss skink morphotype (Fig. 1, see Table S1, Supplementary
material). Samples were obtained from field collections, a
frozen tissue collection (-80 °C) housed at Victoria University
of Wellington and ethanol-preserved specimens stored at
the Museum of New Zealand, Te Papa Tongarewa. Based
on a broader phylogenetic study of New Zealand Scincidae
(D.G.C.,, CHD. and PAR., unpublished data), samples
were also taken from the endemic small-scaled skink (O.
microlepis), robust skink (Cyclodina alani), and the Chatham
Islands skink (O. n. nigriplantare), as outgroups for our
analyses (see Table S1). (We examine the phylogeography
of O. n. nigriplantare in more detail elsewhere; Liggins ef al.
2008).

Molecular methods

We extracted whole genomic DNA from heart, muscle or
liver tissues using a standard phenol/chloroform protocol
(Sambrook et al. 1989) followed by ethanol precipitation.
Using the polymerase chain reaction (PCR), we chose to
amplify the mitochondrial coding regions ND2 (~600 bp)
and ND4 (~850 bp: incorporating most of the flanking-3
tRNA cluster, including the histidine and serine tRNA
genes) based on their relatively high rate of evolution and
proven utility in both intraspecific and interspecific studies
of skinks (Chapple & Keogh 2004; Chapple et al. 2004;
Fuerst & Austin 2004). The primers used to amplify and
sequence these regions are listed in Table 1. PCRs were
25 uL in total volume, containing: 1 uL of DNA template,
0.4 pm of each primer, 0.4 mg/mL BSA, 200 um of each
dNTP and either: (i) 1x reaction buffer (67 mm Tris-HCl
(pH 8.8), 16 mm (NH,),SO,, 1.5 mm MgCl,) and 1 U of
BioTherm DNA Polymerase (GeneCraft), or (ii) 1x reaction
buffer (20 mm Tris-HCI (pH 8.4), 50 mm (KCl), 1.5 mm MgCl,
and 1 U of Platinum Tag DNA Polymerase (Invitrogen).
Amplification of target DNA was conducted on an Eppen-
dorf Mastercycler ep gradient thermal cycler, using the
following conditions: denaturation at 94 °C for 3 min, 35
cycles of 30 s at 94 °C, 20 s at 50 °C (annealing) and 50 s at
72 °C, followed by extension at 72 °C for 5 min. For samples
that failed to amplify using these conditions, a gradient
PCR with annealing temperatures ranging from 40 to 60 °C
was conducted. PCR products were purified either using the
ExoSAP-IT enzyme method (USB Corporation) or a High Pure
PCR Product Purification Kit (Roche Diagnostics). The purified
products were directly sequenced using BigDye Terminator
version 3.1 and analysed on an ABI 3730 Capillary Sequencer
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Table 1 Oligonucleotide primers used in this study. Values in ‘5" position’ refer to the position of the 5’ base of the primer in the complete

Eumeces egregius mtDNA sequence (Kumaza & Nishida 1999)

Gene region Primer -3 sequence 5’ position Source

ND2 14437 AAGCTTTCGGGCCCATACC 3833 Macey et al. 1997
ND2r102 CAGCCTAGGTGGGCGATTG 4432 Sadlier et al. 2004
ND2F-infrapunctatum GCATGATTYACCGGAAYATGAGACAT 4141 Greaves ef al. 2007
ND2R-infrapunctatum GGGGCAAGKCCTAGTTTTATGG 4192 Greaves et al. 2007

ND4 ND4I TGACTACCAAAAGCTCATGTAGAAGC 10771 Forstner et al. 1995
tRNA-Leu TACTTTTACTTGGATTTGCACCA 11 691 Forstner et al. 1995
ND4F-infrapunctatum GCATGATTYACCGGAAYATGAGACAT 11153 Greaves et al. 2007
ND4R-infrapuctatum GGGGGATCAGTTAAAYAAYGAGGTG 11234 Greaves et al. 2007

Myosin heavy chain intron 2 Myh2-F GAACACCAGCCTCATCAACC Lyons et al. 1997
G315 (F) TCAGAGTCACAATAAGGACAC Smith 2001

(Applied BioSystems). Sequence data were edited manually
using ContigExpress in Vector NTI Advance 9.1.0 (Invitrogen)
and then aligned using cLusTAL W (Thompson et al. 1994)
executed in MEGA 3.1 (Kumar et al. 2004).

Transposon screening

A SINE was identified in the nuclear myosin gene intron
(heavy chain myosin 2, MYH-2) in O. n. polychroma by
Smith (2001). Our subsequent screening of all New Zealand
skink taxa revealed that the SINE was only present in O. n.
polychroma and its presence/absence was polymorphic in
this subspecies. These attributes made it an ideal nuclear
marker to incorporate in our phylogeographical study
of O.n. polychroma. The MYH-2 intron was ~488 bp in
individuals without the SINE, and ~864 bp in individuals
with the SINE. This substantial size difference enabled us
to determine its presence/absence in each O. n. polychroma
sample using gel electrophoresis to size-separate the PCR
products. MYH-2 was amplified using the primers listed in
Table 1 as per the PCR conditions listed above.

Molecular diversity and phylogenetic analyses of
O. n. polychroma

ND2 and ND4 data sets were concatenated and estimates
of genetic diversity within O. n. polychroma were performed
in ARLEQUIN version 3.0 (number of haplotypes na,
nucleotide diversity m; Excoffier etal. 2005) and MEca
(model-corrected sequence divergence d, segregating sites S,
parsimony-informative sites Pi). For all taxa (O. n. polychroma
plus outgroups), we used PAUP* to estimate the transition/
transversion ratio (ti/tv), determine base frequencies, and
implement 2 tests to test for equal base frequencies across
sequences, using variable sites only. Tajima’s D test (Tajima
1989, 1996) performed in ARLEQUIN tested the hypothesis
that all the sequences represent neutral markers. To
identify the model of evolution that best fit our sequence
data, we performed hierarchical likelihood-ratio tests
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(hRLT) in MODELTEST 3.7 (Posada & Crandall 1998) from
the log-likelihood scores generated in rAur*. The Tamura-
Nei model with invariable sites and gamma-distributed
rate variation (TrN + I + G, I = 0.558, o parameter = 1.394,
—InL =7987.2388) was selected as most appropriate.

Bayesian, maximum parsimony (MP) and maximum
likelihood (ML) methods of tree-building were implemented
using the parameters estimated by MODELTEST executed
in rauP*. MP and ML heuristic searches were conducted
in PAUP* using random stepwise addition and the tree-
bisection-reconnection (TBR) branch-swapping algorithm.
For Bayesian analyses, we used the general time reversible
model (Rodriguez et al. 1990) with invariable sites and
gamma-distributed rate variation (GTR + I + G), because
the TrN model was not an option in MRBAYES version
3.1 (Ronquist & Huelsenbeck 2003). We performed four
Metropolis-coupled Markov chain Monte Carlo (MCM-
CMC) runs, started from a random tree and ran the analyses
for 1 million generations in MRBAYES. The chains were sampled
every 100 generations to obtain 10 000 trees, of which the
first 2500 were discarded as the burn-in phase. To assess the
statistical support for the final topology, we used both
Bayesian posterior probabilities and ML bootstrap analyses
(100 replicates).

To test the taxonomic status of proposed undescribed taxa
in O. n. polychroma, we conducted Shimodaira-Hasegawa
tests (SH tests; Shimodaira & Hasegawa 1999) of different
phylogenetic tree topologies in rauP* (1000 bootstraps). The
optimal ML tree derived from our concatenated molecu-
lar data was compared with two alternate topologies: the
first tree constrained the Grey Valley skink (Miller 1999)
as monophyletic and sister to O. n. polychroma. The second
positioned the Seaward Moss skink (ONP4) as a phylog-
enetically distinct taxon.

Spatial genetic patterns within O. n. polychroma

The association between genetic distance and geographical
distance in O. n. polychroma was examined for isolation
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by distance (Wright 1943). Genetic distance (pairwise
TrN) among individuals was plotted against straight line
geographical distance between individuals using reduced
major axis (RMA) regression (Sokal & Rohlf 1981) as
implemented by the Isolation By Distance Web Service
(IBDWS; Bohonak et al. 2005). All zero values for both
genetic and geographical distance were adjusted to 0.0001.
The significance of the association was determined by
applying Mantel’s permutation test (Mantel 1967) with
10 000 matrix randomizations. Isolation-by-distance analyses
were carried out at two levels: over the entire country
incorporating all samples, and in posteriorly identified
geographically and genetically isolated groups.

Multidimensional scaling (MDS) of pairwise TrN
corrected genetic distances projected genetic differentiation
between samples on a two-dimensional plane. Visualization
of the relative genetic distances between samples allows
identification of abrupt genetic breaks between sites, or
clustering of sampling sites, that would suggest significant
genetic structuring rather than simply isolation by distance.
All zero values (representing no genetic distance) were
adjusted to 0.0001 for projection.

Genetic differentiation across the range of O. n. polychroma
was estimated in ARLEQUIN. Pairwise ®g; values (incorpo-
rating a measure of the molecular distance between haplo-
types) were derived among groups that were identified
before observing the genetic data to test specific hypotheses
(i.e. the Alpine Fault, Cook Strait and Foveaux Strait), as
well as groups that were allocated a posteriori based on
observed phylogenetic relationships. We used analyses
of molecular variance (Amova; Excoffier et al. 1992) as
implemented by ARLEQUIN, to examine the significance of
hypothesized genetic breaks, and to assess whether the
groupings based on tree topology represented the dis-
tribution of genetic variation across the range of O. n.
polychroma. Significance levels of all the estimated values
were calculated by 10 000 permutations, and adjusted
according to the Bonferroni correction procedure (Rice
1989) for multiple pairwise comparisons as described by
Holm (1979).

Mismatch frequency histograms were plotted in DNAsP
version 3 (Rozas & Rozas 1998) to determine whether the
number of pairwise differences within a posteriori-identified
groups reflected spatial range expansion or a stationary
population history (Harpending 1994). A smooth bell shape
signifies either population expansion or spatial range expan-
sion, whereas a multimodal distribution represents a long
history in situ (Rogers & Harpending 1992; Ray et al. 2003;
Excoffier 2004). To distinguish between these two types of
distribution, a raggedness index (r, sum of the squared
difference between neighbouring peaks) and the sum of
squared deviations (SSD) between the observed and the
expected mismatch were calculated using the methods of
Schneider & Excoffier (1999) in ARLEQUIN. The validity of

the spatial expansion hypothesis (both » and SSD) was tested
using a parametric bootstrap approach (200 replicates).

Estimating divergence dates within O. n. polychroma

To estimate the divergence time of lineages, we calibrated
the evolutionary rate of ND2 by re-analysing the data from
Macey et al. (1998) for the agamid lizards of the Laudakia
caucasia species group. Specifically, we recalculated the
evolutionary rate for L. caucasia using only the 550 bp
fragment of ND2 used in the present study (e.g. Greaves
et al. 2007, 2008; Smith et al. 2007; Hare et al. 2008). We
calculated average between-group nucleotide differences
across each of the calibrated nodes (1.5 Ma, 2.5 Ma, 3.5 Ma)
from Macey et al. (1998), plotted them against time and
then used the slope of the linear regression to calculate a
rate of evolution for our 550 bp fragment of ND2. This
resulted in an evolutionary rate of 1.4% per Myr (0.7%
per lineage, per Myr) and is slightly faster than the rate of
1.3% per Myr found by Macey et al. (1998). All divergence
time estimates presented are based on mean uncorrected
divergences derived from ND2 (550 bp).

Results

Molecular diversity and phylogenetic analyses of O. n.
polychroma

The ND2 (550 bp) and ND4 (773 bp) gene regions were
successfully amplified in 84 Oligosoma nigriplantare polychroma
samples (representing 74 localities); however, only ~535 bp
of ND2 was obtained for ONP41 and ONP76. The full data
set comprised the concatenated ND2 and ND4 sequences
of O. n. polychroma, three O. n. nigriplantare individuals and
two outgroups (no insertions or deletions; concatenated
length = 1323 bp). The aligned sequences were translated
into amino acid sequences using the vertebrate mitochondrial
genetic code. As no premature stop codons were observed
(apart from within the tRNAs flanking the ND4 sequence),
we conclude that all sequences obtained are true mitoch-
ondrial copies. Sequences are available on GenBank Accession
nos EF033052, EF033068, EF043106, EF043107, EF043162—
EF043170, EF043225-EF043229, EU074693-EU074769 and
EU077420-EU077496 (see Table S1).

The ingroup (O. n. polychroma) had 951 conserved sites
and 372 variable sites (per site, pS = 0.2812), of which 273
were parsimony informative. At the first position, 81 sites
were polymorphic, compared with 116 and 171 poly-
morphisms at the second and third positions, respectively.
Across all sites and all sequences (O. n. polychroma plus out-
groups) the relative rates of each substitution type estimated
under a TrN + I+ G model revealed a predominance of
transitions (ti/tv =5.4: A<~C =1.000, A<>G =25.143,
AT =1.000, CoG =1.000, CoT = 14.781, relative to
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Table 2 Nucleotide diversity (1 + SD), poly-
morphic sites (S), @g; values within, Tajima’s

D, mean and range of Tamura—Nei corrected
genetic distances (%TrN d) of Oligosoma
nigriplantare polychroma clades. Number of
individuals per clade is given as n

Clade n T S (O] Tajima’s D %TrN d

la 20 0.024 +0.012 133 0.682 -0.638 2.485 (0-4.568)

1b 20 0.011 + 0.006 77 0.698 -1.311 1.104 (0-2.631)

2 5 0.022 £ 0.014 103 0.689 -0.729 2.335 (0.384-4.560)
3 7 0.031 +0.018 92 0.678 -0.151 3.206 (1.070-5.918)
4 6 0.029 = 0.017 2 0.680 -0.261 3.023 (0.456-4.334)
5 26 0.018 = 0.009 119 0.689 -0.867 1.881 (0.076-3.516)
X= 84 0.054 + 0.026 372 0.491 -0.125 5.186 (0-10.549)

GoT =1.000), but a %2 test indicated no significant base
composition heterogeneity for variable sites among sequences
(x2=101.0853, d.f. =264, P = 1.000, P > 0.05). For all variable
sites, the mean base frequencies for A, C, G, and T were
0.340, 0.319, 0.107 and 0.234, respectively.

We found considerable genetic diversity within O. n.
polychroma (Table 2). There were 77 haplotypes across our
84 samples with an overall nucleotide diversity (r + SD) of
0.054 + 0.026. Pairwise sequence divergence (%TrN d + SE)
in O. n. polychroma was up to 10.549 + 1.039 (ONP93, Wairau
Valley and ONP25, Lake Hawea), with a mean of 5.186.

All phylogenetic analyses recovered the same five clades
(designated 1, 2, 3, 4 and 5; Fig.2). Mean divergences
among the five clades ranged from 5.740 (Clades 1 and 2)
to 8.509%TrN d (Clades 3 and 5), placing divergence dates
around 3.98-5.45 Ma. Clade 1 contained two subclades,
designated 1a and 1b (2.946%TrN d, estimated divergence
1.93 Ma). In our ML tree (-InL = 7978.498; Fig. 2), Clades 1,
4 and 5 were well supported with posterior probabilities
and bootstrap values of 1.0 and 100, respectively, but Clades
2 and 3 had much lower support (posterior probabilities
and bootstrap values of 0.5 and 55, respectively; Fig. 2). The
basal relationships between Clades 1, 2, 3 and 4 were not
consistent across the different phylogenetic methods used.
Bayesian analysis presented Clades 1, 2 and 3 as sister
groups, whereas MP analysis found Clades 1 and 3 as sister
groups, as well as Clades 2 and 4.

Analysis of the mtDNA variation within clades using
Tajima’s D indicated that all clades had negative D values
(Table 2) and Clade 1b had a D value near significance
(P = 0.097). However, the null hypothesis of neutral evolution
could not be rejected for any clade or for the entire ingroup
(P > 0.05). Nucleotide sequence diversity (n + SD; Table 1)
within each of the clades ranged from 0.011 + 0.006 (Clade
1b) to 0.031 + 0.018 (Clade 3).

Transposon screening

At least two individuals from each of the mtDNA clades
within O. n. polychroma were successfully screened for the
SINE (63 total; see Table S1). The insertion was always
present in samples from Clades 1 and 2 (including samples
from the North Island and the north of the South Island)
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and absent from all others (Fig. 3). Where MYH-2 was not
successfully amplified, there was also difficulty in the
amplification of the mtDNA gene regions, most likely due
to poor quality of the DNA template (predominantly those
sourced from museum collections without information on
method of preservation; see Table S1). The mean divergence
(%TrN d + SE) between those individuals that contained
the transposon and those that did not was 7.516 = 0.550
(estimated divergence time 5.11 Ma).

Spatial genetic patterns within O. n. polychroma

The five clades are geographically distinct (Fig. 3). Clade 1
is widespread throughout the North Island and across
Cook Strait, in the northwest of the South Island and down
the West Coast. Clade 1a is confined to the North Island and
Clade 1b is largely confined to the South Island, except for
ONP71 from Castlepoint on the east coast of the Wellington
region. Clade 1b is mostly restricted to the west of the
major mountain ranges of the Alpine Fault, although it
occupies lower altitude mountain passes (Fig. 1). There is
one shared haplotype in Clade 1a (ONP63, Ward Island
and ONP50, Matiu-Somes Island; both in Wellington
Harbour), and two shared haplotypes in Clade 1b (GVS1
and GVS3, Kangaroo Creek; and GVS4-GVS7, Blaketown
Beach and GVS2, Mawheraiti Railway). Clade 1b contains
the proposed divergent populations from the Grey Valley
on the West Coast. These Grey Valley skinks did not
form a monophyletic group within the ML tree, and the
topology representing the hypothesized phylogenetic
relationship between the Grey Valley skinks and O. n.
polychroma (-InL = 8141.172) was significantly less likely
(SH test; P < 0.05) than that of the optimal ML tree (-InL =
7978.498, Fig. 2).

Clades 2, 3 and 4 are found in the northeast and central
South Island (mean 5.880-7.670%TrN d among, estimated
divergence times 3.98-4.63 Ma). Clade 2 is found around
the coastal areas of the Marlborough region and the Wairau
River that runs alongside the Alpine Fault (Figs 1 and 3).
Clade 3 is found farther south in the mountainous Canter-
bury region, including the Seaward and Inland Kaikoura
ranges (Fig.1) and those directly associated with the
Alpine Fault. This clade is the most range-restricted, but
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i * SINE present
e 4 o BINE absent

Fig. 3 Distribution ot Oligosoma nigriplantare
polychroma samples. Colours denote the
phylogenetic affinity of the samples: orange,
Clade 1a; yellow, Clade 1b; red, Clade 2;
green, Clade 3; light blue, Clade 4; dark
blue, Clade 5. Inset: distribution of samples
successfully screened for the presence (filled
circles) and absence (empty circles) of the
short interspersed nuclear element (SINE)
in the nuclear gene intron MYH-2. The solid
line represents the approximate position of
the Alpine Fault.

=

contained the greatest divergences (%TrN d + SE; Table 2),
up to 5.918 + 0.720 (ONP93, Raglan Stream and ONP84,
Kahutara Pass) with a mean of 3.206. In the central South
Island, Clade 4 occupies the Canterbury coast south of the
Waiau River, and crossed the central South Island to the
West Coast.

Clade 5 represents the southernmost range of the common
skink and is widespread in Canterbury, Otago and across
Foveaux Strait in Southland (Figs 1 and 3). However, diver-
gences in Clade 5 are lower than those of the other clades
(%TrN d = SE; Table 2). The morphologically divergent
Seaward Moss skink sample (ONP4) from Tiwai Point in
Southland was not found to be genetically distinct. An
SH test confirmed that the hypothesized phylogenetic
relationship between the Seaward Moss skink and O. n.
polychroma presented a topology that was significantly less
likely (-InL =8090.784, P <0.05) than the optimal ML
topology (-InL = 7978.498, Fig. 2).
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Although we found a significant positive relationship
between genetic differentiation and geographical distance
across all of our samples (12 =0.321, r = 0.567, one-sided
P =0.0001), this was likely an artefact of more abrupt
genetic breaks across the range of O. n. polychroma. Multi-
dimensional scaling of the TrN genetic distances revealed
three distinct clusters representing separate geographical
regions of New Zealand (Fig. 4). The most isolated cluster
of samples corresponded to Clade 5 representing samples
from the Canterbury, Otago and Southland regions. Likewise,
Clade 1 forms a relatively tight cluster representing those
samples from the North Island and the northwest of the
South Island. Clades 2, 3 and 4 do not separate clearly in the
two-dimensional space, possibly indicating close genetic
affinity to one another and/or not with Clades 1 and 5. The
cluster of Clades 2, 3 + 4 has a larger spread, indicative of
the greater genetic diversity found among these samples
from the northeast of the South Island. This cluster was most
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Table 3 Hierarchical analyses of molecular variance (aAMova) employing uncorrected genetic distances for Oligosoma nigriplantare
polychroma over a priori and a posteriori hypothesized barriers. All samples were included in each analysis unless stated otherwise. SI
indicates samples form the South Island; SINE refers to the short interspersed nuclear element polymorphism in the nuclear gene intron

MYH-2. Statistical significance (P) was tested with 10 000 permutations

Observed partition

Among groups Within groups Total variance Total sum
Source of variation percentage percentage components p Total d.f. of squares
a priori
Cook Strait (Clade 1 only) 39.3 60.7 19.121 <0.01 39 603.000
Foveaux Strait (Clade 5 only) 7.3 92.7 15.844 0237 26 386.222
Alpine Fault (SI samples 40.3 59.7 46.311 <0.01 62 2248.429
only)
a posteriori
Clades 1a,1b, 2,3, 4,5 68.8 312 42.066 <0.01 83 2973.929
SINE-delineated break 44.8 55.2 46.070 <0.01 83 2973.929
0.06 Table 4 Pairwise ®g estimates (below diagonal) and significance
o a of differentiation (above diagonal) among clades of Oligosoma
o ® nigriplantare polychoma. Asterisks denote statistical significance
' 00 % following sequential Bonferroni correction (a = 0.05)
g lad b
0.02 Clade 1a 1 2 3 4 5
o ¢ Clades 2, 3, 4
=]
2 i la — 0.000*  0.000*  0.000*  0.000*  0.000*
E ' &&8 1b 0393 — 0.000*  0.000*  0.000*  0.000*
a ¢ Cladn & @:@? 2 0.590  0.733 — 0.003*  0.003*  0.000*
-0.02 - ade S 3 0575 0707 0540 — 0.001*  0.000*
i 4 0590  0.728 0.564 0.559 — 0.000*
5 0.730  0.795 0.736 0.720 0.728 -
=0.04 —
=0.06
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Fig. 4 Multidimensional scaling of Tamura-Nei (TrN) corrected
genetic distances among the Oligosoma nigriplantare polychroma
individuals revealed three clusters that represent separate geo-
graphical regions of New Zealand, labelled: Clade 1, Clades 2, 3 + 4,
and Clade 5. Shaded circles represent individuals from Clade 2.

closely related to that of Clade 1, particularly the samples
that corresponded to Clade 2 (containing the SINE).
Hierarchical AMovA revealed that among-clade (Clades
1a, 1b, 2, 3, 4 and 5) differences accounted for 68.8% of the
overall variation in O. n. polychroma (Table 3). Pairwise ®g
comparisons for the clades were all significant following
Bonferroni correction and Clade 5 was found the most
differentiated (Table 4). By comparison, genetic differenti-
ation across the Alpine Fault accounted for 40.3% (P < 0.01,
Table 3) of the variation found within South Island samples
of O. n. polychroma (mean 6.806% uncorrected ND2 d between
South Island individuals either side of the fault, 4.86 Ma).
The SINE-delineated break (between Clades 1 + 2 and Clades

3, 4 + 5) largely coincided with individuals distributed on
either side of the Alpine Fault and explained 44.8% (P < 0.01,
Table 3) of the variation found across the range of O. n.
polychroma. Within Clade 1, 39.3% (P < 0.01) of the variation
was accounted for by Cook Strait (mean 2.658% uncorrected
ND2 d between Clade 1 individuals on either side of the
strait, 1.90 Ma). In contrast, only 7.3% (P = 0.237) of the
variation found within Clade 5 was accounted for by
Foveaux Strait.

Individuals within Clade 5 have the strongest relation-
ship between genetic distance and geographical distance
(r2=0.342, r = 0.585, one-sided P =0.0001), but there was
also a relationship found within the individuals of Clade 1
(r2=10.176, r = 0.420, one-sided P =0.0001) and the indi-
viduals of Clades 2, 3 + 4 (pooled in order to represent a
region; r2 = 0.202, r = 0.450, one-sided P = 0.0001).

There was significant support for the model of spatial
expansion in Clade 1 (sum of squared deviation, SSD
=0.008, P=0.260; raggedness index =0.006, P =0.905).
Analysis of mismatch distributions for Clade 5 and the
combined individuals of Clades 2, 3 + 4 (pooled to repre-
sent a region) yielded no significant support for the model
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of spatial expansion (SSD = 0.010, P = 0.040; and SSD = 0.010,
P =0.045, respectively). However, the raggedness index
indicated the distribution for both was not significantly
different to what would be expected from an expanding
population (Clades 2, 3 +4: r=0.013, P = 0.715; Clade 5:
r=0.008, P =0.530). None of the mismatch distributions
were strictly unimodal although Clades 1 and 5 had a rela-
tively smooth frequency histogram indicative of spatial
population expansion. In contrast, the mismatch distribution
of Clades 2, 3 + 4 was very ragged, suggesting a stationary
population of constant population size.

Discussion

In Daugherty et al.’s (1990) original designation of Oligosoma
nigriplantare polychroma based on an analysis of allozyme
variation, two subclades were defined across the range
of the subspecies. The authors identified that despite
some regional differentiation, the relationships between the
populations generally followed a north-to-south transect,
consistent with that of a geographically widespread polytypic
species. However, they did not exclude the possibility of
further differentiation in populations not yet studied and
suggested that a taxonomically significant boundary may
exist between the two subclades they identified (one restricted
to the north of St Arnaud, one to the south). Although we
also see a largely north-to-south arrangement of populations
within our mtDNA data, we can now identify several
distinct regions of genetic disjunction. Five clades (Clades
1-5) were identified to be geographically distinct (Figs 2
and 3). Our MDS plot indicated the isolation by distance
trend was likely an artefact of more abrupt genetic breaks
being incorporated into the overall signal (Fig. 4). Accordingly,
AMovA suggested much of the genetic differentiation
within O. n. polychroma was explained by among clade
differences rather than within clade differences (Table 3).
The phylogeographical pattern found across the range
of O.n. polychroma enables us to build on previous
phylogeographical studies on New Zealand taxa, and
discuss many aspects of New Zealand biogeography.

Pliocene mountain building

All the major phylogeographical breaks across the range
of O.n. polychroma were in the South Island. The basal
relationships among the five major clades in O. n. polychroma
were not well resolved (low Bayesian posterior probabilities
and ML bootstrap values, Fig. 2), indicating either an absence
of genetic signal at this level, or rapid and simultaneous
divergence. Divergence of the clades was estimated to be
3.98-5.45 Ma, suggesting the principal stimulus for the
pattern of genetic structuring was mountain emergence in
the South Island. This date coincides with prior knowledge
that many other South Island taxa diverged in response to
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the mountain building of the Pliocene (alpine buttercups,
Ranunculus spp., Lockhart et al. 2001; peripatus, Peripatop-
sidae; weevils, Lyperobius spp.; carabid beetles, Mecodema
spp.; grasshoppers, Acrididae; Trewick & Wallis 2001;
cockroaches, Celattoblata spp., Trewick & Wallis 2001;
Chinn & Gemmell 2004; Maoricicada campbelli, Buckley et al.
2001; freshwater crayfish, Paranephrops spp., Apte et al. 2007;
moa, Megalapteryx spp., Dinornis spp., Pachyornis spp., Baker
et al. 2005; skinks, O. lineoocellatum and O. chloronoton spp.
complex, Greaves et al. 2007).

Both the mitochondrial markers and SINE in the nuclear
gene intron MYH-2 indicated a significant genetic disjunc-
tion south of St Arnaud as suggested by Daugherty et al.
(1990; based on allozyme variation) across the Alpine Fault
(Fig. 3). AMmova indicated 40.3% of the differentiation found
across the South Island range of O. n. polychroma could be
attributed to this break (Table 3). The Alpine Fault has
previously been implicated in numerous biogeographical
patterns in New Zealand. The hypothesized processes
responsible for biological disjunction across the fault
line include lateral displacement (e.g. Heads 1989), Pliocene
mountain building (e.g. McGlone 1985) and Pleistocene
glaciation (e.g. Wardle 1963). Recent evidence connects
lateral movement of the fault with the distribution of con-
generic lineages (hydrobiid gastropods, Haase et al. 2007),
but for intraspecific and species level patterns Pleistocene
glaciation or Pliocene mountain building is generally
implicated (Waters & Wallis 2000; Trewick & Wallis 2001).
Our findings support the latter hypothesis, dating the
divergence of lineages over the Alpine Fault 4.07-4.61 Ma.

A hypothesis consistent with our observations that most
genetic variation is partitioned across the Alpine Fault, and
that estimates of genetic divergence predate Pleistocene
glaciations, is that the Alpine Fault initiated allopatric
divergence in O. n. polychroma by providing a sustained
barrier to gene flow. We found the transposable element
in only Clades 1 and 2 (see Table S1), providing evidence
for restricted gene flow across the Alpine Fault where it
intersects the distributions of Clades 1b and 3, and Clades
1b and 4 (Fig. 3). Being biparentally inherited, SINEs provide
a more sensitive representation of gene flow than mtDNA
markers (Shedlock & Okada 2000; Ray 2006). Despite this,
SINEs are rarely used at the population level or for phylo-
geographical study, because they are most often fixed within
a species, thus offering no meaningful indication of gene
flow. The SINE polymorphism within O. n. polychroma
provides a valuable indication of restricted gene flow over
the mountain ranges associated with the Alpine Fault. The
consequence of this biogeographical barrier in the evolution
of New Zealand taxa has been controversial. Our study
provides strong evidence indicating its importance for
understanding some New Zealand biotic distributions.

Despite sharing the SINE, the genetic divergence found
between Clades 1 and 2 (6.222% TrN d) is sufficient to
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suggest that the transposon insertion predates the vicariance
of these clades via mountain building (4.61 Ma). In contrast,
the occurrence of Clade 4 on either side of the fault (Fig. 3)
is likely due to an anomalous dispersal event through a
lowland mountain pass of the Southern Alps, rather than
vicariance. Likewise, recent movement following glacial
retreat (< 14 000 years ago; McGlone 1995) has been inferred
for closely related lineages distributed on either side of the
Southern Alps in Celatoblatta cockroaches (Chinn & Gemmell
2004) and a freshwater fish (Galaxias vulgaris complex)
despite being limited to the east of the fault throughout the
rest of its range (Wallis et al. 2001).

Further genetic breaks within O. n. polychroma were
revealed by mtDNA in the vicinity of the Marlborough
Fault System (Fig. 1). The Marlborough /north Canterbury
area is extremely mountainous due to secondary faulting
associated with the Alpine Fault. Just like the Alpine Fault,
the Marlborough fault system formed during the Miocene
and was most active in the Pliocene (Suggate et al. 1978).
The resultant topography is inferred to have driven diver-
sification in several plant taxa and formed two divergent
lineages of G. vulgaris on either side of the Kaikoura Ranges
(Waters & Wallis 2000). Although the breaks we identified
among clades are not consistent with the Kaikoura ranges
(Figs 1 and 3), their uplift may have instigated the diversifica-
tion of lineages (3.98-4.63 Ma) that have now shifted in range.

Pleistocene glacial processes

All of the O. n. polychroma clades converge in the Canterbury
and Marlborough regions of the South Island (Figs 1 and
3). Clades 2, 3, and 4 are only found in this region and are
range-restricted in comparison to Clades 1 and 5. Despite
this finding, these clades each harbour disproportionately
high levels of genetic diversity (r of each ranges from 0.022
to 0.031, Table 2). There are two possible explanations
for this pattern that are not mutually exclusive: genetic
divergence has been promoted by Pliocene mountain
building, and/or it represents a refugial region during the
Pleistocene.

High genetic diversity in the Canterbury and Marlbor-
ough regions could be argued as evidence for a glacial
refugium. The north of the South Island has been suggested
as an important centre of Pleistocene survival (Cockayne
1926; Willet 1950; Wardle 1963; McGlone et al. 2001). Pro-
nounced endemism and the discontinuous distribution of
anumber of taxa (grasses, Connor 2002; Nothofagus & War-
dle 1963) suggest that the climate was more favourable in
both Marlborough and Nelson than in adjacent regions to
the north and south (Willet 1950; Wardle 1963). While the
Nelson region probably supported plants adapted to moist,
mild conditions, the importance of Marlborough/north
Canterbury as a refugium is indicated by endemic lowland
and montane plants (Wardle 1963; Wagstaff et al. 1999).

This climate may have provided suitable habitat for the
persistence of a disproportionately high number of O. n.
polychroma lineages.

During the last Pleistocene glaciation, suitable lizard
habitat is thought to have been restricted to the north of the
North Island and narrow coastal strips of the South Island
(Bull & Whitaker 1975). Refugia have been suggested
to exist in coastal Fiordland, Southland, Stewart Island,
Otago, Banks Peninsula, and the Nelson/Marlborough
Sounds region. Specifically for Leiolopisma nigriplantare (now
O. nigriplantare, following taxonomic revision, which removed
six species from within the species complex; Daugherty
et al. 1990; Patterson & Daugherty 1990, 1994; Patterson
1997), refugia were also suggested to exist in Te Anau and
in Stewart Island, from which the central South Island was
recolonized (based on heam banding patterns of popula-
tions across the species distribution, Hardy 1977).

From our study, it appears O. n. polychroma survived the
Pleistocene in a number of regions over its entire range, but
it is possible there were originally more lineages that did
not survive. Clade 5 of the southern South Island is the
most divergent of the O. n. polychroma lineages, indicating
that there may have been intermediary lineages (both
genetically and geographically) that went extinct (Figs 2
and 4, Table 4). Studies of other taxa have likewise identi-
fied divergent lineages in this region (cicada, M. campbelli,
Buckley et al. 2001; alpine scree weta, D. connectens, Trewick
et al. 2000; alpine plant, Pachycladon spp., Heenan & Mitchell
2003; brown kiwi, A. australis, Baker ef al. 1995), and it is
renowned for its high proportion of endemic taxa (Climo
1975; Craw 1988; Connor 2002). Following the last glacial
maximum, it is likely Clade 5 extended its range north to
occupy Otago and Canterbury as suggested by Hardy
(1977) and supported by our significant isolation-by-
distance measures, mismatch distribution and raggedness
index.

Many organisms were locally extirpated by the direct
action of glaciers and/or harsher climates during the
glacial periods (Cockayne 1926; Willet 1950; Wardle 1963).
This activity was the greatest in the central South Island
and is hypothesized to have formed the ‘Beech gap” where
beech and many other organisms are absent (Willet 1950;
Wardle 1963, 1988; McGlone et al. 2001; Wallis & Trewick
2001). O. n. polychroma is present in the ‘Beech gap” and even
has a lineage endemic to this region (Clade 4, Canterbury),
suggesting the skink was either not extirpated or that it
was successful in recolonizing after the Pleistocene.

Past and present straits

Two distinct faunal breaks exist in the distributional
patterns of New Zealand skinks: the Cook Strait limits the
distribution of the Cyclodina genus to the north (Chapple
et al. 2008a); and the historical northern boundary of the
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Manawatu Strait affects Oligosoma skinks (Bull & Whitaker
1975). The northern limit of O. n. polychroma largely coincides
with this Pliocene boundary (39° S latitude, Wardle 1963;
Fig. 1). Our mismatch analyses and isolation-by-distance
measures lend significant support for range expansion in
Clade 1 (Fig. 4), suggesting O. n. polychroma recolonized
much of the North Island from pockets of suitable habitat
following remission of the Manawatu Strait during the
Pleistocene (Lewis et al. 1994).

The spread of Clade 1 over the north and south of Cook
Strait and its absence from the area east of the Alpine Fault
(Fig. 3) is similar to patterns also seen in three galaxiid and
gobiid freshwater fishes (McDowall 1996, 2005; Smith et al.
2005), extant and extinct species of the frog genus Leiopelma
(Holyoake et al. 2001), large carnivorous landsnails of the
subgenus Powelliphanta (Powell 1979), and brown kiwi (A.
australis, Burbidge et al. 2003). Collectively, these organisms
indicate that Cook Strait (i.e. Late Pleistocene) is a more recent
barrier to dispersal than the Alpine Fault (i.e. Pliocene).

Itis accepted that a landbridge existed between the North
and South Island during glacial periods of the late Pleis-
tocene (Fig. 1). However, the timing of the last land bridge
over Cook Strait and whether terrestrial organisms used it,
has been the subject of some debate (Worthy & Holdaway
2002). Conventional wisdom dictates that land extended
between the islands during each glacial period of the late
Pleistocene (e.g. Fleming 1979; McGlone 1988). Some have
used geological inference to detail that this was the case,
dating the most recent land connection across Cook Strait
only 15-16 Ka (Lewis et al. 1994; Stevens et al. 1995). Others
have observed terrestrial fossil faunas and propose there
was no faunal exchange between the North and South
Islands during the latest, and most severe, glacial period
(Worthy & Holdaway 1994). Under the latter scenario, the
differentiation of North Island and South Island taxa
should date from the last interglacial highstand ~130 000
years ago (Worthy & Holdaway 1994).

Hardy (1977) suggested that L. nigriplantare moved freely
across Cook Strait prior to its final formation. We found
Cook Strait accounted for 39.3% of the variation found
across the range of Clade 1 (Table 3). Within the phylo-
genetic tree, there was an evident break between samples of
the North Island and South Island (bar ONP71) delineating
Clade 1a and Clade 1b (Fig. 2). Divergence between samples
of the North Island and South Island was dated at 1.90 Ma,
suggesting gene flow across Cook Strait in this taxon pre-
dates any landbridge that may have been formed during
the last glacial period of the Pleistocene. The existence of
one sample from Clade 1b (ONP71, Castlepoint; Fig. 3) in
the North Island is likely a result of incomplete lineage
sorting or ancient dispersal, not recent dispersal. Although
molecular evidence for gene flow across Cook Strait since
formation has recently been found in O. zelandicum (O’Neill
et al. 2008), other molecular studies in a variety of animal
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taxa provide no support for the use of a landbridge by
terrestrial animals during the Late Pleistocene (brown kiwi,
A. australis, Baker et al. 1995; bats, M. tuberculata, Lloyd 2003;
skinks, O. lineoocellatum and O. chloronoton spp. complex,
Greaves et al. 2007).

During the lowered sea levels of at least the last two glacial
periods, a landbridge is also expected to have facilitated
gene flow across Foveaux Strait (Suggate et al. 1978). Accord-
ingly, we found little differentiation across Foveaux Strait
(7.3% of the differentiation found across the range of Clade
5 could be attributed to the strait, Table 3), despite the strait
being a known region of species disjunction in plants (Wardle
1963, 1988) and in the skinks O. stenotis and O. notosaurus
(Gill & Whitaker 2001).

Taxonomic and conservation implications

Many new skink species have recently been described in
New Zealand based on molecular studies (Chapple &
Patterson 2007; Chapple et al. 2008b, c). We found no mtDNA
support for the previously proposed distinct groupings
within O. n. polychroma, suggesting they represent only
distinct colour morphs of O. n. polychroma (as has been
suggested by allozyme data for the Seaward Moss skink;
C.H.D., unpublished data). The Seaward Moss skink was
nested among O. n. polychroma samples in Clade 5 (Fig. 2).
Samples of the Grey Valley skink fell within Clade 1b, and
the presence of the SINE in these samples confirmed their
affinity with both Clades 1 and 2 (Fig. 2, see Table S1). The
presence of five divergent clades within O. n. polychroma
(Fig. 2), highlights the need for future taxonomic and
morphological work. The level of genetic differentiation
among the clades is substantial (pairwise ®g ranges from
0.540 to 0.795, Table 4) and worth consideration both for
the taxonomy and conservation of this species. This need is
reinforced by the presence of the SINE in only Clades 1 and
2 (Fig. 3, see Table S1). The marker indicates there has been
no gene flow between these clades (Clades 1+2) and
Clades 3, 4 + 5 for 4-5 Myr. Given this evidence, it is also
likely there is restricted gene flow among all of the clades.

Conclusions

Overall, our findings provide considerable support for
some suggested biogeographical patterns in New Zealand.
In line with previous molecular and fossil evidence, we
find it unlikely that Oligosoma nigriplantare polychroma used
any landbridge formed across Cook Strait during the last
glacial period of the Pleistocene. Tectonism during the
Pliocene and associated mountain building is implicated as
more important than glacial cycles and periods of marine
inundation in driving the phylogeographical pattern of
O. n. polychroma. Our study provides novel evidence for
restricted gene flow across the Alpine Fault, possibly
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the most significant phylogeographical break in New
Zealand.

Some relatively unexplored biogeographical hypotheses
have also emerged from our study. We nominate two
regions of glacial refugium for O. n. polychroma. The first in
the southern South Island, concordant with previous find-
ings, and the second in the northeast of the South Island
previously only proposed for plant taxa. We suggest that
the milder and drier climate in the northeast South Island
may have acted as a faunal refugium, like that identified
for forest-dwelling fauna in Nelson. Further studies on
species of similar ecological characteristics will facilitate
greater understanding of the role of these glacial refugia in
New Zealand.
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