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Abstract

Sea-level fluctuations during the Pliocene and Pleistocene have shaped the landscape of the Northland region of New Zealand. We
examined the comparative phylogeography of three skink species (Oligosoma moco, O. smithi, O. suteri) in northeastern New Zealand in
order to investigate the impact of the historical processes that have prevailed since the Pliocene on the Northland fauna. O. moco, O.
smithi and O. suteri have similar distributions across northeastern New Zealand, frequently occurring in sympatry. We obtained sequence
data from across the entire range of each species, targeting the ND2 mitochondrial gene. Using Neighbor-Joining, Maximum likelihood
and Bayesian methods, our analysis revealed contrasting phylogeographic patterns in each species. We found substantial phylogeograph-
ic structure within O. moco, with three distinct clades identified. Similarly, deep phylogeographic divergence was evident within O. smithi,
with three distinct clades present. Clade 1 included O. smithi populations from the Three Kings Islands and the western coastline of
Northland, while Clade 2 encompassed the remainder of the range. However, since Clade 3 corresponded to a described species (O.
microlepis), O. smithi might represent a species complex. In both O. moco and O. smithi, divergences among clades are estimated to have
occurred in the Pliocene, with divergences within clades occurring during the Pleistocene. In contrast, genetic divergence among O. suteri
populations was extremely limited and indicative of more recent divergences during the Pleistocene. The lack of phylogeographic struc-
ture in O. suteri might be a consequence of its oviparous reproductive mode, which restricted its distribution to warm northern refugia
during glacial maxima. Differences in the ecology and biology of each species might have produced contrasting responses to the same
historical processes, and ultimately diverse phylogeographic patterns. Our study reveals an absence of consistent and concordant phy-
logeographic patterns in the Northland biota, even within the same taxonomic group.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction Worthy and Holdaway, 2002). During this period, the

North Island of New Zealand largely escaped the com-

Intense tectonic activity, glacial cycles and dramatic
fluctuations in sea-level have shaped both the landscape
and evolution of the biota of New Zealand since the Plio-
cene (Cooper and Millener, 1993; Markgraf et al., 1995;
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bined impacts of rapid tectonic uplift and glaciation that
have been instrumental in shaping the current landscape
of the South Island (Suggate, 1990; Pillans, 1991). Instead,
the coastline of the North Island has been in a continual
state of flux due to the inundation of the lower North
Island during the Pliocene (Rogers, 1989; Worthy and
Holdaway, 2002) and repeated fluctuations in sea-level
associated with Pleistocene glacial cycles (Suggate, 1990).
This has produced recurring connection and separation
of offshore islands to the adjacent mainland and other
island groups. The Northland region (Fig. 1) of the North
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Island existed as an archipelago of low-lying islands during
periods of elevated sea-level (i.e. during interglacial
periods; Fleming, 1979; Hayward, 1986, 1991); therefore,
the impact of such sea-level fluctuations might have been
most pronounced in this region.

The length of time in which different island groups
have been isolated has been influenced by both their dis-
tance from the North Island mainland and the topogra-
phy of the intervening sea floor. The Three Kings
Islands and Poor Knights Islands have been isolated
from the Northland mainland probably for the past 1-
2 myr, even though sea-level was approximately 110 m
below present at the peak of the last glaciation 18—
20 kya (Hayward, 1986, 1991). Most other island groups
have been repeatedly connected to the mainland during
glacial maxima (Hayward, 1986; Towns et al., 1990).
However, since each glacial and interglacial period lasted
10-60 kyr (Hayward, 1991), it is unclear whether this
provided sufficient time to enable dispersal of biota
among previously isolated island groups or regions.
Thus, these processes have shaped the evolution of the
Northland biota, driving speciation and substantial lev-
els of population structuring in plants (e.g. Metrosideros
[Myrtaceae], Gardner et al., 2004), invertebrates (e.g.
weta, Hemideina thoracica, Morgan-Richards, 1997;
Morgan-Richards and Wallis, 2003; kauri snails, Spencer
et al., 2006) and vertebrates (e.g. black mudfish, Neoc-
hanna diversus, Gleeson et al., 1999).

The New Zealand skink genus Oligosoma provides an
ideal opportunity to adopt a comparative phylogeographic
approach within a single taxonomic group to examine how
historical processes have influenced the evolution of the
Northland biota. Three Oligosoma species (moko skink,
Oligosoma moco; shore skink, O. smithi; and egg-laying
skink, O. suteri) have largely sympatric distributions in
northeastern New Zealand (Fig. 2; Table 1). Importantly,
none of these three species are each other’s closest relatives,
and each occurs in a different sub-lineage within the New
Zealand skink radiation (DGC, CHD and P. Ritchie,
unpublished data). This distributional pattern therefore
appears to have arisen independently in each species. O.
smithi has the widest distribution of the three species,
extending further south than O. moco or O. suteri
(Fig. 2). O. moco and O. suteri occur only at a limited num-
ber of localities on the mainland and have a largely relictu-
al distribution on offshore islands (Gill and Whitaker,
1996; Towns et al., 2002; Fig. 2). In contrast, O. smithi is
widespread both in coastal mainland regions and on off-
shore islands (Fig. 2).

Although O. moco, O. smithi and O. suteri display sim-
ilar distributions, substantial differences exist among these
three species (Table 1). Both O. moco and O. smithi are
medium-sized skinks (~80 mm snout-vent length, SVL),
while O. suteri is significantly larger (~108 mm SVL)
(Table 1). All three species occur in coastal regions, but
inhabit separate ecological niches. O. suteri is restricted
to rocky beaches and shore platforms, while O. smithi
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Fig. 1. Major geographic regions in New Zealand.

occurs further up the beach near the shoreline and adjacent
sparsely vegetated areas (Gill and Whitaker, 1996; Towns
et al., 2002; Table 1). O. moco inhabits open and sparsely
vegetated areas beyond the shoreline (Gill and Whitaker,
1996; Towns et al., 2002; Table 1). Perhaps the most impor-
tant differences among these species are that O. moco and
O. smithi are diurnal and viviparous, while O. suteri is noc-
turnal and oviparous (Table 1). These differences might
have influenced how each species responded to the climatic
changes and sea-level fluctuations during the Pleistocene.
Indeed, the restricted northern distribution of O. suteri
may result from its oviparous reproductive mode (Hardy,
1977), with the cold climate that prevailed during glacial
maxima presumed to have had detrimental impacts on eggs
and hatchlings (e.g. Hare et al., 2002, 2004).

We examine the comparative phylogeography of O.
moco, O. smithi and O. suteri using mitochondrial DNA
sequence data (ND2) from across the entire distribution
of each species. Although the three species have similar
distributions in northeastern New Zealand, we predict
that each species will exhibit different phylogeographic
patterns as a result of their differing ecologies and life-his-
tories. In particular, O. suteri is predicted to display a
substantially different phylogeographic pattern from O.
moco and O. smithi due to its oviparous reproductive
mode and nocturnal activity pattern. Our genetic data
provide further insight into how the historical processes
that have prevailed in New Zealand since the Pliocene
have influenced the phylogeographic patterns in the ter-
restrial Northland biota.
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Fig. 2. Distribution maps and location of tissue samples used in this study. (a) Oligosoma moco (OMO codes indicated); (b) Oligosoma smithi (black
circles) (OSM codes indicated) and O. microlepis (black squares); and (c) Oligosoma suteri (OSU codes indicated). Distributional data were obtained from

the New Zealand Department of Conservation’s BioWeb Herpetofauna database, 2006.
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Table 1
Distribution, activity pattern and life history of Oligosoma moco, O. smithi, O. microlepis and O. suteri
Species 0. moco O. smithi O. microlepis O. suteri
Distribution Bay of Plenty region to East Cape region to Central North Island Northeastern Northland from the
northern tip of Northland Three Kings Islands Alderman Islands to the Three Kings
Islands
Activity Diurnal! Diurnal! Diurnal Nocturnal'
pattern
Habitat Open scrub and grassland in Coastal. Beach to open Boulder river beds and Coastal. Boulder beaches and rocky
preference  coastal and lowland regions’ grass and shrubland'- rocky areas in grassland'?  platforms'
Maximum 80° 807 70° 108*
SVL (mm)
Reproductive  Viviparous' Viviparous' Viviparous' Oviparous'
mode

References: 'Gill and Whitaker (1996); *Towns et al. (2002); *Patterson and Daugherty (1990); “Hardy (1977).
The precise distribution of each species is shown in Fig. 2. SVL = snout-vent length.

2. Materials and methods
2.1. Taxonomic sampling

We obtained tissue samples from across the entire distri-
bution of O. smithi (54 samples) and O. suteri (25 samples),
and most of the distribution of O. moco (21 samples)
(Table 2, Fig. 2). A broader phylogenetic study of the rela-
tionships among all members of the New Zealand skink
radiation (DGC, CHD and P. Ritchie, unpublished data)
indicates that the small-scaled skink (O. microlepis) is clo-
sely related to O. smithi; therefore, we also included two
samples of O. microlepis in our study (Table 2, Fig. 2).
Samples were obtained primarily from the National Frozen
Tissue Collection (NFTC; Victoria University of Welling-
ton, New Zealand) and ethanol-preserved specimens
housed at Te Papa (National Museum of New Zealand,
Wellington). Since O. moco, O. smithi and O. suteri each
occur in different subclades within the overall New Zealand
skink phylogeny (DGC, CHD and P. Ritchie, unpublished
data) we included two Australian FEugongylus-lineage
skinks (Lampropholis guichenoti, Saproscincus mustelina)
as outgroups in our study (Table 2).

2.2. DNA extraction, amplification and sequencing

Total genomic DNA was extracted from liver, toe or tail
samples using a modified phenol-chloroform extraction
protocol (Sambrook et al., 1989). For each sample, we tar-
geted a portion of the mitochondrial gene ND2 (~600 bp).
This region was chosen because work at comparable taxo-
nomic levels in other squamate reptile groups has indicated
useful levels of variability (e.g. Melville et al., 2004; Keogh
et al., 2005).

The primers used to amplify and sequence ND2 were L4437
(Macey et al., 1997) and ND2r102 (Sadlier et al., 2004). How-
ever, two internal primers were also used to amplify ND2 for
some samples (ND2F-infrapunctatum, 5-GCATG
ATTYACCGGAAYATGAGACAT-3; ND2R-infrapunct-
atum, 5-GGGGCAAGKCCTAGTTTTATGG-3'; Greaves

et al., 2007). PCR and sequencing were conducted as outlined
in Greaves et al. (2007).

Sequence data were edited using ContigExpress v9.1.0
(Invitrogen), and aligned using the default parameters of
Clustal X (Thompson et al., 1997). The aligned sequences
were translated into amino acid sequences using the verte-
brate mitochondrial code to check whether the sequences
were truly mitochondrial in origin. As no premature stop
codons were observed, we conclude that all sequences
obtained are true mitochondrial copies. GenBank acces-
sion numbers for all sequences are provided in Table 2.

2.3. Phylogenetic analyses

Neighbor-Joining (NJ) analyses were conducted in
PAUP” v4.0b10 (Swofford, 2002). MopeLTEsT 3.7 (Posada
and Crandall, 1998) was used to determine the most appro-
priate model of evolution for our dataset, generating log-
likelihood scores for the dataset in PAUP* and conducting
a Akaike Information Criterion (AIC) test. Base frequen-
cies, substitution-rates, the proportion of invariant sites
(I), gamma distribution (G), and the among-site substitu-
tion-rate variation were estimated in MobpeLTEST, with
these values implemented in PAUP* to generate a maxi-
mum likelihood (ML) tree. Due to the size of the dataset,
the ML tree was found by heuristic searching using the
subtree-pruning-regrafting algorithm (SPR) with random
addition of sequences from the dataset. Ten replicate
searches were conducted. Only trees within 2% of the target
likelihood score were subject to reiteration.

Bayesian analyses were completed using the computer
program MrBayes 3.1.2 (Huelsenbeck and Ronquist,
2001). We used the default value of four Markov chains
per run, and ran the analysis for one million genera-
tions. To ensure that the analyses obtained a sampling
of the full tree space rather than becoming trapped in
local optima, the analysis was run twice. Chains were
sampled every 100 generations to obtain 10,000 sampled
trees. The program Tracer 1.3 (Rambaut and Drum-
mond, 2003) was used to check for chain convergence.



Table 2

Locality information and GenBank accession numbers for samples used in this study

Species

Tissue code

Museum code

Locality

Latitude (S)

Longitude (E)

GenBank Accession No.

Oligosoma moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
moco
. moco
Oligosoma smithi
. smithi
smithi
. smithi
. smithi
. smithi
smithi
smithi
smithi
smithi
smithi
. smithi
smithi
. smithi
. smithi

ISESESESECRSESESESESESES RS RS RS RS RS RCRS RS

SESESESESESESECESESESESESES)

smithi
. smithi
smithi
. smithi
smithi
smithi
smithi
. smithi
. smithi
. smithi

ISESESESECRSRGESESEN

OMO1
OMO2
OMO3
OMO4
OMO5
OMO6
OMO7
OMO8
OMO9
OMO10
OMOI11
OMO12
OMOI13
OMO14
OMOI5
OMO16
OMO17
OMOI18
OMOI19
OMO20
OMO22
OSM1
OSM2
OSM4
OSM5
OSM6
OSM7
OSMS8
OSM9
OSM10
OSM11
OSM12
OSM13
OSM14
OSM15
OSM16

OSM17
OSM18
OSM19
OSM20
OSM21
OSM22
OSM23
OSM24
OSM25
OSM26

FT156
CD1031

CD848

FT167

FT296

FT2903

RE5161 (S1526)
RES5009 (S1372)
RES5008 (S1371)
RES5004 (S1367)
RE4874 (S1237)
RE4813 (S1175)
RE4811 (S1173)
RE4769 (S1131)
RE4645 (S1006)
RE4640 (S1001)
RE4635 (S996)
RE4624 (S984)
RE4505 (S864)
RE4033 (S391)
RE1703

FT166

FT193

CD1029
CD1030
CD1074

FT140

FT154

FT168

FT539

FT543

FT549

FT569

FT601

FT3021

FT3299

RE5172 (S1537)
RES5029 (S1392)
RES5024 (S1387)
RE4965 (S1328)
RE4942 (S1305)
RE4921 (S1284)
RE4920 (S1283)
RE4919 (S1282)
RE4915 (S1278)
RE4911 (S1274)

Stanley Island, Mercury Islands

Aorangi Island, Poor Knights Islands

Lady Alice Island, Hen and Chickens Islands
Korapuki Island, Mercury Islands

Middle Island, Mercury Islands

Cuvier Island

Whangapoua Creek, Great Barrier Island
West Bay, Marotiri Island, Hen and Chickens Islands
Araara Island, Hen and Chickens Islands
Mauitaha Island, Hen and Chickens Islands
Red Rock, Karaka Bay, Great Barrier Island
Trig Island, Mokohinau Islands

Lizard Isle, Mokohinau Islands

Burgess Island, Mokohinau Islands

Double Island, Mercury Islands

Middle Chain Island, Alderman Islands
Ruamahuati Island, Alderman Islands
Whenuakura Island, Whangamata
Motukaramea Island, west of Coromandel Peninsula
Coppermine Island, Hen and Chickens Islands
Little Barrier Island

Middle Island, Mercury Islands

Ocean Beach, Whangarei

Sugarloaf Island, Poor Knights Islands
Aorangi Island, Poor Knights Islands

Little Barrier Island

Green Island, Mercury Islands

Stanley Island, Mercury Islands

Korapuki Island, Mercury Islands

Moutoki Island, Bay of Plenty

Plate Island, Bay of Plenty

Karewa Island, Bay of Plenty

Raumahuea-iti, Alderman Islands

Great Island, Three Kings Islands

Matakana Island, Bay of Plenty

Waiomu Stream mouth, north of Thames, Coromandel
Peninsula

Tucks Bay, Coromandel Peninsula

Pupuha Island, Hen and Chickens Islands
Marotiri Island, Hen and Chickens Islands
Mt Camel, Houhora, Northland

Sail Rock, Hen and Chickens Islands
Brampton Reef, Bay of Islands

Waitoitoi Stream, north of Colville Bay, Coromandel Peninsula
English Bay, Bay of Islands

Matauri Bay, Northland

Tokerau Beach, Doubtless Bay, Northland

36.64
35.48
35.89
36.66
36.64
36.44
36.11
35.89
35.90
35.89
36.16
35.92
35.91
35.90
36.62
36.96
36.97
37.22
36.68
35.89
36.18
36.64
35.84
35.57
35.48
36.18
36.64
36.64
36.66
37.83
37.67
37.53
36.97
34.16
37.61
37.02

36.74
35.89
35.89
34.83
36.00
35.25
36.53
35.31
35.04
34.94

175.89
174.74
174.73
175.84
175.86
175.77
175.42
174.72
174.70
174.69
175.34
175.10
175.11
175.11
175.90
176.08
176.08
175.90
175.39
174.77
175.08
175.86
174.58
174.71
174.74
175.08
175.85
175.89
175.84
176.88
176.56
176.13
176.08
172.14
176.13
175.55

175.48
174.70
174.73
173.14
174.70
174.07
175.36
174.11
173.90
173.37

EF567286
EF567297
EF567303
EF567283
EF567284
EF567285
EF567292
EF567300
EF567302
EF567301
EF567291
EF567294
EF567296
EF567295
EF567290
EF567287
EF567288
EF567289
EF567293
EF567299
EF567298
EF033055
EF567220
EF567253
EF567254
EF567210
EF567222
EF567233
EF567235
EF567238
EF567240
EF567239
EF567226
EF567208
EF567241
EF567214

EF567217
EF567232
EF567219
EF567256
EF567237
EF567243
EF567215
EF567248
EF567249
EF567250
(continued on next page)

SIE—E0E (8002) 9F uonnjoasy puv $21jouss0)dyd IndJop [ v 12 2DE W'Y



Table 2 (continued)

Species

Tissue code

Museum code

Locality

Latitude (S)

Longitude (E)

GenBank Accession No.

. smithi
smithi
. smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
smithi
. smithi
smithi
. smithi

SESESECESECRSESESECRCRSECRSECECESESESES IS ES S ASES RS A SIS

Oligosoma microlepis

O. microlepis
Oligosoma suteri
suteri
suteri
suteri
suteri
suteri
suteri
suteri
suteri
suteri
suteri

ISESESECRSECRSEGRGRS

OSM27
OSM28
OSM29
OSM30
OSM31
OSM32
OSM33
OSM34
OSM35
OSM36
OSM37
OSM38
OSM39
OSM40
OSM41
OSM42
OSM43
OSM44
OMS45
OSM46
OSM47
OSM48
OSM50
OSM51
OSM52
OSM53
OSM54
CAE10
CAE46
OMII
OMI2
OSUl
OSU2
OoSu3
OoSu4
OSUS
OSU6
OoSu7
OSU8
OSuU9
Oosu10
OSUl1

RE4910 (S1273)
RE4877 (S1240)
RE4842 (S1204)
RE4841 (S1203)
RE4833 (S1195)
RE4822 (S1184)
RE4818 (S1180)
RE4807 (S1169)
RE4722 (S1083)
RE4719 (S1080)
RE4694 (S1055)
RE4651 (S1012)
RE4592 (S952)
RE4591 (S951)
RE4590 (S950)
RE4588 (S948)
RE4573 (S933)
RE4571 (S931)
RE4568 (S928)
RE4557 (S917)
RE4527 (S886)
RE4521 (S880)
RE4166 (S524)
RE4181 (S519)
RE4029 (S387)
RE3964 (S322)
RE3806 (S164)
CD1075
RE5321
CD1299
FT3730

FT148

FT602

CD1027

FT158

FT570

FT578

FT624

FT2493

FT2496

FT5494
RE4819 (S1181)

Paihia Beach, Bay of Islands

Red Rock, Karaka Bay, Great Barrier Island
Waihihi Bay, Bay of Islands

Moturoa Island, Bay of Islands

Muriwai Beach, 30 km NW of Auckland

Lizard Isle, Mokohinau Islands

Trig Island, Mokohinau Islands

Burgess Island, Mokohinau Islands

Ohinau Island, E of Coromandel Peninsula
Little Ohinau Island, E of Coromandel Peninsula
Hongiora, Alderman Islands

Half Island, Alderman Islands

Deep Water Cove, Bay of Islands

Aranga Beach, NW of Dargaville, Northland
Oakura Beach, Whangaruru Harbour

Spirits Bay, Northland

Taupo Bay, Whangaroa Bay, Northland

6.4 km north of Wakatiwai, Firth of Thames
Waikauri Beach, 16 km E of Warkworth
Taranaki Island, Kerikeri Inlet, Northland
Motuoruhi Island, western side of Coromandel Peninsula
Calf Island, western side of Coromandel Peninsula
Moturiki Island, Tauranga, Bay of Plenty

Hot Water Beach, Coromandel Peninsula
Coppermine Island, Hen and Chickens Islands
Bream Island, off Bream Head, Northland
Waewaetorea Island, Bay of Islands

Little Barrier Island

Waipapakauri, Northland

Taihape

Wakemans clearing, Mokimokonui River, Southern Urewera
Green Island, Mercury Islands

Great Island, Three Kings Islands

Aorangi Island, Poor Knights Islands

Middle Island, Mercury Islands
Rumamahuea-iti, Alderman Islands

Hen Island, Hen and Chickens Islands

One, NW Hen and Chickens Islands

Ware Ware Island, NW Hen and Chickens Islands
Muriwhenua Island, Hen and Chickens Islands
Green Island, Mercury Islands

Burgess Island, Mokohinau Islands

35.29
36.16
35.26
35.22
36.84
3591
35.92
35.90
36.71
36.72
36.96
36.97
35.20
35.78
35.40
34.43
35.00
37.09
36.38
35.21
36.74
36.81
37.63
36.89
35.89
35.84
35.22
36.18
35.04
39.63
38.99
36.64
34.16
35.48
36.64
36.97
35.92
35.92
35.88
35.88
36.64
35.90

174.09
175.34
174.12
174.19
174.42
175.11
175.10
175.11
175.87
175.88
176.06
176.08
174.30
173.57
174.33
172.85
173.71
175.31
174.81
174.01
175.40
175.40
176.18
175.81
174.77
174.54
174.21
175.08
173.18
176.02
176.64
175.85
172.14
174.74
175.86
176.08
174.73
174.73
174.70
174.70
175.85
175.11

EF567245
EF567218
EF567246
EF567247
EF567206
EF567231
EF567216
EF567227
EF567228
EF567229
EF567230
EF567224
EF567251
EF567207
EF567255
EF567205
EF567225
EF567213
EF567236
EF567244
EF567211
EF567212
EF567242
EF567234
EF567223
EF567221
EF567252
EF567209
EF567204
EF043107
EF567257
EF567261
EF567282
EF567276
EF567277
EF567278
EF567279
EF567280
EF567259
EF567260
EF567263
EF567266
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Waitoitoi Bay, north of Colville Bay, Coromandel Peninsula

Flat Island, off Ohinau Island, Coromandel Peninsula
Red Mercury Island, Mercury Islands

Taupo Bay, Whangaroa Bay, Northland

Tapotupotu Bay, Northland
Muriwhenua Island, Hen and Chickens Islands

Whatupuke Island, Hen and Chickens Islands
Bream Island, off Bream Head, Northland
Australia

Coppermine Island, Hen and Chickens Islands
Hen Island, Hen and Chickens Islands

Cape Colville, Coromandel Peninsula
Island Bay, Tryphena, Great Barrier Island

Groper Rock, Mokohinau Islands
Lizard Isle, Mokohinau Islands

RE3876 (S234)

RE1877

RE3998 (S356)
CD850

RE4770 (S1132)
REA4759 (S1121)
REA4716 (S1077)
REA4587 (S947)
REA4583 (S943)
RE4451 (S809)
REA4356 (S714)
REA4302 (S660)
REA4069 (S427)
REA4012 (S370)

osu12
OSuU13
osul4
OSuUl15
osul6
Oosu17
OSU18
Oosu19
OSU20
OoSuU21
Oosu22
OSU23
osu24
OSM3

EUG7

EF567304

NR2639
NR3782

Lampropholis guichenoti

EF567305

Australia

EUGS

Saproscincus mustelina

Samples with CD or FT codes were obtained from the National Frozen Tissue Collection (NFTC) housed at Victoria University of Wellington, New Zealand. Samples with RE codes were obtained

from ethanol-preserved specimens housed at Te Papa, National Museum of New Zealand, Wellington (S codes refer to specimens from the former Ecology Division collection, now housed at Te Papa).

Latitude and Longitude is presented in decimal format [from BioWeb Herpetofauna database (2006)].

The first 2500 sampled trees were discarded as the burn-
in phase, with the last 7500 trees used to estimate the
Bayesian posterior probabilities. We used both boot-
strap values and Bayesian posterior probabilities to
assess branch support. Neighbor-Joining bootstraps
(1000 replicates) were generated in PAUP*. We consider
branches supported by bootstrap values greater than or
equal to 70% (Hillis and Bull, 1993), and posterior
probability values greater than or equal to 95% (Wilcox
et al., 2002) significantly supported by our data. Pair-
wise uncorrected genetic distances were calculated in
MEGA 3.1 (Kumar et al., 2004).

2.4. Estimating divergence times

To estimate the divergence time of lineages, we cali-
brated the evolutionary rate of ND2 by re-analysing the
data from Macey et al. (1998) for the agamid genus Lauda-
kia. Specifically, we re-calculated the evolutionary rate for
Laudakia using only the 550-bp fragment of ND2 used in
the present study (e.g. Smith et al., 2007). We calculated
average between-group nucleotide differences across each
of the calibrated nodes from Macey et al. (1998) (1.5, 2.5,
3.5 mya), 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 evolution-
ary 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).

3. Results

The edited alignment comprised 550 characters, of which
208 (38%) were variable and 152 (28%) were parsimony-
informative. For the ingroup only, the alignment contained
166 (30%) variable characters, of which 141 (26%) were par-
simony-informative. Base frequencies were unequal
(A =0.3450, T=0.2042, C=0.3323, G=0.1184), but a
x> test confirmed the homogeneity of base frequencies
among sequences (df = 309, p = 1.00). For several samples,
only ~525bp of sequence data were obtained (OSM?20,
OSM38, OSM46, OSM52-53, OSU23). In addition, due to
the poor quality of the DNA template, a small number of
samples had a reduced sequence length of ~325bp
(OSM22, OSM25, OMO17-20).

The AIC from MobpeLTEsT supported the TrN +1+ G
substitution model as the most appropriate for our dataset
(—=In L =2800.5190). Parameters estimated under this
model were: relative substitution-rates (A <« C=1.0,
A-G=1882, A-T=10, CoG=10, CoT=
8.86, G« T =1.00), gamma-shape parameter (1.5316)
and proportion of invariable sites (0.5240). The topologies
of the NJ, ML (single optimal tree, —In L = 2795.77429)
and Bayesian trees were very similar, except that the ML
tree placed O. microlepis as the sister lineage to O. smithi,
whereas the NJ and Bayesian trees indicated that O. microl-
epis was a well-supported clade within O. smithi (Fig. 3). We
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Fig. 3. Bayesian tree for Oligosoma moco, O. smithi (including O. microlepis) and O. suteri based on 550 bp of the ND2 mitochondrial gene. The topology
of the Neighbor-Joining (NJ) tree was the same as for the Bayesian tree, but the Maximum likelihood tree differed in the position of O. microlepis (see text).
Two measures of branch support are indicated with NJ bootstraps shown on the left and Bayesian posterior probabilities on the right (only values over 50
and 0.7, respectively, are shown). The three main clades within O. moco are indicated, as are the three main clades within O. smithi (includes O. microlepis).
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Fig. 4. Distribution of clades within (a) Oligosoma moco and (b) O. smithi (including O. microlepis) identified in Fig. 3.

present the Bayesian tree with bootstrap values and poster-
ior probabilities indicating branch support (Fig. 3). The
Bayesian tree strongly supports the monophyly of both O.
moco and O. suteri (100 bootstrap and 0.98 posterior prob-
ability in both cases).

3.1. Oligosoma moco

Substantial genetic structuring was evident within O.
moco, with a mean pairwise genetic distance (GD) of
2.7% and three clades identified (Fig. 3). Clade 1 (70 boot-
strap, 0.99 posterior probability) encompassed populations
from the eastern side of the Coromandel Penninsula,
Alderman Islands, Mercury Islands and Cuvier Island
(Fig. 4a). Clade 2 is a weakly supported clade (57 boot-
strap, 0.77 posterior probability) that incorporates popula-
tions from the Hauraki Gulf region from the western side
of the Coromandel Peninsula to the Poor Knights Islands,
excluding the Hen and Chickens Islands (Fig. 4a). Strong
support (98 bootstrap, 0.98 posterior probability) exists
for the Hen and Chickens Islands populations forming a
distinct clade (Clade 3) (Fig. 4a). The level of genetic differ-
entiation within clades (Clade 1 GD =0.7%, 0.5 mya;
Clade 2 GD=1.4%, 1.0mya; Clade 3 GD =0.5%,
0.36 mya) was relatively minor compared to that observed

among the three clades (Clade 1 versus 2 GD = 2.8%,
2.0 mya; Clade 1 versus 3 GD =4.1%, 2.93 mya; Clade 2
versus 3 GD = 3.8%, 2.71 mya).

3.2. Oligosoma smithi complex

Significant phylogeographic structuring was evident
within the O. smithi complex (GD = 2.6%), with three
clades identified (Fig. 3). Clade 1 (97 bootstrap, 0.98 pos-
terior probability) encompassed populations from the
Three Kings Islands, North Cape, and along the western
coast of Northland to Muriwai Beach (Fig. 4b). Clade 2
(62 bootstrap, 0.85 posterior probability) contains three
well-supported subclades (Fig. 3). Clade 2a (86 bootstrap,
0.73 posterior probability, GD =0.4%, 0.29 mya) com-
prises populations from the Coromandel Penninsula, Firth
of Thames, Alderman Islands, Mercury Islands, Islands of
the Hauraki Gulf (Great Barrier Island, Little Barrier
Island, Mokohinau Islands, Hen and Chickens Group)
and the Whangarei region (Fig. 4b). Clade 2b (100 boot-
strap, 0.99 posterior probability) contains populations
from two islands near Tauranga in the Bay of Plenty
(Fig. 4b). Clade 2c¢ (98 bootstrap, 0.98 posterior probabil-
ity, GD = 0.4%, 0.29 mya) is represented by populations
along the east coast of Northland from Poor Knights
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Islands to Cape Reinga (Fig. 4b). Three populations in the
Bay of Plenty (OSM10-12) and the population on Sail
Rock near the Hen and Chickens Group (OSM21) were
not assigned to a subclade within Clade 2. O. microlepis
(100 bootstrap, 0.99 posterior probability) forms the final
clade within the O. smithi complex (Figs. 3 and 4b).
Genetic differentiation within clades was relatively low
(Clade 1 GD =2.4%, 1.71 mya; Clade 2 GD = 1.8%,
1.29 mya; O. microlepis GD = 0.7%, 0.50 mya) compared
to the substantial genetic divergences evident among clades
in the O. smithi complex (Clade 1 v 2 GD =6.0%,
4.29 mya; Clade 1 v O. microlepis GD = 6.0%, 4.29 mya;
Clade 2 v O. microlepis GD = 3.6%, 2.57 mya).

3.3. Oligosoma suteri

Virtually no geographic structuring was evident across
the entire range of O. suteri (Fig. 3). This was exemplified
by the extremely low level of genetic differentiation among
O. suteri populations (GD = 0.1%, 0.07 mya).

4. Discussion

Our study reveals contrasting phylogeographic patterns
in O. moco, O. smithi and O. suteri despite their similar dis-
tributions in northeastern New Zealand. Substantial phy-
logeographic structuring is evident in both O. moco and
O. smithi, while virtually no genetic structuring occurs
across the entire range of O. suteri. This difference might
be a consequence of the oviparous reproductive mode
and/or nocturnal activity pattern of O. suferi. We examine
how historical processes might have produced the phylog-
eographic patterns evident in these three species. In addi-
tion, our data also suggest that O. smithi represents a
species complex that incorporates O. microlepis, with
future taxonomic work required.

4.1. Substantial phylogeographic structuring within O. moco

Although our sampling did not encompass the entire
distribution of O. moco, our study revealed substantial
phylogeographic structuring within this species. O. moco
is currently restricted to a limited number (<10) of locali-
ties on the North Island mainland, but subfossil deposits
indicate that it was previously more widespread across
the mainland throughout most of the Pleistocene (Towns
and Daugherty, 1994; Towns et al., 2002). The three clades
within O. moco appear to have diverged during the late Pli-
ocene (2.93-2.0 mya). The repeated connection and separa-
tion of mainland and offshore island populations during
the Pleistocene might have acted to restrict gene flow
among O. moco populations, maintaining this substantial
geographic structuring.

Previous phylogeographic studies in the Northland
region have revealed deep genetic structuring, but the
extent of structuring and the location of breaks have rarely
been concordant among animal taxa (e.g. Gleeson et al.,

1999; Morgan-Richards and Wallis, 2003; Spencer et al.,
2006). Relatively few consistent patterns have been
observed, apart from deep divergence among island groups
(Morgan-Richards, 1997) and populations on the Poor
Knights Islands showing evidence of genetic divergence
or speciation (Hitchmough, 1997) due to its estimated 1-
2 myr isolation (Hayward, 1986, 1991). While the Poor
Knights Islands population of O. moco does not exhibit
the substantial divergence evident within other skink spe-
cies (Cyclodina aenea and C. ornata; DGC, CHD, P.
Ritchie, unpublished data), significant structuring is pres-
ent among different island groups. In particular there is
substantial divergence among the Hauraki Gulf islands
(Poor Knights Islands, Mokohinau Islands, Little Barrier
Island, Great Barrier Island) and the islands off the eastern
coastline of Coromandel Peninsula (Cuvier Island, Mer-
cury Islands, Alderman Islands). More surprisingly, the
Hen and Chicken Islands population forms its own clade
within O. moco. Similar deep phylogeographic structure
(i.e. Pliocene divergences) among the Hen and Chickens
Islands and other islands in the Hauraki Gulf is evident
in the marbled skink (C. oliveri) species complex (DGC,
G. Patterson, D. Gleeson, CHD and P. Ritchie, unpub-
lished data), and might indicate that the islands in the
Hen and Chickens group have been isolated for longer than
previously believed.

4.2. Phylogeography of the O. smithi species complex and
taxonomic implications

Oligosoma smithi is the most common and widespread
skink species in coastal regions in the northeastern North
Island of New Zealand (Gill and Whitaker, 1996). Consid-
erable variation in colour and colour pattern is evident
both within and among populations of O. smithi, with indi-
viduals varying in colour from grey/green to jet black
(Hardy, 1977). Substantial variation in body size (SVL) is
also present among populations (Hardy, 1977). Such mor-
phological variation within O. smithi led McCann (1955) to
describe two subspecies (smithi, numerale), although both
were later synonymised by Hardy (1977). Although our
genetic data revealed three distinct clades within O. smithi,
none of these clades corresponded to the distribution of
these former subspecies.

Our genetic data indicate that O. microlepis forms a dis-
tinct clade within O. smithi, suggesting that O. smithi con-
stitutes a species complex. All previous genetic studies
using both allozymes (CHD, unpublished data) and
DNA sequence data (16SrRNA and Cytochrome b, Hay,
1998; 12SrRNA, Hickson et al., 2000; ND2, c-mos and
Rag-1, Smith et al., 2007) have indicated that O. smithi
and O. microlepis are each other’s closest relatives. How-
ever, none of these studies sampled across the entire range
of O. smithi. O. microlepis occurs in rocky and grassy areas
near rivers and lakes in the Central Plateau region of the
North Island (Gill and Whitaker, 1996; Fig. 2b). O. microl-
epis was considered part of the New Zealand common



K. M. Hare et al. | Molecular Phylogenetics and Evolution 46 (2008) 303-315 313

skink (O. nigriplantare) species complex until 1990, when it
was recognised as a distinct species (Daugherty et al., 1990;
Patterson and Daugherty, 1990). Due to its relatively
recent description, little is known about the ecology and
biology of O. microlepis.

Although O. smithi is occasionally observed several hun-
dred metres inland, it usually occurs within 20 m of the
high tide mark (Hardy, 1977; Gill and Whitaker, 1996; Par-
rish and Gill, 2003). Therefore, it is surprising that an
inland species such as O. microlepis appears to be part of
the O. smithi species complex. However, the North Island
coastline has been modified by several processes such as
tectonic activity, volcanic activity and marine transgres-
sions (Worthy and Holdaway, 2002). In particular, geolog-
ical evidence indicates that the lower North Island was
submerged during the Pliocene, with the southern coastline
of the North Island occurring between the present-day
Hawkes Bay and Taranaki regions (Bull and Whitaker,
1975; Rogers, 1989; Worthy and Holdaway, 2002;
Fig. 1). Thus, during the Pliocene a continuous coastline
would have been present between the Central Plateau
region and the present-day Bay of Plenty (Fig. 1). Thus,
O. microlepis might represent a remnant, but genetically
divergent, inland ‘O. smithi’ population that persists in
suitable habitats surrounding lakes and rivers. This sce-
nario is supported by our divergence time estimates that
indicate that O. microlepis diverged from O. smithi popula-
tions in the Bay of Plenty region in the late Pliocene.

Apart from O. microlepis, two additional clades are evi-
dent within the O. smithi species complex. Members of
Clade 1 occur on the Three Kings Island, North Cape
region, and along the western coastline of Northland, while
Clade 2 encompasses populations across the remainder of
the distributional range of O. smithi. The Three Kings
Islands are believed to have been isolated from the North
Island mainland for 1-2 myr (Hayward, 1986). Our diver-
gence time estimates indicate a much older divergence
between Clade 1 and Clade 2 (late Pliocene, ~4.3 mya).
The close affinity of the Three Kings Islands O. smithi pop-
ulation to those on the west coast of Northland may indi-
cate recent over-water dispersal. The presence of distinct
clades along the eastern and western coastline of North-
land might indicate that O. smithi does not move far from
the shoreline and is therefore unlikely to disperse over land
between the two coastlines, despite their close proximity in
some regions. Instead, O. smithi might disperse from north
to south along the coastline using the prevailing ocean cur-
rents (Heath, 1985). Interestingly, a similar east-west split
in the Northland region has been documented in some spe-
cies of kauri snails (Paryphanta busbyi), but not others
(Amborhytida spp.) (Spencer et al., 2006).

Three subclades are evident within Clade 2, a northern
subclade (far northern coastline of Northland from the
Poor Knights Islands region, Clade 2c), a southern subc-
lade (Hauraki Gulf and Coromandel Peninsula region,
Clade 2a) and a subclade in the Bay of Plenty (Clade 2b)
(Fig. 4b). The genetic substructuring evident in O. smithi

in the northeastern North Island is similar to that observed
in O. moco. However, only relatively shallow divergence
among populations is evident within each of the subclades
in Clade 2 (late Pleistocene divergences). This pattern
might indicate that there has been continual geneflow
among populations in these regions, by repeated connec-
tion of mainland and island groups during glacial cycles
and/or frequent over-water dispersal between islands. Geo-
logical evidence exists for the repeated connection of most
offshore islands to the Northland mainland during the
Pleistocene (Hayward, 1986; Towns et al., 1990), but also
the potential for over-water dispersal. Oligosoma smithi is
a coastal species that forages in the intertidal zone, is a
strong swimmer, readily enters the water, and can hold
its breath underwater for ~7 min (Gill and Whitaker,
1996; K. Miller and KMH, unpublished data).

The presence of three divergent clades within the O. smi-
thi species complex, one of which corresponds to a
described species (O. microlepis), highlights the need for
future taxonomic and morphological work. Although the
level of genetic divergence between Clade 2 and O. microl-
epis is minor (GD = 3.6%), the genetic divergence evident
between Clade 1 and Clade 2 (GD = 6.0%) is more sub-
stantial and equivalent to that observed between Clade 1
and O. microlepis (GD = 6.0%). Further work is required
to assess the taxonomic significance of these clades within
the O. smithi species complex.

4.3. Limited phylogeographic structure in O. suteri

The present distribution of O. suteri, which is restricted
to ~3 mainland localities, is considered relictual, having
previously been more widespread across coastal mainland
regions of the northeastern North Island (Towns et al.,
2002). Despite this formerly more widespread distribution,
several authors have questioned the ability of the oviparous
O. suteri to survive Pleistocene glacial maxima (Towns,
1974; Bull and Whitaker, 1975; Hardy, 1977). Conse-
quently, O. suteri has been suggested to represent a rela-
tively recent colonisation (during the Pleistocene) of New
Zealand that survived glacial maxima in warmer northern
refugia (Towns, 1974; Bull and Whitaker, 1975; Hardy,
1977). However, recent molecular studies clearly reject
recent colonisation. Molecular data strongly support the
monophyly of the New Zealand skink fauna and a single
colonisation of New Zealand (Hickson et al., 2000; DGC,
CHD and P. Ritchie, unpublished data). Since skinks
appear to have colonised New Zealand ~8-25 mya (Hick-
son et al., 2000; Smith et al., 2007), O. suteri and its ances-
tors have a long evolutionary history in New Zealand.

The level of genetic divergence across the range of O.
suteri was extremely low, with gene flow among most pop-
ulations as recently as the late Pleistocene. This phylogeo-
graphic pattern could be the result of several factors,
including rapid expansion following a recent population
bottleneck and high levels of gene flow among populations.
Cold incubation temperatures are detrimental to the sur-



314 K. M. Hare et al. | Molecular Phylogenetics and Evolution 46 (2008) 303-315

vival and fitness of O. suteri eggs and hatchlings (Hare
et al., 2002, 2004). Since temperatures during glacial max-
ima were 3-6 °C below present (Fleming, 1979; Markgraf
et al., 1995; Elliot et al., 2005), climatic conditions might
have had a pivotal influence on the distribution of O. suteri
during the Pleistocene. Thus, the low genetic divergence
evident in O. suteri might be a result of range contractions
to warmer northern regions (i.e. refugia) during glacial
maxima, followed by rapid range expansions during
interglacials.

Under the glacial refugia scenario, O. suteri would need
to be able to disperse among island groups. Lizards are
generally considered excellent transoceanic disperses (e.g.
Censky, 2006; Rocha et al., 2006), and there is strong evi-
dence to suspect that O. suteri is capable of dispersing over-
water. O. suteri is a strictly coastal species that lives on
rocky beaches, often with abundant driftwood (Gill and
Whitaker, 1996). It can tolerate saltwater, is a strong swim-
mer that readily enters rock pools and the surf zone, and
can hold its breath underwater for up to 20 min (Whitaker,
1968; Robb, 1980; Gill and Whitaker, 1996; K. Miller,
unpublished data). These factors not only place O. suteri
in a position where it is likely transported between islands
(on driftwood, etc.), but also increase its likelihood of sur-
viving long distance over-water travel. Frequent over-water
dispersal might also act to maintain gene flow among geo-
graphically isolated island groups, further limiting genetic
divergence. Since the prevailing current off northeastern
New Zealand (East Auckland current) flows north to south
(Heath, 1985), northern glacial refugia might facilitate
southward expansion across island groups during intergla-
cial periods.

4.4. Comparative phylogeography of O. moco, O. smithi and
O. suteri

Although O. moco, O. smithi and O. suteri have similar
distributions and appear to have been exposed to the
same historical processes since the Pliocene, each species
shows a different response to these processes, resulting
in different phylogeographic patterns. Presumably, the
divergent responses result from differences among the
three species in terms of ecology, habitat use, behaviour
and life-history. Since, O. smithi and O. suteri occur in
similar habitats and both have high likelihoods of success-
ful over-water dispersal, the oviparous reproductive mode
of O. suteri may be partly responsible for the different
phylogeographic patterns evident in these two species.
However, while temperature apparently limits the current
and/or past distribution of O. suteri, the factors that limit
0. moco and O. smithi are unclear. The presence of O.
microlepis within the O. smithi species complex might sug-
gest that O. smithi was once distributed further south or
in inland regions (e.g. rivers). The comparative phyloge-
ography of O. moco, O. smithi and O. suteri highlights
that, due to the influence of ecology and biology on the
response to historical processes, it is difficult to identify

common phylogeographic patterns in the Northland
region, even within the same taxonomic group.
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