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Abstract

We use »1900 bp of mitochondrial (ND2) and nuclear (c-mos and Rag-1) DNA sequence data to recover phylogenetic relationships
among 58 species and 26 genera of Eugongylus group scincid lizards from New Caledonia, Lord Howe Island, New Zealand, Australia
and New Guinea. Taxon sampling for New Caledonian forms was nearly complete. We Wnd that the endemic skink genera occurring on
New Caledonia, New Zealand and Lord Howe Island, which make up the Gondwanan continental block Tasmantis, form a monophy-
letic group. Within this group New Zealand and New Zealand + Lord Howe Island form monophyletic clades. These clades are nested
within the radiation of skinks in New Caledonia. All of the New Caledonian genera are monophyletic, except Lioscincus. The Australian
and New Guinean species form a largely unresolved polytomy with the Tasmantis clade. New Caledonian representatives of the more
widespread genera Emoia and Cryptoblepharus are more closely related to the non-Tasmantis taxa than to the endemic New Caledonian
genera. Using ND2 sequences and the calibration estimated for the agamid Laudakia, we estimate that the diversiWcation of the Tasman-
tis lineage began at least 12.7 million years ago. However, using combined ND2 and c-mos data and the calibration estimated for pygo-
pod lizards suggests the lineage is 35.4–40.74 million years old. Our results support the hypothesis that skinks colonized Tasmantis by
over-water dispersal initially to New Caledonia, then to Lord Howe Island, and Wnally to New Zealand.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The French PaciWc island territory of New Caledonia
forms part of a large continental block, Tasmantis (Fig. 1),
that detached from the eastern margin of Gondwanaland
80–90 MYA (Holloway, 1979; Kroenke, 1984; Kroenke,
1996; Otte and Rentz, 1985; Swenson et al., 2001). The
other major emergent component of Tasmantis is New
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Zealand, which is connected to New Caledonia via the sub-
marine Norfolk Ridge, today emergent only at Norfolk
Island. To the west, the Lord Howe Rise, including Lord
Howe Island and its satellite islets, also constitutes part of
Tasmantis. During portions of the Tertiary, emergent areas
of the Norfolk Ridge and Lord Howe Rise were more
extensive than today, but there is no consensus as to if or
when direct land connections between New Caledonia
and New Zealand existed (Swenson et al., 2001). If such
linkages were once present, they were certainly sundered by
the Oligocene Marine trangressions that inundated New
Zealand during the Oligocene (Cooper and Millener, 1993)
and may have submerged all or most of New Caledonia
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(Cluzel et al., 2001; Murienne et al., 2005). Although some
reconstructions suggest that New Caledonia may have been
submerged for the Wrst 30–50 Myr of its post-Gondwanan
history (Hall, 1997), close links with New Zealand, whether
direct or via island steppingstones, have long been sup-
ported by both geological data (Raven and Axelrod, 1972;
Coleman, 1980; Stevens, 1980; Stevens, 1989) and biological
distribution patterns (Penny, 1975; Winterbourn, 1980;
Bauer, 1990; Swenson et al., 2001; Buckley et al., 2002).

Partly as the result of their long and complex geological
and climatic histories and concomitant opportunities for
cladogenesis and anagenesis, the terrestrial biota of the two
largest components of Tasmantis, New Zealand and New
Caledonia, exhibit high levels of species richness and ende-
mism (Holloway, 1979; Daugherty et al., 1993; Chazeau,
1993). This is particularly true of New Caledonia, which
has been identiWed as one of the world’s hotspots of tropi-
cal biodiversity (Myers, 1988, 1990; Mittermeier et al., 1996;
Lowry, 1998; Myers et al., 2000; Lowry et al., 2004). New
Caledonia is especially signiWcant as a center of Xoral ende-
mism (Virot, 1956; Morat, 1993; Morat et al., 1986; JaVré
et al., 1998), and it supports a number of archaic forms,
including Amborella, the sister group to all other Xowering
plants (Brown, 1999). Although less well studied than the
Xora, the terrestrial and freshwater fauna is also extremely
rich and in some groups endemism reaches 100% (Chazeau,
1993; Platnick, 1993; Séret, 1997; Haase and Bouchet,
1998). In contrast, species diversity in the neighboring
islands comprising the geologically younger and more het-
erogeneous Outer Melanesian Arc (extending from New
Guinea east to the Tonga Trench and including the Admi-

Fig. 1. Bathymetric map of the southwest PaciWc Ocean showing areas dis-
cussed in this paper. LHI, Lord Howe Island; NI, Norfolk Island. Thick
black line represents the approximate boundaries of the Tasmantis block.
The southern limits of this block extend to the Auckland Islands and
Campbell Island, while in the east they reach the Chatham Islands. Map
modiWed from ETOPO2 2 min relief map, National Geophysical Data
Center, National Oceanic and Atmospheric Administration, U.S. Depart-
ment of Commerce.
ralty, Bismarck, and Solomon Islands as well as Vanuatu,
Fiji and Tonga) decreases rapidly from west to east and
inter-island faunal similarity, especially at the generic level,
is high (Polhemus, 1996; Bauer and Sadlier, 2000). Among
vertebrates lizards constitute the most diverse and highly
endemic component of the New Caledonian fauna (Bauer,
1989, 1999; Bauer and Sadlier, 2000), although all endemic
taxa are representatives of either the gekkotan family Dip-
lodactylidae or the scincid subfamily Lygosominae.

The earliest descriptions of New Caledonian scincids
(Peters, 1869, 1879; Bavay, 1869; Günther, 1872, 1873;
Bocage and Barboza, 1873) placed most species in the large
and widespread genera Eumeces, Lygosoma and Euprepes,
although several new genera were proposed for some New
Caledonian species (the diminutive fossorial skinks Anotis
Bavay, 1869 and Nannoscincus Günther, 1872; the large,
keeled-scaled skinks Tropidoscincus Bocage and Barboza,
1873; and Sauroscincus Peters, 1879; and Lioscincus Bocage
and Barboza, 1873). Boulenger (1887) relegated the major-
ity of New Caledonian skinks to the cosmopolitan Lygo-
soma in Catalogue of Lizards in the British Museum, the Wrst
major treatise incorporating the New Caledonian lizard
fauna. Likewise, the monograph of Roux (1913) dealing
with the fauna of New Caledonia placed all 19 species and
subspecies of skinks then recognized into Lygosoma (with
the exception of the shore skink Ablepharus boutoni—now
Cryptoblepharus novocaledonicus). Smith (1937) in review-
ing the groups within Lygosoma basically retained this tax-
onomy, but explicitly recognized several infrageneric
sections. Most New Caledonian taxa fell into his Section
Leiolopisma, although one (deplanchei) was placed in the
Section Sphenomorphus, one (cyanura) was allocated to the
genus Emoia and one (garnieri) to the subgenus Riopa
(Eugongylus). Mittleman (1952) reallocated skink taxa at
the generic level within the subfamily Lygosominae and
recognized seven genera that included New Caledonian
species (Anotis, Cryptoblepharus, Emoia, Tachygyia, Lam-
propholis, Sphenomorphus and Leiolopisma), all of which
also occurred extralimitally.

Greer (1970) provided the Wrst modern review of the
Scincidae, recognizing four subfamilies, one of which—
the nearly cosmopolitan Lygosominae—included all of the
New Caledonian skinks. Within the lygosomines, Greer
(1974) subsequently reevaluated relationships among the
extensive assemblage of species that made up the genus Lei-
olopisma and its allies. His Group II included all of the New
Caledonian taxa, which were placed among the genera Lei-
olopisma (most species), Anotis, Emoia, Cryptoblepharus,
and Phoboscincus (newly erected to accommodate the two
largest species, garnieri and bocourti).

Greer (1974) regarded the Group II lygosomines, subse-
quently renamed the Eugongylus group (Greer, 1979), to
have been derived from “a Mabuya stock,” based largely on
shared primitive character states. Greer (1974) considered
Phoboscincus to be closely allied to both Eugongylus
(Halmahera through New Guinea to the Solomon Islands)
and Tachygyia (Tonga). On the basis of distributional data,
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he regarded Tachygyia and Phoboscincus to be indepen-
dently derived from a Eugongylus-like ancestor. He also
postulated the origin of Cryptoblepharus from Emoia and
of Emoia from Eugongylus or a Eugongylus-like ancestor,
although without speciWc mention of the New Caledonian
members of the former two genera. Greer (1974) regarded
Anotis as a specialized genus derived from Leiolopisma with
three species (gracilis, mariae, slevini) from New Caledonia
and two (maccoyi, graciloides) from Australia, although he
was unconvinced of its monophyly.

Böhme (1976) described the distinctive New Caledonian
species Eugongylus haraldmeieri, which he regarded as
intermediate between the giant PaciWc Island skink genera
Phoboscincus (New Caledonian) and Tachygyia (Tongan).
On this basis he synonymized the two younger names with
Eugongylus.

Sadlier (1986) comprehensively revised the New Caledo-
nian scincids and accepted all of Greer’s (1974) generic allo-
cations outside of Leiolopisma proper, although Anotis spp.
were transferred to Nannoscincus based on the preoccupa-
tion of the former name (Cogger, 1979; Czechura, 1981).
Sadlier (1986) rejected Böhme’s (1976) taxonomic conclu-
sions regarding Phoboscincus and resurrected this genus,
while establishing the monotypic Geoscincus to accommo-
date Eugongylus haraldmeieri. He also erected the mono-
phyletic genera Caledoniscincus, Marmorosphax and
Sigaloseps, and resurrected Tropidoscincus Bocage and
Barboza, 1873 to accommodate most of the New Caledo-
nian species formerly assigned to Leiolopisma, and
described Graciliscincus for a distinctive newly discovered
fossorial skink. Subsequently, the remaining morphologi-
cally primitive species that lack the apomophies that would
allow placement within any existing genus were transferred
to the genus Lioscincus (type species Lioscincus steindach-
neri Bocage and Barboza, 1873) (Bauer and Sadlier, 1993),
the only available generic name for any of the constituent
species. However, the probable paraphyly or polyphyly of
Lioscincus has been acknowledged (Bauer and Sadlier,
1993, 2000; Sadlier et al., 1998, 2004; Sadlier and Bauer,
1999b).

In the last decade extensive Weld work by the authors
and their colleagues in New Caledonia has resulted in the
discovery of numerous additional skink species, including
highly apomorphic taxa that have been allocated to the new
monotypic genera Simiscincus Sadlier and Bauer, 1997a;
Lacertoides Sadlier et al., 1997 and Kanakysaurus Sadlier
et al., 2004. Most recently, Lygosoma euryotis Werner, 1909
(initially placed in Marmorosphax by Sadlier, 1986) has
been removed to a new genus, Celatiscincus Sadlier et al.,
2006; which it shares with a newly recognized sister species.
Thus, the present skink fauna of New Caledonia includes
49 species in 15 genera.

The genera Celatiscincus, Geoscincus, Graciliscincus,
Kanakysaurus, Lacertoides, Lioscincus, Marmorosphax,
Nannoscincus, Phoboscincus, Sigaloseps, Simiscincus, and
Tropidoscincus are strictly endemic to New Caledonia,
chieXy on the Grande Terre, but also on the neighboring
Loyalty Islands, Isle of Pines and smaller satellite islands.
Note that Nannoscincus has only recently been restricted to
the New Caledonian species, and the Australian species
Saiphos maccoyi Lucas & Frost, 1894 (formerly regarded as
part of Nannoscincus) is now assigned to the genus Anepis-
chetosia (Sadlier et al., 2006). Caledoniscincus is nearly
endemic, with a single species, (C. atropunctatus), extending
northeastwards to the southern islands of Vanuatu (Med-
way and Marshall, 1975; Bauer and Sadlier, 2000). Cryptob-
lepharus novocaledonicus is a putatively endemic species
that is representative of a relatively speciose genus occur-
ring elsewhere in Australia and on numerous islands in the
PaciWc and Indian Oceans. Finally, Emoia is a southeast
Asian and PaciWc genus with one widespread species (E.
cyanura) and one endemic species (E. loyaltyensis) in the
Loyalty Islands.

Recently, molecular approaches have been widely
applied to problems of lygosomine relationships, however,
most of these broader analyses have not included even a
single member of the New Caledonian Eugongylus group
taxa (Honda et al., 1999, 2000, 2003; Whiting et al., 2003;
Brandley et al., 2005) and the only published molecular
phylogeny using New Caledonian taxa employed only six
taxa (Sadlier et al., 2004). Although alternative higher order
relationships among skinks as a whole have been proposed
(e.g., Whiting et al., 2003; Brandley et al., 2005) and the
monophyly of the Lygosominae has been called into ques-
tion, there is strong support for the monophyly of the
Eugongylus group and for all lygosomines exclusive of the
Sphenomorphus group (Honda et al., 2000, 2003; Whiting
et al., 2003).

The monophyly of the Eugongylus group has been cor-
roborated by a variety of studies (Donnellan, 1985; Greer,
1989, 1990; Hutchinson, 1993; Hutchinson and Donnellan,
1993; Hutchinson et al., 1990; Honda et al., 2000, 2003;
Smith, 2001), although relationships within the group
remain contentious. To date, however, limited morphologi-
cal, immunological and molecular sequence approaches
have failed to clarify relationships within New Caledonia,
or between New Caledonia and other neighboring radia-
tions. Hutchinson et al. (1990), based on unpublished data
from micro-complement Wxation, implied that New Cale-
donian members of the Eugongylus group were not particu-
larly closely related to their New Zealand or Australian
counterparts, although all formed part of a monophyletic
Eugongylus group radiation in the Australian region. Both
Hardy (1977) and Hickson et al. (2000) postulated that the
New Caledonian skinks were perhaps the closest relatives
of those on New Zealand, but they lacked comparative
material to test this hypothesis.

A number of largely phenetic working hypotheses
regarding New Caledonian skinks have been proposed.
These include the close relationshsip of Phoboscincus and
Geoscincus (Böhme, 1976; Börner, 1980), Graciliscincus to
Simiscincus (Sadlier and Bauer, 1997b), and Tropidoscincus
and Lacertoides to Lioscincus maruia and L. tillieri (Sadlier
et al., 1997; Sadlier and Bauer, 1999b). Böhme (1979) also
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remarked on the clear similarity of Leiolopisma greeri to L.
nigrofasciolatus and their aYnity has been accepted by sub-
sequent authors (Sadlier, 1986; Bauer and Sadlier, 2000).

Relationships among some species of Caledoniscincus
have been investigated using allozymes (Sadlier et al., 1999)
and a revision of Emoia (Brown, 1991) suggests that the
two New Caledonian species are not especially closely
related to one another. Sadlier (1990; Sadlier et al., 2002)
recognized the New Caledonian members of Nannoscincus
as a monophyletic group, identifying two species groups on
the basis of morphological data. Most recently, Sadlier
et al. (2004) described Lioscincus vivae and presented both
morphological and molecular evidence for its close rela-
tionship to L. steindachneri. Although monophyletic sub-
units of the New Caledonian skink fauna can be readily
identiWed on the basis of derived features of scalation, oste-
ology and soft anatomy, such data sets have proved ineVec-
tive at elucidating patterns of relationship among these
highly distinctive clades.

In this study, we use mitochondrial and nuclear DNA
sequence data to address the following questions: (1) do the
scincid lizards of New Caledonia belong to a single mono-
phyletic clade and, if so, what is the relationship between
this clade and skinks in other Tasmantis landmasses? (2)
are the New Caledonian skink genera as currently consti-
tuted monophyletic? and (3) how are genera within New
Caledonia related?

2. Materials and methods

2.1. Taxon sampling

Sequences were obtained from representatives of all rec-
ognized species of New Caledonian scincid lizards except
Geoscincus haraldmeieri, Phoboscincus bocourti, Lioscincus
greeri and Nannoscincus exos (Table 1). Nannoscincus exos
is a recently described form (Bauer and Sadlier, 2000;
Sadlier et al., 2002) known from only a few specimens; L.
greeri also remains known from only a few specimens and
the remaining two taxa are known only from the types
(although P. bocourti has recently been rediscovered on Ile
Brosse, oV of the Isle of Pines (Ineich, 2004)). Attempts to
obtain sequence from the ethanol-preserved types of G.
haraldmeieri and L. greeri were unsuccessful. Where possi-
ble we sampled two localities for each species. For wide-
spread species, localities were chosen to represent as much
of the species range as possible (Fig. 2).

Representative taxa from non-New Caledonian lineages
were chosen from extralimital members of the Eugongylus
group; and from other lineages of lygosomine skinks.
Within the Eugongylus group we sampled several skinks
from other components of Tasmantis: “Oligosoma” licheni-
gera from Lord Howe Island and three species of Oligo-
soma and one Cyclodina from New Zealand (c-mos and
Rag-1 sequences for Lord Howe Island and New Zealand
taxa are from Smith, 2001). The Australian genera Catula,
Morethia, Menetia, Pseudemoia, Saproscincus, Lygisaurus,
Lampropholis, and Niveoscincus (one species each) were
also sampled. Remaining Eugongylus group taxa included
in the analysis were Leiolopisma telfairii from Round
Island, Mauritius and New Guinean representatives of
Eugongylus and Emoia. Outgroup taxa included Spheno-
morphus, Eutropis (Mabuya), Apteryogodon, Panaspis,
Tropidophorus and Tiliqua.

Tissue samples for New Caledonian taxa were obtained
chieXy from our own Weld work and corresponding speci-
mens have been deposited in the collections of the Austra-
lian Museum, Sydney (AMS) and California Academy of
Sciences, San Francisco (CAS). Additional samples were
obtained from Christopher C. Austin, Louisiana State Uni-
versity (CCA), Charles H. Daugherty, National Frozen Tis-
sue Collection (NFTC) housed at Victoria University of
Wellington, New Zealand (CD and FT), and the Zoologis-
ches Forschungsinstitut und Museum A. Koenig, Bonn,
Germany (ZFMK).

2.2. DNA extraction, PCR ampliWcation, and sequencing

We included DNA sequence data from one mitochon-
drial and two nuclear genes, including the mitochondrial
NADH dehydrogenase subunit 2 (ND2; 514 bp); and
nuclear recombination activating gene 1 (Rag-1; 830 bp)
and oocyte maturation factor (c-mos; 549 bp). DNA was
extracted from liver tissue that had been frozen or stored in
95% ethanol using the DNeasy kit (Qiagen). PCR was con-
ducted using Eppendorf mastertaq. ND2 was ampliWed and
sequenced using primers L4437b (Macey et al., 1997) and
ND2r102 (Sadlier et al., 2004). Rag-1 primers were R13
from Groth and Barrowclough (1999) and an additional
reverse primer G425 (primer sequence—5�-AAA GCA
AGG ATA GCG ACA AGA G-3�; Smith, 2001). C-mos
was ampliWed using G303 (primer sequence—5�-ATT ATG
CCA TCM CCT MTT CC-3�; Saint) and G74 (Saint et al.,
1998). AmpliWcation conditions were: initial denaturation
at 94 °C for 2 min, denaturation at 94 °C for 45 s, annealing
at 52 °C for 45 s, and extension at 72 °C for 1 min, for 34
cycles. Negative controls were run for all ampliWcations.
AmpliWed products were puriWed using GFX PCR puriWca-
tion columns (Amersham Biosciences). Both strands of
each PCR product were puriWed and sequenced using an
ABI 373 or 3700 automated sequencer. GenBank accession
numbers, are provided in Table 1.

2.3. Phylogenetic analyses

Alignment of sequences was performed using Clustal
X.1.81 (Thompson et al., 1997) with default parameters
(gap openingD15; gap extensionD6.666; delay divergent
sequencesD 30%; transition:transversionD50%), with
adjustments by eye using Se-Al v1.0 (Rambaut, 1995). A
few taxa lacked data for one or more genes (Table 1), how-
ever recent simulations (Wiens, 2003; Phillipe et al., 2004)
and analyses of empirical data sets (Phillipe et al., 2004;
Driskell et al., 2004; Wiens et al., 2005) suggest that
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(continued on next page)
Table 1
Specimens sampled for this study

Taxon Specimen Locality GenBank Accession Nos.

Eugongylus group ND2 Rag-1 C-mos

New Caledonia
Caledoniscincus aquilonius AMS R161247 (5) Dôme de Tiébaghi DQ675194 DQ675274 DQ675399
Caledoniscincus atropunctatus CAS231910 (21) NW of Moindou DQ675195 DQ675275 DQ675400
Caledoniscincus atropunctatus AMS R161083 (2) Île Art, Îles Belep DQ675196 DQ675276 DQ675401
Caledoniscincus auratus AMS R157911 (11) Tia DQ675197 DQ675277 DQ675402
Caledoniscincus austrocaledonicus AMS R1161186 (16) Creek Hervouët DQ675198 DQ675278 DQ675403
Caledoniscincus austrocaledonicus CAS231888 (32) Île des Pins DQ675199 DQ675279 DQ675404
Caledoniscincus chazeaui AMS R138515 (6) Koulnoué DQ675272 — —
Caledoniscincus festivus AMS R161882 (28) Monts Kwa Ne Mwa DQ675200 DQ675280 DQ675405
Caledoniscincus haplorhinus EBU15039 (3) Maa Bwén, Île Baaba DQ675201 DQ675281 DQ675406
Caledoniscincus orestes AMS R149926 (18) Néoua area, Mé Adéo DQ675202 DQ675282 DQ675407
Caledoniscincus renevieri AMS R165851 (14) Mt. Aoupinié DQ675268 DQ675348 —
Caledoniscincus terma CAS198680 (4) Mt. Mandjélia DQ675271 — —
Celatiscincus euryotis AMS R138574 (32) Île des Pins DQ675204 DQ675284 DQ675409
Celatiscincus similis AMS R153504 (8) Tsiba DQ675203 DQ675283 DQ675408
Cryptoblepharus novocaledonicus AMS R165930 (32) Île des Pins DQ675205 DQ675285 DQ675410
Emoia cyanura AMS R163421 (33) Maré, Îles Loyauté DQ675263 DQ675343 —
Emoia loyaltiensis AMS R163417 (33) Maré, Îles Loyauté DQ675206 DQ675286 DQ675411
Graciliscincus shonae AMS R147856 (27) Mt. Koghis DQ675254 DQ675334 DQ675391
Graciliscinus shonae AMS R165813 (25) Mt. Ouin DQ675207 DQ675287 DQ675412
Kanakysaurus viviparus AMS R161232 (5) Dôme de Tiébaghi DQ675208 DQ675288 DQ675413
Kanakysaurus viviparus AMS R161299 (1) Île Pott, Îles Belep DQ675209 DQ675289 DQ675349
Lacertoides pardalis CAS 205483 (31) Kwa Néie DQ675210 DQ675290 DQ675350
Lacertoides pardalis AMS R148051 (31) Kwa Néie DQ675211 DQ675291 DQ675351
Lioscincus maruia AMS R163164 (11) Plateau de Tia DQ675213 DQ675293 DQ675353
Lioscincus maruia AMS R149897 (18) Mé Adéo DQ675214 DQ675294 DQ675354
Lioscincus nigrofasciolatus AMS R149334 (7) Mt. Panié DQ675215 DQ675295 DQ675355
Lioscincus nigrofasciolatus AMS R138624 (32) Île des Pins DQ675216 DQ675296 DQ675356
Lioscincus novocaledonicus AMS R166364 (19) Bourail DQ675251 DQ675331 —
Lioscincus novocaledonicus AMS R166367 (19) Bourail DQ675252 DQ675332 —
Lioscincus steindachneri AMS R149418 (14) Mt. Aoupinié DQ675217 DQ675297 DQ675357
Lioscincus steindachneri AMS R149890 (18) Mé Adéo DQ675218 DQ675298 DQ675358
Lioscincus tillieri AMS R148013 (26) Mt. Mou DQ675219 DQ675299 DQ675359
Lioscincus tillieri AMS R148037 (24) Mt. Vulcain DQ675220 DQ675300 DQ675360
Lioscincus viviae CAS 226163 (12) Kopéto DQ675221 DQ675301 DQ675361
Marmorosphax montana AMS R165922 (25) Mt. Ouin DQ675226 DQ675306 DQ675366
Marmorosphax montana AMS R165802 (25) Mt. Ouin DQ675255 DQ675335 DQ675392
Marmorosphax sp. nov. 1 AMS R165973 (9) Mt. Taom DQ675224 DQ675304 DQ675364
Marmorosphax sp. nov. 2 AMS R163197 (15) Boulinda DQ675225 DQ675305 DQ675365
Marmorosphax tricolor CAS 214451 (27) Mt. Koghis DQ675227 DQ675307 DQ675367
Marmorosphax tricolor AMS R163178 (15) Boulinda DQ675223 DQ675303 DQ675363
Nannoscincus garrulus AMS R163453 (23) Pic Ningua DQ675261 DQ675341 —
Nannoscincus garrulus CAS 226166 (23) Pic Ningua DQ675262 DQ675342 —
Nannoscincus gracilis AMS R144351 (22) Sarraméa DQ675229 DQ675309 DQ675369
Nannoscincus gracilis AMS R149892 (18) Mé Adéo DQ675233 DQ675313 DQ675373
Nannoscincus greeri CAS 231942 (10) Nèmèrétina DQ675230 DQ675310 DQ675370
Nannoscincus hanchisteus AMS R149355 (17) Pindaï DQ675270 — —
Nannoscincus humectus AMS R149498 (13) Forêt Plate DQ675269 — —
Nannoscincus mariei AMS R135111 (27) Mt. Koghis DQ675231 DQ675311 DQ675371
Nannoscincus mariei AMS R146484 (26) Mt. Mou DQ675232 DQ675312 DQ675372
Nannoscincus sleveni AMS R147879 (20) Plateau de Dogny DQ675256 DQ675336 —
Phoboscincus garnieri AMS R146293 (32) Île des Pins DQ675236 DQ675316 DQ675376
Phoboscincus garnieri AMS R151964 (29) Mt. Dore DQ675237 DQ675317 DQ675377
Sigaloseps deplanchei AMS R148065 (30) Plaine des Lacs DQ675238 DQ675318 DQ675378
Sigaloseps ruWcauda AMS R146482 (26) Mt. Mou DQ675239 DQ675319 DQ675379
Simiscincus aurantiacus AMS R144356 (27) Mt. Koghis DQ675250 DQ675330 DQ675389
Tropidoscincus aubrianus CAS 198661 (32) Île des Pins DQ675260 DQ675340 —
Tropidoscincus boreus AMS R163185 (15) Boulinda DQ675241 DQ675321 DQ675381
Tropidoscincus variabilis AMS R161879 (28) Monts Kwa Ne Mwa DQ675242 DQ675322 DQ675382
Tropidoscincus variabilis AMS R150734 (29) Mt. Ouin DQ675243 DQ675323 DQ675383
New genus AMS R161182 (9) Mt. Taom DQ675193 DQ675273 DQ675398
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incomplete taxa can be accurately placed in phylogenetic
analyses if the overall number of characters is high.

Data were analyzed using maximum parsimony and
Bayesian methods. Each gene was initially analyzed sepa-
rately to look for incongruence. Maximum parsimony anal-
yses were implemented in PAUP* 4.0b10 (SwoVord, 2002),
using an heuristic search with tree-bisection–reconnection
(TBR) branch swapping and 1000 random taxon-addition-
sequence replicates per search. Support for clades was eval-
uated using non-parametric bootstrapping (Felsenstein,
1985). Bootstrap analyses used 500 pseudoreplicates each
with TBR branch swapping and 10 random addition
sequence replicates per bootstrap pseudoreplicate. Bayesian
analyses were implemented using MrBayes version 3.1.2
(Huelsenbeck and Ronquist, 2001). We used hierarchical
likelihood-ratio tests (implemented in MrModeltest version
2.0; Nylander, 2004) to Wnd the most appropriate model of
sequence evolution for each gene. We investigated two par-
titioning strategies for Bayesian analysis of this data. First,
we used a single partition for each gene; second, we used
three partitions for each gene representing Wrst, second and
third codon positions. In each case we used the model sug-
gested by MrModeltest for all partitions within a gene. We
used comparison of Bayes factors (Nylander et al., 2004) to
determine which of these sampling strategies performs bet-
ter (see Brandley et al., 2005; Wiens et al., 2005). Our analy-
ses suggest that the best overall modeling and partitioning
strategy for the combined molecular data uses the
GTR+I+� model for each codon position in ND2, and
HKY+� for each codon position in Rag-1 and HKY+I for
each codon position in c-mos. We ran four replicate
searches with 5.0£ 106 generations each, sampling every
1000 generations. Each analysis used four chains and
default priors. Standard deviations of split frequencies and
plots of log-likelihoods over time were examined for sta-
tionarity. All analyses appeared to reach stationarity before
Table 1 (continued)

Parenthetical numbers in locality column correspond to localities plotted on Fig. 2.
a Data from Smith, 2001. Collection abbreviations are as follows: AMS, Australian Museum, Sydney; CAS, California Academy of Sciences, San Fran-

cisco; CCA, Christopher C. Austin, Louisiana State University; CD and FT, Charles H. Daugherty, Victoria University of Wellington, New Zealand (CD
and FT); ZFMK, Zoologisches Forschungsinstitut und Museum A. Koenig, Bonn, Germany.

Taxon Specimen Locality GenBank Accession Nos.

Eugongylus group ND2 Rag-1 C-mos

Australia
Catula zia AMS R151812 Border Ranges N.P., NSW DQ675264 DQ675344 —
Lampropholis guichenoti AMS R145994 Near Penrith, NSW DQ675212 DQ675292 DQ675352
Lygisaurus foliorum AMS R151327 Lake Burragarang area, NSW DQ675222 DQ675302 DQ675362
Menetia greyii AMS R151714 Sturt National Park, NSW DQ675266 DQ675346 —
Morethia adelaidensis AMS R155359 Sturt National Park, NSW DQ675228 DQ675308 DQ675368
Niveoscincus pretiosus AMS R133014 Chappell Island, TAS DQ675234 DQ675314 DQ675374
Pseudemoia pagenstecheri AMS R148177 Riamukka State Forest, NSW DQ675267 DQ675347 —
Saproscincus rosei AMS R152292 vic. Barrington House, NSW DQ675248 DQ675328 —

New Zealand
Cyclodina aenea FT5253 Pukerua Bay DQ675244 DQ675324a DQ675384a

Oligosoma microlepis CD1299 Taihape DQ675235 DQ675315a DQ675375a

Oligosoma smithi FT193 Ocean Beach, Whangarei DQ675246 DQ675326a DQ675386a

Oligosoma suteri FT148 Green Island, Mercury Islands DQ675247 DQ675327a DQ675387a

Lord Howe/Norfolk Island groups
Oligosoma lichenigera AMS R 93465 Balls Pyramid, Lord Howe Island DQ675245 DQ675325a DQ675385a

Papua New Guinea
Eugongylus rufescens AMS R122480 Bobole SHP, Papua New Guinea DQ675253 DQ675333 DQ675390

Round Island, Mauritius
Leiolopisma telfairii no number Round Island, Mauritius DQ675259 — DQ675396

Outgroups
Apterygodon vittatum CCA7218 Borneo, Sarawak, Kuching, 

Malaysia
— DQ675338 DQ675393

Lygosoma punctata AMB no number Vellore, India DQ675265 DQ675345 —
Eutropis multicarinata CCA1255 Mindanao Island, Davo City, 

Malagos Eagle Camp, Philippines
— DQ675339 DQ675394

Panaspis africana CAS 218730 Java, São Tomé et Principe DQ675257 DQ675337 —
Sphenomorphus fasciatus CCA1251 Mindanao Island, Davo City, 

Malagos Eagle Camp, Philippines
DQ675240 DQ675320 DQ675380

Sphenomorphus jobiense THNM 51276 Morobe Province, Bakia Village 
No. 1, 11 km SE, Garaina, Garaina 
Valley, Papua New Guinea

DQ675258 — DQ675395

Tiliqua scincoides AMS R154684 Yathong Nature Reserve DQ675249 DQ675329 DQ675388
Tropidophorus brookei AMB no number Sarawak, Borneo, Malaysia DQ675192 — DQ675397
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1.0£ 106 generations, so the Wrst 1000 trees were discarded
as burn-in. Our alignments and treeWles have been submit-
ted to TreeBase as study number S1702 and matrix acces-
sion numbers M3075–3077.

2.4. Molecular clock considerations and hypothesis testing

We estimated the age of the New Caledonian raditation
using two diVerent molecular clock calibrations. We used
Macey et al.’s (1998) calibration for ND2 calculated from
the agamid Laudakia, and Jennings et al’s. (2003) calibra-
tion for combined ND2 and c-mos calculated from the
pygopod Pygopus. We then used these estimates of the rate
to calculate the age of divergence between selected lineages
whose sister group relationships were well supported by
both Bayesian and maximum parsimony analyses (see Sec-
tion 3).

To estimate the age of the New Caledonian radiation
using the calibration points for ND2 for the agamid lizard
genus Laudakia (Macey et al., 1998), we reanalysed the
Laudakia data using the 514 bp fragment of ND2 that we
used for our phylogenetic analysis. We estimated the aver-
age pairwise GTR distance between pairs of taxa at the
nodes for which Macey et al. (1998) gave dates (1.5, 2.5, 3.5
and 9 Myr old). We regressed the ages of these 4 nodes
against the pairwise GTR distance; the slope of this regres-
sion is the rate of sequence evolution.

To estimate the age of the New Caledonian radiation
using the calibration point for ND2 and c-mos for the
pygopod lizard genus Pygopus (Jennings et al., 2003), we
used 844 bp of sequence for which we have both Pygopus
and skink sequences. Using this data we calculated the
GTR distance between P. orientalis and P. lepidopodus, and
between P. orientalis and P. nigriceps. We then calculated
the rate of sequence evolution when this node is 20 million
years-old, and 23 million years-old (Jennings et al., 2003).

We tested whether our data can statistically reject alter-
native trees in which the New Caledonia and New Zealand
taxa form reciprocally monophyletic clades. We tested
alternative trees under maximum parsimony using the
Templeton test (Templeton, 1983). Alternative trees are sta-
tistically rejected using Bayesian criteria if they do not
occur in the 95% CI set of trees.

3. Results

Analyses of the three genes combined included a total of
1893 nucleotides, of which 961 were variable and 647 were
parsimony informative. Analysing genes separately did not
reveal any strongly supported incongruence so we discuss
the results of analysis of the three genes combined. The
Bayesian and maximum parsimony topologies were gener-
ally similar and all nodes strongly supported by maximum
parsimony bootstrapping were also supported by high
Bayesian posterior probabilities (Pp) (Fig. 3).

Relationships among the non-lygosomine outgroup taxa
are well supported (Pp 7 0.99). The two Sphenomorphus
included in the analysis, S. fasciatus and S. jobiense, do not
form a monophyletic group, nor do the Mabuya group taxa
Apterygodon vittatum and Eutropis multicarinata.
Fig. 2. Map of New Caledonia showing the collection localities of the skinks sampled. Numbered localities correspond to those listed in locality column of
Table 1.
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Fig. 3. Phylogeny based on combined, partitioned Bayesian analysis of one mitochondrial and two nuclear genes. Support values are shown as Bayesian
posterior probability/bootstrap support values. Support less than Pp 0.50 or bootstrap 50% are not shown.
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There is strong support (PpD1.0) for both the Eugongy-
lus group + Panaspis, and the Eugongylus group proper.
Within the Eugongylus group there is a polytomy between
the endemic Tasmantis genera and a series of clades includ-
ing all remaining taxa, including the two New Caledonian
area Emoia and Cryptoblepharus novocaledonicus as well as
Leiolopisma telfairii and all Australian and New Guinea
taxa sampled. There is strong support (PpD1.0) for the
clade including the Australian genera Saproscincus, Lygi-
saurus, Catula, Lampropholis, and Niveoscincus. Although
branch length is short, there is strong support (PpD 0.99)
for a large clade corresponding to the endemic Tasmantis
genera of the Eugongylus group. The New Zealand skinks
Oligosoma + Cyclodina form a monophyletic group embed-
ded within the New Caledonian radiation, with the Lord
Howe/Philip Island (a satellite of Norfolk Island) “Oligo-
soma” lichenigera well supported as its immediate sister
group. The one species of Cyclodina included renders Oligo-
soma paraphyletic. The New Caledonian Lioscincus novo-
caledonicus and the well-supported species pair (L.
maruia + L. tillieri) form a polytomy with the New Zealand
and Lord Howe/Phillip Island species, but there is no sig-
niWcant support for the larger clade incorporating all three
of these lineages and we cannot reject the hypothesis that
the New Zealand/Lord Howe clade is the sister group of a
monophyletic New Caledonian lineage (309 trees with this
topology are found in the 7596 trees in the 95% conWdence
interval from our Bayesian analysis and P 7 0.9219 using
maximum parsimony).

All remaining New Caledonian skinks are members of a
clade within which all constituent genera except Lioscincus,
and all species except Caledoniscincus austrocaledonicus,
Nannoscincus mariei and N. gracilis have strong support.
Nannoscincus is the sister group to all New Caledonian gen-
era in this clade. The remaining taxa constitute a number of
discrete subclades as follows: Lioscincus vivae + L. steind-
achneri together are the sister group to Celatiscincus;
together these are the sister group of Sigaloseps. A second
clade has the pattern ((Marmorosphax + Kanakysaurus)
(Lioscincus nigrofasciolatus (Lacertoides + Phoboscincus))).
Tropidoscincus is the sister group to a trichotomy consisting
of Graciliscincus, Simiscincus + Caledoniscincus, and an
undescribed species from Mt. Taom representing a new
genus. However, support for intergeneric relationships
within this clade, and particularly for the placement of Sim-
iscincus and the new genus is lacking.

Our reanalysis of 514 bp of Laudakia data using a
GTR model of sequence evolution resulted in an estimate
of the rate of sequence evolution for this section of ND2
of 1% per lineage per million years. This is higher than
the 0.65% rate estimated by uncorrected distance for the
»1700 bp of mitochondrial sequence used by Macey et al.
(1998). Using this rate, the age of the split between the
New Caledonia + New Zealand linage and the Austra-
lian/New Guinea species is at least 12.7 Myr. The split
between “Oligosoma” lichenigera and Oligosoma/Cyclo-
dina is 7.9 Myr.
The ages of these nodes recovered using Jennings et al.
(2003)(’s) calibration for pygopods is much older. The rate
of molecular evolution for ND2 + c-mos is 0.49–0.57% per
lineage per million years (using node ages of 23 and 20 mil-
lions years). Using this rate, the age of the split between the
New Caledonia + New Zealand linage and the Australian/
New Guinea species is approximately 35.4–40.7 Myr. The
split between “Oligosoma” lichenigera and Oligosoma/
Cyclodina is 19.9–22.9 Myr

4. Discussion

4.1. Eugongylus group phylogeny

Our results corroborate the monophyly of the Eugongy-
lus group lygosomines (sensu Greer, 1979) as a whole and
are thus consistent with all previous studies (Donnellan,
1985; Greer, 1989, 1990; Hutchinson, 1993; Hutchinson and
Donnellan, 1993; Hutchinson et al., 1990; Honda et al.,
2000, 2003; Smith, 2001; Reeder, 2003; Austin and Arnold,
2006). Greer (1979) demonstrated that the Mascarene spe-
cies Leiolopisma telfairii shares a number of diagnostic fea-
tures with taxa in the Eugongylus group (alpha palate with
posteromedial processes on trailing edges of palatines, 11
premaxillary teeth, 28 presacral vertebrae), but excluded it
from membership as at least some individuals retain ptery-
goid teeth (Arnold, 1980). However, our data suggest that
Leiolopisma is, indeed, a member of the Eugongylus clade.
The sister group relationship between Leiolopisma and
some Emoia was also recovered with low support by Austin
and Arnold (2006), although the weakly supported rela-
tionship between this clade and Eugongylus was not recov-
ered in their analysis. We also found support for the
relatively close relationship of the African Panaspis to the
Eugongylus group, as previously proposed by Greer (1979)
and Smith (2001). Greer (1974) suggested that the beta pal-
ate morphology had been independently derived from the
alpha palate in two diVerent lineages, a sub-Saharan Afri-
can one including Panaspis, and an Australo-Papuan one
including Lampropholis and its relatives. Greer (1979) sub-
sequently favored a monophyletic group of beta palate
skinks, his Lampropholis subgroup, but our limited data
support his earlier interpretation.

Our sampling of Australian taxa is insuYcient to draw
any broad conclusions, but our results are largely consis-
tent with those of previous authors. Greer (1979) placed
Eugongylus group skinks into two subgroups, the Eugongy-
lus and Lampropholis subgroups based chieXy on palatal
morphology and later (Greer, 1989) diagnosed the Pseude-
moia group (including the Lampropholis subgroup) on the
basis of the derived presence of a fused atlantal arch.
Hutchinson et al. (1990), proposed a number of new genera
for the Australian Eugongylus group members based chieXy
on immunological (MCF) data. Their allocation of taxa
resulted in species with both distinct and fused atlantal
arches in a redeWned genus Pseudemoia, and as such is
clearly at odds with Greers concept of the Pseudemoia
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group. Our data does not support the higher order relation-
ships of Hutchinson et al. (1990), nor does it support
Greer’s (1989) Pseudemoia group in its entirety, as the Aus-
tralian and New Caledonian members are not parts of the
same monophyletic group. This would indicate that fusion
of the atlantal arches of the Wrst cervical vertebrae has
evolved on at least two occasions within skinks. Our data
does support the monophyly of the Australian members of
Greer’s (1979) Lampropholis subgroup (here represented by
Saproscincus, Lygisaurus, Catula, Niveoscincus and Lam-
propholis; Fig. 3), and it appears that the beta palate of the
Lampropholis subgroup has evolved within a more exten-
sive alpha palate lineage, rendering the alpha palate group
paraphyletic. However, because relationships between the
Lampropholis clade and others within the Eugongylus
group are poorly supported, we cannot reject the alterna-
tive hypothesis that Greer’s (1979) Eugongylus subgroup is
monophyletic.

4.2. Tasmantis skinks

In our analysis, the species belonging to the widespread
PaciWc region genera Cryptoblepharus (novocaledonicus)
and Emoia (cyanura and loyaltiensis) are the only members
of the New Caledonian skink fauna that do not form part
of a monophyletic group also including the New Zealand
skinks and “Oligosoma” lichenigera from the Lord Howe
and Norfolk Island groups. The two New Caledonian spe-
cies of Emoia (cyanura and loyaltiensis) do not occur on the
New Caledonian mainland (Grande Terre), but are
restricted to the neighboring Loyalty Islands. These two
species belong to diVerent lineages; E. loyaltiensis is a mem-
ber of the samoensis group sensu Brown (1991) and weakly
groups with Leiolopisma telfairii and Eugongylus rufescens
in our analysis, whereas E. cyanura was weakly supported
as the sister species to Menetia greyii among the taxa sam-
pled. These results are consistent with Smith’s (2001) sug-
gestion that Emoia is non-monophyletic. The New
Caledonian Cryptoblepharus (novocaledonicus) is wide-
spread on the Grande Terre and on satellite islands where it
occupies low elevation sites, chieXy in or near the high tide
zone (Bauer and Sadlier, 1994; Bauer and Sadlier, 2000;
Sadlier and Bauer, 1997a). It did not show close relation-
ships to Emoia, Morethia, or Menetia, all of which have
been proposed at diVerent times as sharing aYnities with
Cryptoblepharus (Greer, 1974, 1980, 1989).

All remaining Eugongylus group taxa are part of a well
supported clade representing the lineages of the Tasmantis
islands: New Caledonia, Lord Howe, Norfolk Island and
New Zealand. Within this group, the New Zealand skinks
form a strongly supported clade. But within New Zealand
Oligosoma is paraphyletic, with Cyclodina aenea embedded
within it. Generic placement of the New Zealand skinks has
had a history of progressive sub-division, somewhat con-
tempory with the dismantling of the New Caledonian and
Australian Leiolopisma species. Greer (1974, 1979) included
all New Zealand skinks in Leiolopisma. Hardy (1977) rec-
ognized those species with scaly or opaque lower eyelids as
Cyclodina, and Patterson and Daugherty (1995) resurrected
Oligosoma for the remaining New Zealand species of “Lei-
olopisma” (contra Cogger, 1992 who placed these species in
Pseudemoia). Although the monophyly of New Zealand
skinks has been implied (Hutchinson et al., 1990), Hickson
et al. (2000) were unable to demonstrate this using their
data from 12S rRNA. Our results corroborate earlier Wnd-
ings that the New Zealand skinks are monophyletic (Smith,
2001), that Oligosoma smithi and O. microlepis are closely
related, and that Cyclodina renders Oligosoma paraphyletic
(Hickson et al., 2000; Smith, 2001). Even the most compre-
hensive phylogeny of New Zealand skinks to date (Smith,
2001) has only sampled about half of the recognized spe-
cies, and all attempts have had poor support for at least
parts of their resultant trees. Oligosoma is noted for its
cryptic species (Patterson and Daugherty, 1990; Daugherty
et al., 1990) and at least 22–23 Oligosoma and 7–8 species
(some undescribed) of Cyclodina are currently recognized
(Daugherty et al., 1994; Berry et al., 2003). Any conclusions
regarding the phylogeny of New Zealand skinks will
require more extensive taxon sampling and perhaps a
broader range of genetic markers.

Our results support those of Smith (2001) with respect to
the placement of “Oligosoma” lichenigera, which inhabits
Philip Island and the Lord Howe group, as the sister group
to the New Zealand skink clade. This isolated species had
previously been hypothesized to be closely related to Oligo-
soma suteri (Towns, 1974), to be relatively “basal in the
lineage of Leiolopisma type skinks” (Hardy, 1977), or to be
a member of Cyclodina (Cogger, 1986; Greer, 1989; Hick-
son et al., 1992). We were not able to include in our study
another enigmatic PaciWc species, Lieolopisma alazon from
Fiji, which has previously been conjectured to be related to
the New Zealand skinks (Zug, 1985; Hutchinson et al.,
1990).

4.3. Endemic New Caledonian skink genera

Our analysis suggests that the New Zealand
skinks + “Oligosoma” lichenigera render the New Caledo-
nian clade paraphyletic. However, we cannot statistically
reject the hypothesis of New Caledonian monophyly. There
is strong support for the monophyly of each of the endemic
New Caledonian genera sampled except Lioscincus. The
polyphyly of this genus was suspected by Hutchinson et al.
(1990) and acknowledged by Bauer and Sadlier (1993,
2000). Lioscincus steindachneri (type species) and L. vivae
form a well supported clade nested deep inside the main
New Caledonian lineage. Lioscincus nigrofasciolatus clus-
ters not with these taxa, but with a clade including the
monotypic Lacertoides + Phoboscinus garnieri. Although
not included in our analysis, Lioscincus greeri, is almost cer-
tainly the sister group to L. nigriofasciolatus based on mor-
phological similarities (Böhme, 1979; Sadlier, 1986; Bauer
and Sadlier, 2000). The remaining species of Lioscincus
form two lineages L. tillieri + L. maruia and the distinctive
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L. novocaledonicus which, with the New Zealand taxa, form
a polytomy, but this larger clade receives no support. It is
clear that at least two new genera need to be erected in
order to accommodate those species not part of the mono-
phyletic group that includes the type species of Lioscincus,
L. steindachneri. However, this will require detailed diagno-
ses based on morphological data and will be dealt with in a
subsequent publication.

Within the main New Caledonian clade, the diminutive
fossorial skinks of the genus Nannoscincus are the sister to
remaining taxa. The monophyly of the New Caledonian
Nannoscincus was previously demonstrated by Sadlier
(1990). Sadlier et al. (2002) identiWed two lineages within
the genus, the gracilis group and the mariei group, the latter
with the loss of the left oviduct in females. In our analysis,
the gracilis group is well supported, but the mariei group is
not (see also Sadlier et al., 2004), and the namesake species
in both groups are themselves non-monophyletic. Several
new species have recently been described within the genus
(Sadlier et al., 2004, 2006) and a species level revision is in
progress.

Sigaloseps, with two recognized species is weakly sup-
ported as the sister group to Celatiscincus + Lioscincus
sensu stricto. Celatiscincus (type species Lygosoma euryotis,
Werner) was previously placed in Marmorosphax (Sadlier,
1986), but later removed from this genus and left incertae
sedis by Bauer and Sadlier (2000). Sadlier et al. (2006)
erected a new genus for the one known species and
described a second, cryptic form, C. similis, from the north-
ern Grande Terre. Celatiscincus and Lioscincus have not
previously been hypothesized to be closely related, how-
ever, all constituent taxa are chieXy mesic-adapted forest
species. Both species of Sigaloseps are restricted to the
extensive southern ultramaWc block in New Caledonia
(Bauer and Sadlier, 2000). Sigaloseps deplanchei is wide-
spread in southern New Caledonia, whereas S. ruWcauda is
restricted to the summit areas of Mt. Ouin and Mt. Mou.
The former species is currently under investigation in a Wne
scaled analysis to determine if it may be a composite of sev-
eral cryptic species.

Lioscincus nigrofasciolatus is the sister to
Lacertoides + Phoboscincus garnieri. Although these are all
large, strongly-limbed, long-tailed species, they have not
previously been suggested as allies. Indeed, Sadlier and
Bauer (1999b) suggested that L. tillieri and Tropidoscincus
might be allied to Lacertoides, based chieXy on their shared
possession of exceedingly long tails. Phoboscincus bocourti
has recently been rediscovered after more than a century
(Ineich, 2004) and it will be intriguing to place it in its phy-
logenetic context as there is some morphological evidence
that it may not be congeneric with P. garnieri.

Marmorosphax and Kanakysaurus are sister taxa, with
weak support. The two genera are similar in appearance
and both are viviparous, a feature otherwise found in New
Caledonia only in Lioscincus tillieri (Sadlier et al., 2004).
Marmorosphax is a monophyletic clade that includes one
widespread member, M. tricolor, and several new taxa from
isolated ultramaWc peaks in the northwest of the island
(Sadlier et al., in press), and the southern ultramaWc
endemic, M. montana.

Tropidoscincus are large, terrestrial skinks with long
limbs and tails and have previously been interpreted as
potentially allied to Lacertoides and Lioscincus tillieri
(Sadlier and Bauer, 1999b) in sharing exceptionally long
tails. The most distinctive member of the genus, T. aubri-
anus, is the sister to the other two species. Extensive sam-
pling within T. boreas and T. variabilis, suggests that the
latter may be paraphyletic, but this requires further investi-
gation. Tropidoscincus is the sister group to the most sur-
prising clade of New Caledonian skinks. This includes the
monotypic Graciliscincus and Simiscincus, a new genus (to
be described elsewhere) and Caledoniscincus, the most wide-
spread and speciose genus in New Caledonia. The former
two genera are fossorial and restricted to the southern por-
tion of New Caledonia and the third is known only from a
single ultamaWc peak in the northwest of the island,
whereas the latter is terrestrial, heliophilic, and occurs
throughout New Caledonia, its oVshore islands (Bauer
et al., 1992; Bauer and Sadlier, 1994; Sadlier and Bauer,
1997a) and southern Vanuatu (Medway and Marshall,
1975), from the intertidal zone (Bauer and DeVaney, 1987)
to elevations of over 1000 m. Relationships among these
genera are poorly resolved, but the diverse Caledoniscincus
is strongly supported as monophyletic. Although there are
areas of conXict, our data are consistent with the sister-
group pairing C. auratus–C. renevieri retrieved using allo-
zyme data (Sadlier et al., 1999). A more extensive analysis
of this genus (Sadlier, Smith, Bauer, in prep.) reveals that
some morphological species include cryptic forms and that
species boundaries within Caledoniscincus need to be
reevaluated.

The only genus not included in the analysis was Geoscin-
cus, known only from the two types of G. haraldmeieri.
Although Böhme (1976) and Börner (1980) suggested that
this species was related to Phoboscincus, there is no objec-
tive basis for this, and its aYnities remain uncertain.

4.4. Biogeographic history of the Tasmantis skinks

Evidence for biotic relationships of vicariant origin
between Australia on one hand and New Caledonia + New
Zealand on the other are supported by a variety of taxa
(Cracraft, 1980). Dating of the trans-Tasman split between
Australian and New Caledonian diplodactylid geckos is
supportive of a Gondwanan origin for this group (King,
1987; Bauer, 1990), although the modern New Caledonian
radiation of geckos probably dates only from the Oligocene
(Jackman, 2005), perhaps reXecting a major faunal turn-
over associated with ultramaWc overthrusting during this
period (Cluzel et al., 2001; Bauer et al., 2006).

Although Adler et al. (1995) suggested that the New
Caledonian skink fauna might be a relict of ancient
Gondwanan connections, Sadlier (1986) and Bauer and
Sadlier (1993, 2000) proposed over-water dispersal for the
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colonization of the region, but considered that the extreme
morphological diversity amongst the endemic genera
argued against a Pliocene origin, as had been assumed by
many herpetologists for the endemic skinks of New Zea-
land (see below).

Although our data do support the monophyly of the
endemic skinks of the Tasmantis block, they do not imply
Gondwanan relationships or a vicariant origin of the
regional scincid fauna. Our two methods of age estimation
diVer signiWcantly from one another, yielding a range of
possible divergences of the Tasmantis lineage from other
Eugongylus group skinks from 12.7 to 40.7 Myr. If the true
age of this split is closer to the upper limit it would be con-
sistent with the estimate of Hickson et al. (2000) of at least
23 Myr for the age of Oligosoma, whereas the lower
estimate is compatible with the estimate of a maximum of
17 Myr since the divergence of Leiolopisma from the rest
of the Eugongylus group (Austin and Arnold, 2006). Both
of these estimates are based on 12S sequences. However, the
estimate of the age of Oligosoma is calibrated using bovids
and ratites aged between 28 and 19 Myr, and the Leiolo-
pisma date is based on a calibration point in the scincine
genus Chalcides at 1 Myr. We believe that a younger date is
more likely correct based on two main lines of evidence.
First, a recent chronogram of squamate reptiles (Wiens
et al., 2006) suggests that the 20–23 Myr date for Pygopus
(Jennings et al., 2003) used as a calibration point to esti-
mate rates of sequence evolution may be overestimated by
a factor of 2. Second, older dates imply overwater coloniza-
tion during periods of minimal emergent land in the south-
west PaciWc and also imply the divergence of Oligosoma
lichenigera from New Zealand skinks long before the emer-
gence of Lord Howe Island (see below). Consequently, we
base our biogeographic hypotheses on a Miocene origin of
the Tasmantis group of skinks.

Our data strongly support the hypothesis that New Cal-
edonia was colonized, probably only once, by Eugongylus
group skinks during the Middle Miocene. This was a period
of uplift and marine regression in New Caledonia which
followed a period of Oligocene marine transgressions,
which reduced neighboring New Zealand to an area of
about 18% of its current aerial land mass (Cooper and Mill-
ener, 1993) and may have submerged the majority of New
Caledonia (Murienne et al., 2005).

A lack of resolution at the base of the Eugongylus group
phylogeny precludes identiWcation of a probable source of
this colonization. However, emergent seamounts along the
Norfolk Ridge may have provided an ephemeral link
between portions of the Outer Melanesian Arc and New
Caledonia during parts of the Miocene (Holloway, 1979;
Herzer et al., 1997; Waters et al., 2000; Swenson et al., 2001)
and the Queensland Rise, roughly in the middle of the
Coral Sea, may have oVered stepping stones from Australia
during periods of lowered sea levels (Raven and Axelrod,
1972).

In contrast to earlier interpretations of the New Caledo-
nian fauna (e.g., Diamond, 1984), there now exists clear evi-
dence that New Caledonia has been the site of numerous
in situ radiations of vertebrate taxa (Bauer, 1989; Bauer and
Sadlier, 1993, 2000; Adler et al., 1995). Indeed, animals and
plants of many groups exhibit signiWcant radiations within
New Caledonia (e.g., Haase and Bouchet, 1998; Eibl et al.,
2001). Our data suggest that the modern generic diversity of
New Caledonian skinks was established shortly after the col-
onization of the island, and the lack of support for most pat-
terns of intergeneric relationships may be a reXection of a
relatively explosive radiation of adaptive types. Speciation
within the endemic genera has probably been inXuenced by
signiWcant climatic and vegetational changes that character-
ized major portions of the later Tertiary (Lowry, 1998; Lee
et al., 2001), but speciWc candidate cladogenetic events
remain elusive. In most instances, however, there is no evi-
dence of adaptive intrageneric radiations with signiWcant
anagenetic change. Rather, speciation appears to have been
the result of fragmentation, yielding morphologically and
ecologically similar congeners in allopatry.

Our data also strongly suggest a monophyletic origin
(based on our limited sampling) of the New Zealand plus
Lord Howe/Norfolk Island Eugongylus group skinks, prob-
ably from New Caledonia (although a sister group relation-
ship to the New Caledonian clade cannot be rejected).
Caughley (1964) proposed two invasions of New Zealand
from Australia, and Whitaker (1968) proposed three, while
Towns (1974) suggested that New Caledonia might have
been a source area for the New Zealand fauna. Hardy
(1977) also proposed multiple invasions of New Zealand
from New Caledonia, but also believed that at least some
Leiolopisma (now Oligosoma) in New Zealand had arrived
overwater from Australia. He also proposed the indepen-
dent derivation of O. lichenigera from eastern Australia.
Our data contradict this scenario and conWrm that this line-
age is considerably older than Hardy (1977) had supposed.
Based on our lower age estimates the split between “Oligo-
soma” lichenigera and the endemic New Zealand clade took
place approximately 7.9 Myr. This corresponds well to the
7 Myr estimate for the age of Lord Howe Island (McDou-
gall et al., 1981; Pickard, 1983). The younger (2.3–3.0 Myr)
age of Norfolk Island (Jones and McDougall, 1973; Otte
and Rentz, 1985) suggests that colonization was by way of
Lord Howe, although our sampling did not permit us to
test this.

Earlier estimates placed the origin of the New Zealand
skinks in the Pliocene (Robb, 1973; Towns, 1974; Bull and
Whitaker, 1975; Hardy, 1977). More recent allozyme (Towns
et al., 1985; Daugherty et al., 1990) and mtDNA sequence-
based studies (Hickson et al., 2000) have estimated the age of
the New Zealand skink fauna to be 20Myr or more. If our
preferred (younger) age estimate is correct, it suggests that the
New Zealand Oligosoma/Cyclodina clade is less than 7Myr
old. This is far younger than the estimate of Hickson et al.
(2000), but consistent with estimates for the diversiWcation
of a variety of other elements of the New Zealand biota
(Chambers et al., 2001; Trewick and Wallis, 2001; Trewick
and Morgan-Richards, 2005).



S.A. Smith et al. / Molecular Phylogenetics and Evolution 43 (2007) 1151–1166 1163
Although our sampling is insuYcient to suggest either a
source or the timing of the colonization of the New Caledo-
nian region by Emoia loyaltiensis, E. cyanura, or Cryptob-
lepharus novocaledonicus, it is likely that these events were
very recent. Emoia cyanura is widespread in the tropical
PaciWc (Brown, 1991) and C. novocaledonicus exhibits
almost no genetic variability across its range in New Cale-
donia (Smith et al., unpublished) and is very similar to con-
generic populations elesewhere, particularly in Vanuatu (G.
Zug, pers. commun.). Further, both species of Emoia are
limited in their New Caledonian distribution to the Loyalty
Islands, which have been emergent only since the Pleisto-
cene (Paris, 1981).

As no modern geological reconstructions of the late Ter-
tiary history of the southwest PaciWc support the existence
of direct land connections among the components of the
Tasmantis block, or between this unit and either Australia
or elements of the Outer Melanesian Arc islands, we are
able to reject vicariant hypotheses regarding the origin of
the skinks of the region. Each island group was colonized
over water, almost certainly in the order New Caledonia—
Lord Howe Island—New Zealand, with a subsequent colo-
nization of Norfolk Island from Lord Howe in the last
3 Myr. Deeper sampling of the Australian, New Guinean
and other Melanesian Eugongylus group lineages may even-
tually clarify the probable source area for this diverse clade
of skinks and Wner scaled sampling within New Caledonia
and especially New Zealand may shed light on patterns of
“continental” speciation and radiation in these islands.
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