


specimens of uncertain provenance suggest that this species was
last collected from North Island at least 60 yr ago; H. duvaucelii
is now restricted to small peripheral satellite islands off the coast
of mainland New Zealand (Table S1, supplementary data).
Although these island populations secure the species from
extinction, there is considerable interest in restoring populations
to former mainland range for purposes of ecological restoration.
When a distinctive adult male gekkonid lizard (Fig. 2) was

found dead in a mouse trap within the Maungatautari Reserve
(S 3882.570; E 1758



Morphological Data.—We examined the specimen from Maun-
gatautari (Te Papa Tongarewa, Museum of New Zealand
[MONZ] catalog number RE.007381), focusing on traits of
scalation because lower labial scales decrease gradually in size
in individuals from northern populations but are abruptly
smaller after the fourth scale in individuals from southern
populations (RAH, pers. obs.).

Genetic Data.—DNA sequence data are available for all
putative species of the known New Zealand gecko fauna (Chong
1999; Nielsen et al., 2011). Within Maungatautari Reserve three
species of gecko have been observed: Naultinus elegans, Dacty-
locnemis pacificus, and Mokopirirakau granulatus. To confirm the
identity of our unique specimen, and to allow inference of its
possible origin, we genotyped five polymorphic microsatellite
loci and obtained DNA sequence data from three polymorphic
loci for 47 individuals of H. duvaucelii (Table 1). Genomic DNA
was extracted from tissue samples (tail tips or toe clips) using a
DNeasy tissue and blood kit (Qiagen, Valencia, CA, Inc.,
Valencia, CA). DNAwas diluted to ~5 ng/l L for PCR reactions.
Pairs of primers were used to amplify two mitochondrial
fragments and seven nuclear loci for all specimens (Table 2).
Polymerase chain reactions were performed in 20 l L or 10 l L
volumes containing 200 l MdNTPs, 2.5 mMMgCl, 1 l Mprimers,
0.20 U of Eppendorf DNA polymerase, and 1–10 ng template
DNA. Amplification cycles consisted of denaturation at 948C for
60 sec followed by 35 cycles of 948C for 20 sec, annealing between
508C and 558C for 15 sec, and 688C for 90 sec. We sequenced four
gene-fragments; 16S, ND2, RAG-1, and PDC (Table 2). Because of
low primer concentration in the amplification reactions, product
clean-ups were not required. Cycle sequencing used Perkin Elmer
BigDye v3.1 chemistry following the manufacturer’s protocols,
with automated reading on an ABI3730, by the Massey Genome
Service (http://genome.massey.ac.nz/), using one of the ampli-

fication primers. For each gene fragment, we sequenced in both
directions a subsample of individuals that represented the
diversity of alleles and haplotypes to confirm observed nucleo-
tide substitutions, and remaining samples were sequenced in one
direction only.
We used sequencher v4.9 (Gene Codes Corp., Ann Arbor, MI)

to check, align and trim primer sequences from our DNA
sequences, SE-AL v2.0 (Rambaut, 2002) to check for stop
codons, and further examined our data in MacClade v4.0
(Madison and Madison, 2002). Genotypes of geckos that were
heterozygous at either RAG-1 or PDC were resolved by
determining which combination of alleles would result in the
observed pattern of nucleotide heterozygosity. Given the low
number of variable sites and only two alleles per locus,
genotypes were unambiguous, eliminating the need to clone
or use phasing software.
In MacClade, we concatenated 16S and ND2 fragments

because these are inherited as part of a single unit (the
mitochondrial genome). Sequences were condensed such that
redundant taxa and characters were removed; this left only
variable sites and one representative sequence for each distinct
allele (or haplotype). Because of the simplicity of our data set, a
minimum spanning network for mtDNA haplotypes was
manually constructed without software using the principle of
parsimony.
One of each microsatellite primer-pair was fluorescently

labeled and amplified as described by Wong et al. (2011), and
PCR products were sized using a capillary ABI3730 Genetic
Analyzer and Geneious v6.1.6 (Drummond et al., 2011),
equipped with Microsatellite Plugin v1.1 (Biomatters, Ltd.,
2012). Evidence for long allelic drop-out and presence of null
alleles were assessed with MICRO-CHECKER (Oosterhout et
al., 2004), using a Bonferroni multiple comparisons corrections

FIG. 2. The single Hoplodactylus duvaucelii specimen, captured in a mouse trap, in 2010 in the Maungatautari reserve, four years after eradication of
most introduced mammalian predators. This is the first record of this species on mainland New Zealand in more than 60 yr.
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approach and employing a 95% confidence interval and 10,000
repetitions. Evidence of isolation-by-distance was sought using
a mantel test of the correlation of pairwise linear geographic
distances and pairwise FST (or pairwise P-distance for mtDNA)
with 1,000 permutations in GENEPOP 4.0.10. The seven nuclear
loci were combined, and all wild-sampled genetic samples were
included in the analysis. One haplotype per island was included
for mtDNA data to represent the two islands where multiple
haplotypes were sampled (Taranga and North Brothers Islands).
The pairwise FST -matrix was estimated from the multilocus
genotypes (seven loci) of geckos from 18 natural populations
and used to infer a tree using the NeighborNet algorithm
(Bryant and Moulton, 2004) implemented in Splitstree v.4.13.1
(Huson and Bryant, 2006).
Population structure was assessed without a priori group

assignments using a Bayesian approach implemented by



restricted to northern populations and the other to southern
populations (both were detected in the sample of captive
animals). The individual from Maungatautari was heterozygous
for these two RAG-1 alleles. DNA sequences of PDC (358bp)
resolved two alleles that differed by a single nucleotide
substitution. The specimen from Maungatautari was homozy-
gous for an allele otherwise found only in the Alderman Island
group (also detected in captive specimens; Table 1).
For our five polymorphic microsatellite loci, no evidence of

long allele drop-out or null alleles was detected. The individual
from Maungatautari was heterozygous at three of these loci and
at locus Hduv04 was homozygous for a private allele. Many
alleles were found in more than one island group, although
differentiation among regions (southern and northern popula-
tions) was evident in unique alleles. The genotype network was
concordant with the inferences from mtDNA haplotypes (Fig.
3), with clusters of genotypes corresponding to northern and
southern populations. The Maungatautari specimen clusters
with geckos from the Alderman Island chain, and although
unique it is not more distinct than other isolated gecko
genotypes. Correlations between linear geographic distance
and genetic distance (seven nuclear loci combined [FST] and
mtDNA P-distances) were positive and provided evidence of
isolation by distance within our sample (P > 0.0001 for both
measures of genetic distance).
Captive offspring (F1, F2, or backcross) from parental northern

and southern islands exhibited the highest heterozygosity (Fig.
4). The Maungatautari specimen possessed higher heterozygos-
ity than most wild individuals, consistent with the hypotheses
of having originated from a large population.
The optimal number of groups inferred from STRUCTURE

analyses was K = 2 (Fig. 5A). Northern island geckos clustered
together, and Brothers Island samples grouped with Trio Islands
(southern islands; with some apparent admixture; Fig. 5). This
analysis suggests that the individual from Maungatautari
represents a 20–22% southern, 80–78% northern genetic
amalgamation. Under K = 3, a third group formed, consisting
of Alderman and Maungatautari samples (Fig 5B).
Inferred ancestry for the 16 captive specimens when K = 2

(Table S2, supplementary data) indicated that a total of nine
individuals were pure southern or northern ancestry (>0.950),
whereas seven others were clearly F1s or backcrosses. These

individuals of mixed parentage had variable but generally
intermediate expression of the difference in scale size between
infralabial 4 and 5.

DISCUSSION

Hoplodactylus duvaucelii had a prehuman distribution very
similar to that of tuatara, S. punctatus (Hay et al., 2008). Other
New Zealand gekkonid lizards (of the genera Woodworthia,
Naultinus, Dactylocnemis, Tukutuku, Toropuku, Mokopirirakau)
coexist with mammalian predators, but the large size of H.
duvaucelii may render it more vulnerable to rodent predators
(Hoare, 2006). Today, tuatara share with H. duvaucelii a
distribution restricted to offshore islands near North Island.
Genetic analysis of mtDNA from extinct and extant tuatara
populations reveals subdivision of regions, but mainland and
island populations show little divergence (Hay et al., 2008).
Extinct populations on North Island were genetically more
similar to extant northern island populations than to extant
southern (Cook Strait) populations (Hay et al., 2008, 2009). In H.
duvaucelii





gatautari gecko originates from within a northern island
population. However, all H. duvaucelii from the Mercury Island
group (including Korapuki) differ by at least six nucleotide
substitutions from the Maungatautari haplotype, effectively
ruling out the translocated population on Tiritiri Matangi Island
as the source of this animal. We would not expect a mainland
individual to have an mtDNA haplotype differing substantially
from the unique variant described here. D-loop sequence of
tuatara mtDNA from extinct populations on the mainland at
Waitomo (150 km southwest) was not distinguishable from
island haplotypes and differed from them by less than within-
island variability (Hay et al., 2008).
The Maungatautari specimen possessed alleles at the RAG-1,

Hduv04, and Hduv05 nuclear loci, which were not observed in
the northern island populations. The Maungatautari animal
possessed private alleles, and alleles otherwise observed in
Cook Strait, and northern populations. We anticipate that this
combination could result from two possibilities. It could
originate from a natural mainland population retaining allelic
diversity not retained (or observed) on islands or from a captive
cross of northern and southern parentals. The assumption that
admixture of mtDNA and nuDNA would result from a cross
between northern and southern individuals was supported by
some genotypes inferred from captive animals; this pattern is
what we would expect if the Maungatautari animal was an
intraspecific hybrid of captive origin. We consider this second
possibility considerably less likely than a natural mainland
population because the mtDNA haplotype and some nuclear
alleles of the Maungatautari specimen were not observed in any
captive animals genotyped by us.
Because our sampling included only a single individual from

most island populations (12/17) we interpret population genetic
patterns with caution. Although small samples of 1–3 individ-

uals can be informative given sufficient numbers of loci (Prunier
et al., 2013), numbers of inferred clusters may be artificially low
if sample sizes are small (Fogelqvist et al., 2010). Had our
sample from Maungatautari consisted of 10 individuals, the
inferred population clusters may have been greater. In addition,
the underlying Bayesian approach used by STRUCTURE is not
well suited to data that follows an isolation-by-distance model,
as observed here (Pritchard et al., 2007; Schwartz and McKelvey,
2009). When individual genotypes were assigned to two groups
(as suggested by the optimal K = 2), the Maungatautari
specimen showed evidence of northern and southern popula-
tion admixture, as expected. When individuals were assigned to
three population clusters (K = 3), then the Maungatautari
specimen was assigned (with 0.8 probability) to the Alderman
Island genetic cluster. The Alderman Islands are geographically
one of the closest extant populations. Thus, we favor the
conclusion that the Maungatautari individual is derived from a
relictual mainland population, with the caveat that our genetic
data are not unequivocal. It is conceivable that a relictual
mainland population could retain the genetic diversity detected
here. If the unique specimen does represent a surviving
population, we note that the current population bottleneck
may have lasted only a few generations since the arrival of ship
rats and Norway rats. Hoplodactylus duvaucelii has longevity of
at least 36 yr in natural populations (Thompson et al., 1992), and
the species is difficult to detect when present at low densities
(Towns and Broome, 2003; Hoare, 2006; CSK, RAH, pers. obs.).
Our data demonstrate levels of genetic and morphological

divergence between the northern and Cook Strait clades
equivalent to or greater than interspecific distances in some
other New Zealand gecko genera such as Naultinus (Nielsen et
al., 2011). However, the blend of morphological and genetic
character states in the Maungatautari specimen indicates that in
this case the extant subclades were formerly linked by a
mainland metapopulation and should not be considered
separate species.
Until the size of the H. duvaucelii population at Maungatautari

can be established, management plans should not be imple-
mented. We recommend a number of approaches to confirm the
presence of H. duvaucelii in the Maungatautari reserve.
Although changes in gecko behavior following removal of
predators can be associated with rapid increases in apparent
abundance, genuinely increased population size likely takes
more than 10 yr (Hoare, 2006). Targeted nocturnal searches,
baited tracking tunnels, and artificial refuges are recommended
to allow long-term detection. Closed-cell foam covers fixed to
the trunks of mature forest trees create permanent daytime
refuges suitable for several species of arboreal New Zealand
geckos (Bell, 2009). Future management strategies might include
assisted dispersal among populations or maintenance of distinct
conservation management units, as practiced for tuatara,
depending on geographic scale.
The discovery of a single H. duvaucelii individual in a

mainland forest of North Island New Zealand suggests the
possibility that other relictual populations may exist. Mature
forest elsewhere in the country may harbor populations on the
verge of extinction; all possible effort for controlling introduced
mammalian predators is warranted (Green, 2011). In this study,
we have elucidated significant genetic variability present in
captive colonies. Some captive colonies possess distinct haplo-
types and private alleles, which should be maintained for long-
term conservation genetic viability of the species, even if the
origins of the individual animals are unclear.
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