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in the Pacific using multi-locus genomic data
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Abstract Invasive species often have dramatic
negative effects that lead to the deterioration and
loss of biodiversity frequently coupled with the
burden of expensive biocontrol programs and sub-
version of socioeconomic stability. The fauna and
flora of oceanic islands are particularly susceptible to
invasive species and the increase of global move-
ments of humans and their products since WW II has
caused numerous anthropogenic translocations and
increased the ills of human-mediated invasions. We
use a multi-locus genomic dataset to identify geo-
graphic origin, pace, pattern and historical process of
an invasive scincid lizard (Carlia) that has been
inadvertently introduced to Guam, the Northern
Marianas, and Palau. This lizard is of major impor-
tance as its introduction is thought to have assisted in
the establishment of the invasive brown treesnake
(Boiga irregularis) on Guam by providing a food
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resource. Our findings demonstrate multiple waves of
introductions that appear to be concordant with
movements of Allied and Imperial Japanese forces
in the Pacific during World War II.
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Introduction

Invasive species affect the ecological co-evolutionary
cohesion of ecosystems with the potential to cause
dramatic declines in biodiversity over short ecolog-
ical and evolutionary time scales (Rodda et al. 1999).
Invasive species can have extreme negative effects on
human economic development especially for agricul-
ture and tourism. The economic cost is compounded
by the necessity of establishing and maintaining
biocontrol programs. The seemingly exponential
growth of global movements of humans and their
products since World War II has caused numerous
anthropogenic translocations and increased the prob-
lems of human-mediated invasions (Kraus 2009).
Species introduced to islands often have a greater
ecological impact than those introduced to mainland
areas (Case and Bolger 1991). Biodiversity loss
associated with invasive species is most easily
studied on islands, and the oceanic islands in the
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Pacific offer striking examples of ecosystem altera-
tions resulting from biological invasion (Rodda et al.
1991; McKeown 1996; Ota 1999; Urban et al. 2008).
Arguably the best-studied island invasive is the
brown treesnake, Boiga irregularis. This invasive
snake has decimated Guam’s native wildlife and is
responsible for a dramatic decline and extinction of
bird species (Rodda et al. 1999).

Boiga irregularis is assumed to have arrived on
Guam from the Admiralty Islands following WW 1I
(Rodda et al. 1999). Boiga irregularis, however, is
not the only species to arrive on Guam post WW 11
Other presumed post-WWII species colonizing Guam
are: the musk shrew (Suncus murinus), the black
drongo (Dicrurus macrocercus), the green anole
(Anolis carolinensis), and the Admiralty brown skink
(Carlia ailanpalai) (Fritts and Rodda 1998). This
latter invasive species has received little attention
even though it is hypothesized that C. ailanpalai
indirectly aided the decline and extinction of Guam’s
native birds by providing a stable food source for
juvenile brown treesnakes (Fritts and Rodda 1998). In
addition, Carlia is invasive on the islands of the
Northern Marianas and the Palau archipelago (Crom-
bie and Pregill 1999).

The genus Carlia is composed of more than 40
species with a center of diversity in Australia and New
Guinea (Zug 2004). The Carlia fusca complex is a
group of 18 morphologically similar species found
mainly on New Guinea and surrounding islands (Zug
2004; Zug and Allison 2006; Donnellan et al. 2009).
Although the invasive populations of Carlia belong to
the Carlia fusca complex, the morphological unifor-
mity and taxonomic inattention to this group led to
confusion on the specific identity of the invasive
populations (Zug 2004). In 2004, Zug delineated
species boundaries in the fusca complex based on
detailed morphological analysis and assigned species
identity to the invasive populations. He proposed
Carlia ailanpalai (native range, Admiralty Islands) as
the source for the Guam and Northern Marianas
populations and Carlia tutela (native range, Halma-
hera) as the source for the Palau populations.

In this study, we use a holotypic and topotypic
multi-locus genomic dataset to identify the species of
introduced Carlia (Fig. 1; Appendix). These data
reveal the source populations for introduced Carlia of
Guam, the Northern Marianas, and Palau and allow
us to examine and correct the taxonomic confusion of
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the introduced and native populations (Fig. 1). In
addition to the pattern of invasion, we address the
mode and timing of translocations and compare the
genetic diversity of various introduced populations
with populations from the native range.

Materials and methods
Sampling

A total of 147 individuals of Carlia were sampled,
including 79 samples from New Guinea and adjacent
islands representing potential source populations, and
59 samples from the introduced populations of Guam
and the Northern Marianas Islands (including sam-
ples from three major islands: Saipan, Tinian and
Rota), and 9 from the introduced populations from
Palau. Samples were stored in 95% ethanol prior to
extraction. Lizards were caught by hand and vou-
chered and deposited in the Texas Natural History
Museum (TNNM), South Australian Museum
(SAM), or Louisiana State University Museum of
Zoology (LSUMZ). Outgroup sequences of Carlia
rhomboidalis, Lygisaurus curtus, Menetia timlowi,
and Lampropholis coggeri were selected based on
previous phylogenetic studies involving Carlia
skinks (Dolman and Hugall 2008; Donnellan et al.
2009), and were obtained from GenBank (Accession
numbers available in Appendix).

DNA isolation, amplification, and sequencing

Whole genomic DNA was extracted from either liver
or muscle tissue using an ammonium acetate salt
extraction protocol (Fetzner 1999) or a Qiagen DNeasy
Tissue Kit (Qiagen, Inc. Valencia, CA) following
manufacturer’s instructions. Tissues (~ 100-200 mg)
were digested overnight with 20 pl proteinase K, and
final extraction concentrations of DNA were stored in
AE Buffer at —20°C prior to amplification.

Two mitochondrial gene regions, including cyto-
chrome oxidase b (cyt b) and NADH dehydrogenase
subunit 4 (ND4), and one nuclear locus, Beta-globin
(B-glob), were selected for sequencing based on the
utility of these loci in similar groups (primer
sequences and references are available in Table 1).
Target gene regions were amplified by PCR on an MJ
PTC-200 thermocycler (annealing temperatures
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Fig. 1 Sampling localities of Carlia fusca group skinks in
New Guinea, Palau, and the Marianas Islands. Symbols
correspond to clades in Fig. 2: open square, C. ailanpalai;
closed circle, C. pulla; open triangle, C. mysi, Huon Peninsula;

available in Table 1) using previously published
protocols (Austin et al. 2010b). Amplified PCR
products were purified with 5 units Exonuclease I
and 1.25 units Antarctic Phosphotase (New England
Biolabs, Ipswich, MA) as in Austin et al. (2010a), and

closed square, C. mysi, Oro, Morobe Provinces; open diamond,
C. eothen; closed triangle, C. sp. Northern Milne Bay; open
circle, C. sp. Southern Milne Bay; X, C. sp. Eastern Central;
closed diamond, C. luctuosa; +, C. aenigma

sequenced in both directions using BigDye v. 3.1
Terminator Sequencing Kit (Applied Biosystems,
Foster City, CA) via previously published protocols
(Austin et al. 2010b) on an ABI 3100 automated
capillary sequencer.
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Table 1 Primers and annealing temperatures used in this study

Locus Primers Primer sequence Temp. Reference
°C)

Cyt B H15149 5'-AAA CTG CAG CCC CTC AGA ATG ATA AA-3’ 48 Kocher et al. (1989)

L14841 5'-AAA AAG CTT CCA TCC AAC ATC TCA GC-3' Kocher et al. (1989)
ND4 ND4.light 5'-CAC CTA TGA CTA CCA AAA GCT CAT 55 Arevalo et al. (1994)

GTA GAA GC-3

Leu3.heavy 5'-GAA TTA GCA GTT CTT TRT G-3' Stuart-Fox et al. (2002)

p- Bglo1CR 5'-GCG AAC TGC ACT GYG ACA AG-3' 59 Dolman and Phillips (2004)

globin  BolooCR

5'-GCT GCC AAG CGG GTG GTG A-3'

Dolman and Phillips (2004)

Phylogenetic analysis

Sequences were visually verified to check for base
double-calls or other misreads and complementary
strands were assembled into contigs using Sequencher
v4.7 (Gene Codes Corp., Ann Arbor, MI, USA) and
aligned using ClustalX2 (Larkin et al. 2007) under
default settings (Gap opening penalty = 15, Gap
extension penalty = 6.66). All protein-coding regions
were translated to amino acid sequences using Mes-
quite v2.73 (Maddison and Maddison 2010) to verify
that no premature stop codons disrupted the reading
frame. Maximum likelihood and Bayesian inference
were used to estimate the phylogeny of Carlia fusca
group skinks, and to identify the sources of introduced
populations. Several partitioning schemes, including
partitioning by genome (mitochondrial vs. nuclear),
locus, and codon position, were tested and the optimal
partitioning scheme was selected by comparing the
likelihoods of the resulting topologies using the
Akaike information criterion [AIC] (Akaike 1974).
The best fit models of nucleotide substitution for each
partition were selected using the corrected AIC
(Akaike 1974) in jModelTest ver. 0.1.1 (Posada
2008). Maximum Likelihood analyses were imple-
mented in using the partition testing version of
GARLI-part v. 0.97 (Zwickl 2006). GARLI analyses
were run under default settings with 50 search
replicates to ensure the maximum likelihood phylog-
eny was identified. Maximum likelihood support for
the optimal partitioning scheme was estimated using
100 bootstrap pseudoreplicates under default settings
with a single search replicate per bootstrap pseudo-
replicate. The partitioned Bayesian inference analysis
was implemented in Mr. Bayes v. 3.1.2 (Huelsenbeck
and Ronquist 2001; Ronquist and Huelsenbeck 2003).
For all models, the prior nucleotide state frequencies,
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transition/transversion ratio, and substitution rate
priors were set as flat Dirichlet distributions, and the
proportion of invariable sites was set as a uniform
(0.0-1.0) prior distribution. Rate priors were set to
variable to allow the nucleotide substitution rates to
vary among partitions. Analyses consisted of two runs,
each of 4 chains with default heating and sampling
every 1,000 generations for 2,50,00,000 generations.
We discarded the first 15,000 topologies as burn-in,
and verified convergence using the program Tracer
v1.5 (Rambaut and Drummond 2007) by examining
the posterior probability, log likelihood, and all model
parameters for stationarity and by examining the
effective sample sizes (ESSs), all of which were
substantially greater than 200 at run completion. We
also used Are We There Yet (AWTY) (Nylander et al.
2008) to compare the posterior probabilities of all
splits between runs to further verify convergence. At
run completion, the plot comparing posterior proba-
bilities of splits between runs was linear, indicating
that the two runs had converged and were sampling the
posterior distribution.

To further investigate relationships among intro-
duced Carlia populations and source populations
identified via phylogenetic analyses, we constructed
multilocus haplotype networks for islands containing
introduced populations. Individuals for which we
could not obtain sequence data for all three loci were
excluded from haplotype network analyses. Genetic
distance matrices were calculated for each locus using
uncorrected p distances and maximum likelihood
distances in Paup* v4.0b10 (Swofford 2003), and
combined to a single genetic distance matrix using
Pofad v.1.03 (Joly and Bruneau 2006). Multilocus
haplotype networks were then constructed using the
NeighborNet algorithm (Bryant and Moulton 2004) in
SplitsTree v4.11 (Huson and Bryand 2006).



The bioinvasion of Guam

1955

Genetic diversity

Due to the founder effect associated with introduction,
many invasive populations show decreased genetic
diversity relative to native populations. To investigate
this in Carlia, we calculated nucleotide diversity ()
for both native and introduced populations of Carlia
using the pegas package ver. 0.3-2 (Paradis 2010) in R
v. 2.11.0. Populations for the calculation of nucleotide
diversity were defined as those samples collected with
5 km of one another. Both mitochondrial loci (cyt b
and ND4) were concatenated and samples for which
we could not obtain sequence for one mitochondrial
locus were excluded; sites with missing data in one or
more samples were also excluded from the calculation
of nucleotide diversity.

Results
Phylogenetic analyses

The final aligned dataset was a total of 1603 bp.
Lengths of each partition, numbers of variable sites,
and models of nucleotide substitution (selected using
AIC) are provided in Table 2. In both maximum
likelihood and Bayesian inference, a scheme of seven
partitions was selected as optimal using AIC: B-glob,
cyt b Ist, 2nd, and 3rd codon positions, and ND4 1st,
2nd, and 3rd codon positions. Tracer plots of all
parameters, posterior probabilities, and likelihood
were stationary at similar values after the burnin
period for both Bayesian inference analyses, and all
ESSs were substantially greater than 200 at run

Table 2 Lengths and number of parsimony informative sites
for each partition in the optimal partitioning scheme

Partition Length  Parsimony Model

(bp) informative sites
cyt b pos. 1 111 25 SYM + G
cytbpos. 2 111 7 F81 + 1
cytbpos.3 112 92 GIR + G
ND4 pos. 1 246 79 GIR+1+G
ND4 pos. 2 246 34 HKY + 1+ G
ND4 pos. 3 246 206 GIR +1+G
B-globin 531 247 GIR + G

completion. Additionally, AWTY plots comparing
the posterior probabilities of all splits were linear,
indicating that Bayesian inference analyses had
reached convergence.

The phylogenetic reconstructions (Fig. 2) strongly
support (Bayesian posterior probability, PP = 1.0,
maximum likelihood bootstrap support, BS = 100)
distinct clades that correspond to species. All of the
invasive Carlia populations fall within a clade that
corresponds to C. ailanpalai (holotypic and topotypic
material included). Within this C. ailanpalai clade,
three major clades are recovered: (A) the Northern
Marianas Islands (Saipan, Tinian and Rota) and the
Admiralty Islands (PP = 0.99, BS = 57), (B) Palau
and New Britain (PP =1.0, BS =81), and
(C) Guam, New Ireland, Halmahera and the Admi-
ralty Islands (PP = 1.0, BS = 77). These subclades
are all strongly supported in Bayesian analyses
(PP > 0.99), and, with the exception of subclade A,
are strongly supported in maximum likelihood anal-
yses (BS = 57, 81, and 77 for clades A, B, and C,
respectively). Results of the haplotype networks for
native and introduced populations of C. ailanpalai
were similar between the two methods of genetic
distance calculation, and corroborate the results of the
phylogenetic analyses. Samples cluster into three
clades in the haplotype network, corresponding to the
three clades recovered within C. ailanpalai in the
phylogenetic analyses (Figs. 2, 3). Genetic diver-
gence among these clades (maximum p distance is
0.0153 for cyt b and 0.0346 for ND4) is lower than
those among other clades that are currently recong-
nized as good species and indicate at least three
introduction events from three genetically identifiable
source populations for the introduced Pacific popu-
lations of C. ailanpalai: New Britain as the source
population for Palau, the Admiralty Islands as the
source population for the Northern Marianas Islands
(Tinian, Saipan and Rota), and the Admiralty Islands,
New Ireland, or Halmahera as the source population
for Guam.

Genetic diversity

Nucleotide diversity for the concatenated mitochon-
drial dataset is shown in Fig. 4. Despite the larger
sample sizes for the introduced populations relative
to the native populations (Appendix), nucleotide
diversity within each of the introduced populations
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Fig. 2 Maximum likelihood phylogeny of Carlia fusca group
skinks. Numbers on nodes indicate maximum likelihood
bootstrap proportions and Bayesian posterior probabilities,
respectively, asterisks indicate bootstrap support of 100 or

is zero, with only single haplotypes recovered for
each sampled population. In contrast, all of the native
populations show expected levels of nucleotide
diversity based on previous scincid studies (Smith
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posterior probability support of 1.0. The holotype of C.
ailanpalai is indicated with an H; paratypes of C. ailanpalai
are indicated with P’s; topotype samples are indicated with 7"s

et al. 2001; Fuerst and Austin 2004; Austin et al.
2010a; Jackson and Austin 2010). In addition to
nucleotide diversity, nucleotide divergence is also
high among native populations and species.
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Fig. 3 Network of
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Fig. 4 Histogram of intra-population nucleotide diversity
calculated from 1,072 bp of mitochondrial DNA (including
both cyt b and ND4) for native and introduced populations of
Carlia fusca group skinks. Populations with no bars (including
all introduced populations and some native populations)
indicate that a single mitochondrial haplotype was recovered
from that population

Discussion

From a broad taxonomic standpoint, some species
delimitations of Zug (2004) conflict with the molec-
ular phylogeographic data presented here. Zug (2004)
considered C. ailanpalai as restricted to the Admi-
ralty archipelago (Fig. 1); however, our molecular

Clade C
New Britain
Palau

data demonstrates that C. ailanpalai occurs more
widely including the Bismarck Archipelago, popula-
tions that Zug (2004) assigned to C. mysi, a presumed
widely occurring species distributed along the north
coast of New Guinea. Further, his Halamahera
species, C. tutela, despite being known from pre-
WWII collections (MCZ R-7674, 1907, Patani,
Halmahera; RMNH 8659, 3-7 June, 1930 Morotai)
appears to be another invasive population of
C. ailanpalai. Our sampling, however, was limited
(n = 2); further sampling from Halmahera and re-
examination of the type series is needed to better
understand the status of the Halmahera population.
Our results demonstrate that the uniform morphology
of the C. fusca species group hides considerable
genetic diversity and we are currently investigating
the apparent decoupling of morphological and
molecular evolution in Carlia.

Because of the genetic diversity and divergence
within and among populations of C. ailanpalai across
its native range, it is possible to trace the geographic
origins of the invasive populations. Interestingly, the
three separate invasions herein identified appear to
track the occupation and movements of Allied and
Imperial Japanese forces in this region during World
War II. First, Palau was invaded by Imperial Japanese
forces early in the war as the Japanese forces moved
south and eastward culminating with their occupation
of northern New Guinea and various Pacific islands.
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The natural harbor of Rabaul on the northern end of
New Britain was a major Japanese stronghold, and
the Allies decided to bypass and isolate it in their
campaign to recapture New Guinea and in their
movement to retake the Philippines (Gailey 2004).
The invasive Palau population is part of a well-
supported clade of samples from New Britain
suggesting that translocation of military materiel
from the Japanese forces on New Britain to Palau
could have resulted in the introduction of C. ailanp-
alai from New Britain to Palau. Second, the Guam
populations are part of a well-supported clade from
New Ireland and the Admiralty archipelago, the later
of which was a major base for Allies’ operations and
support the introduction of C. ailanpalai onto Guam
via the transport of Allied military materiel (Morison
1953). Finally, the invasive populations from the
Northern Marianas islands of Saipan, Tinian and Rota
are nested in a clade from the Admiralty archipelago
indicating an introduction independent from the
Guam introduction. Thus, the Marianas populations
show the genetic signature of two separate invasions:
one invasion of Guam, and a second invasion of the
Northern Marianas Islands of Saipan, Tinian and
Rota.

The exact timing of the introductions, however,
remains uncertain. The Bismarck-Palau introduction
presumably occurred during the latter days of the
Japanese occupation of Rabaul and their movement
of military materials back to Palau to re-enforce their
Palauan base. The general assumption for the intro-
duction of Carlia into the Marianas was post-WWII
removal of military supplies from New Guinea to
permanent bases within the Marianas as there was
substantial postwar salvage movement of ships and
materiel between Manus and other Pacific islands.

Supporting an hypothesis of WW II era transloca-
tions, the first collections of Carlia from these regions
are: Guam 1968 (USNM 192894, CAS 139825-7),
Palau 1968 (MCZ R-104514-6, 104518-24, 111930-73,
113491, 114600-40, 118591), and Northern Marianas
(Saipan) 1962 (FMNH 17641-3). Although all these
dates are well past the end of WWII, the initial
propagules may have needed time to become estab-
lished to reach sufficient population densities to attract
attention and be collected and deposited in museum
collections.
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The broad geographic distribution of C. ailanpalai
along with the corresponding phylogeographic struc-
ture has allowed us to tease out the genetic signature
of the origin, mode and tempo of invasion. The
identification of the species and specific source
population has the ability to identify potential bio-
control methods such as population-specific parasites.
Further, if our hypothesized timeline of WWII
introductions is correct, this suggests that this species,
and possibly other invasive lizards, may require a
significant establishment time (~20-30 years)
before becoming widely abundant. This lag in
establishment, even for species that use secondary
growth habitats like C. ailanpalai, means that with
appropriate long-term sampling programs there may
be sufficient time to identify, control and eliminate
any future island introductions. Vigilant monitoring
and continued museum vouchered collections, there-
fore, are imperative for sound conservation manage-
ment. Our data also demonstrates that large
movements of military materiel can transport exotic
invasive species. Given the large scale transport of
military materiel to and from the US and Iraq and
Afghanistan appropriate controls should be imple-
mented to preclude transport of invasive species.
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