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Molecular and morphological analysis of the
critically endangered Fijian iguanas reveals
cryptic diversity and a complex
biogeographic history

J. Scott Keogh'**, Danielle L. Edwards’, Robert N. Fisher” and Peter S. Harlow’

'School of Botany and Zoology, The Australian National University, Canberra, ACT 0200, Australia
2U.S. Geological Survey, Western Ecological Research Station, San Diego Field Station, 4165 Spruance
Road, Suite 200, San Diego, CA 92101-0812, USA
3School of Biological Sciences, Macquarie University, NSW 2109, Australia

The Pacific iguanas of the Fijian and Tongan archipelagos are a biogeographic enigma in that their
closest relatives are found only in the New World. They currently comprise two genera and four
species of extinct and extant taxa. The two extant species, Brachylophus fasciatus from Fiji, Tonga, and
Vanuatu and Brachylophus vitiensis from western Fiji, are of considerable conservation concern with
B. wviniensis listed as critically endangered. A recent molecular study has shown that Brachylophus
comprised three evolutionarily significant units. To test these conclusions and to reevaluate the
phylogenetic and biogeographic relationships within Brachylophus, we generated an mtDNA dataset
consisting of 1462 base pairs for 61 individuals from 13 islands, representing both Brachylophus
species. Unweighted parsimony analyses and Bayesian analyses produced a well-resolved
phylogenetic hypothesis supported by high bootstrap values and posterior probabilities within
Brachylophus. Our data reject the monophyly of specimens previously believed to comprise
B. fasciarus. Instead, our data demonstrate that living Brachylophus comprise three robust and
well-supported clades that do not correspond to current taxonomy. One of these clades comprises
B. fasciatus from the Lau group of Fiji and Tonga (type locality for B. fasciarus), while a second
comprises putative B. fasciatus from the central regions of Fiji, which we refer to here as B. n. sp.
Animals in this clade form the sister group to B. vitiensis rather than other B. fasciatus. We herein
describe this clade as a new species of Brachylophus based on molecular and morphological data. With
only one exception, every island is home to one or more unique haplotypes. We discuss alternative
biogeographic hypotheses to explain their distribution in the Pacific and the difficulties of
distinguishing these. Together, our molecular and taxonomic results have important implications
for future conservation initiatives for the Pacific iguanas.

Keywords: Pacific biogeography; island biogeography; molecular phylogeny; speciation; Iguaninae;
Brachylophus bulabula

1. INTRODUCTION

The occurrence of true iguanas in the western Pacific
has long fascinated biogeographers because their closest
relatives occur exclusively in the Americas. The origin of
the clade that comprises the iconic Fijian iguanas
(Brachylophus) and their extinct relatives from Fiji and
Tonga (Brachylophus, Lapitiguana) is often presented as
the product of one of the longest overwater dispersal
events inferred for a terrestrial vertebrate—over
8000 km of ocean separates them from their nearest
relatives (Gibbons 1981). Although there is debate
about how and when such a dispersal event happened
(Cogger 1974; Gibbons 1981, 1985), or if it transpired
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(Gorham 1965; Worthy 2000; Burns et al. 2006), there
is no dispute that the Pacific Island iguanas comprise
part of the monophyletic Iguaninae and are a divergent
sister group to other Iguaninae based on both morpho-
logical and molecular data (Etheridge & De Queiroz
1988; Frost & Etheridge 1989; Wiens & Hollingsworth
2000; Schulte ez al. 2003).

The Pacific Island iguanas currently comprise two
genera and four species. Lapitiguana impensa was a
gigantic (500 mm snout—vent length; SVL), presumably
ground-dwelling, species described from Late Quatern-
ary fossil deposits from Viti Levu in Fiji (Pregill &
Worthy 2003). The genus Brachylophus comprises the
now extinct Brachylophus gibbonsi, another large species
(350 mm SVL) described from Late Holocene fossil
deposits from Tonga (Pregill & Steadman 2004), and two
extant species. The Fijian banded iguana, Brachylophus
fasciatus (Brongniart 1800), is known historically from
the largest Fijian Islands of Viti Levu and Vanua Levu
as well as many islands east and south of these two

This journal is © 2008 The Royal Society
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including Kadavu, Ovalau, Gau, Taveuni and the many
Lau Group Islands in the east of the Fijian Republic
(Gibbons 1981). The Fijian crested iguana, B. vitiensis
(Gibbons 1981), is known from the Yasawa, Mamanuca,
Yadua and Macuata Islands in the western portion of the
Fijian Republic (Gibbons 1981; Alberts 1991; Harlow
et al. 2007). There are two additional populations of
B. fasciarus whose status has been controversial. There is
good evidence that B. fasciatus animals on Vanuatu have
recently been introduced from Fiji (Gibbons 1981), but
the origin of these animals is unknown. More difficult is
the distribution of B. fasciatus known from four islands
in Tonga. Based on morphological differences, these
animals were described as a new taxon, B. brevicephalus,
by Avery & Tanner (1970), which was later synonymized
with B. fasciatus by Gibbons (1981). There is disagree-
ment over whether the Tongan animals are endemic to
Tonga (Avery & Tanner 1970; Gibbons 1981; Burns ez al.
2006) or have recently been introduced from Fiji
following the extinction of B. gibbonsi after human arrival
in Tonga (Pregill & Steadman 2004; Steadman 2006).

All four Pacific iguanas have undergone a dramatic
decline since humans arrived in these islands. The
gigantic L. impensa in Fiji and B. gibbonsi in Tonga were
both eaten to extinction after the arrival of humans ca
2800 years ago (Steadman et al. 2002; Pregill & Worthy
2003; Pregill & Steadman 2004). The two living species
are of particular conservation concern. Brachylophus
virtensis has been heavily impacted by human-mediated
habitat loss and the introduction of feral cats, rats and
goats, which have severely reduced its numbers across
the entire Yasawa and Mamanuca Group Islands
(Harlow ez al. 2007). It is listed as Critically Endangered
on the IUCN Red List with only a single secure
population remaining on the island of Yadua Taba
(Harlow & Biciloa 2001). The status of B. fasciatus in
the wild is largely unknown, but large populations still
exist on the two Aiwa islands in the Lau group and
Kadavu (Cogger 1974; Harlow 2003).

There have been two previous molecular evaluations
of Brachylophus, both of which sought to provide some
clarification of the evolutionary relationships among
living populations, which in turn could be used to help
clarify conservation priorities. Based on a small number
of samples (15), Colgan & Da Costa (1997) used
allozymes and sequence data from a short (300 base
pair; bp) fragment of cytochrome & to show that
B. fasciatus and B. wvitiensis are indeed genetically
divergent. More recently, Burns er al. (2006) used
five polymorphic nuclear microsatellites and the same
short cytochrome b fragment on a larger number of
samples (35) to produce a molecular phylogeny for the
group. Based on their mtDNA phylogeny, Burns ez al.
(2006) identified three major clades; they suggested
that B. fasciatus and B. vitiensis as currently understood
are not reciprocally monophyletic, and that B. fasciatus
animals from Tonga should be recognized as a separate
species. Then they went on to identify their three clades
as evolutionarily significant units (ESUs) for conserva-
tion (Burns ez al. 2006).

Unfortunately, Burns ez al. (2006) were not able to
include the animals from the Lau group in eastern Fiji,
which means that the interpretation of their dataset is
necessarily limited with regard to both testing the
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taxonomic status of Tongan B. fasciarus and clearly
defining ESUs. Once defined, ESUs often become the
focus for management action and investment of limited
resources. As this genus is endangered and continues to
decline, taxonomic confusion and resultant manage-
ment actions may result in further loss of diversity, as
was seen in the New Zealand tuatara during much of
the last century (Daugherty et al. 1990). Currently,
enough confusion still exists about the systematics and
the distribution of extant Brachylophus species to
warrant a reappraisal of these iconic animals.

Based on greater sampling and a substantially larger
molecular dataset, we generate a comprehensive
molecular phylogeny to test the primary results of
Burns ez al. (2006) with a particular focus on the status
of the Tongan B. fasciatus animals and the number,
composition, distribution and description of ESUs. We
build on their and our results with a detailed evaluation
of morphological variation among the major identified
clades. We combine our molecular data with the
published data for other members of the Iguaninae
for a comparison of the levels of molecular differen-
tiation, and also discuss the alternative biogeographic
scenarios provided to explain the Pacific distribution
of this clade and the weight of evidence required to test
these scenarios. Based on our molecular, morpho-
logical and distributional data, we herein describe a
new species of Fijian iguana and discuss the conserva-
tion implications of our findings.

2. MATERIAL AND METHODS

(a) Taxonomic sampling for molecular data

Sequence data were obtained for a total of 61 individuals
representing 13 islands, which include much of the current
known distribution of these critically endangered animals
(figure 1; electronic supplementary material, table 1). Field-
collected tissue samples consisted of either blood samples,
scale or tail-tip clips, which were stored in 100 per cent
ethanol (no animals were killed) or muscle/liver was collected
from limited voucher specimens. These samples were
collected and exported under CITES permit EP 8/33/2 and
through pre-CITES permits from the Republics of Vanuatu
and Fiji. Several samples were obtained from museum
collections (electronic supplementary material, table 1). We
were able to obtain the most samples of B. wvitiensis because
these islands have been recently surveyed for iguanas (Harlow
et al. 2007). The recent survey for iguanas in the eastern Lau
group of islands covered only the island of Aiwa Lailai, so our
sampling in this region is poor. We also have no samples from
the two largest Fijian islands (Viti Levu and Vanua Levu)
because iguanas are extremely rare on these islands, probably
due to the introduced mongoose, Herpestes javanicus, but we
were able to include B. vitiensis animals from the island of
Macuata, which is less than 1 km off the north coast of Viti
Levu. We were able to include Brachylophus samples from
Tonga and Vanuatu to test the origins and affinities of these
two potentially introduced populations. Importantly, our
sampling includes animals from the type localities for both
B. vitiensis (Yadua Taba) and B. fasciatus (‘Tonga).

(b) Choice of phylogenetic markers

We generated sequence data for the mitochondrial DNA genes
ND4 and cytochrome b because they have proved useful in the
phylogenetic studies of numerous lizard groups and because a
large number of sequences were available on GenBank for
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Figure 1. Species distributions for Brachylophus iguanas in Fiji based on genetic and morphological analyses with B. bulabula sp.
nov. in red, B. fasciarus in blue and B. vitiensis in green. Turquoise triangles represent populations that were assessed
morphologically but not assigned to a species due to the limited number of samples. Most island names mentioned in the text are
noted. Numbers represent proposed biotic provinces for terrestrial herpetofauna as defined by Olson ez al. (modified from Olson
et al. in press). 1, Fiji dry forest; 2, Fiji moist forest; 3, Lau group. Squares, both genetics and morphology; circles, only genetics;
triangles, only morphology. Background map courtesy of the Smithsonian Institution.

both genes for other iguanid lizards. For ND4, we targeted an
approximately 900 bp DNA fragment that included the 3’ half
of the ND4 gene and most of the tRNA cluster containing the
histidine, serine and leucine tRNA genes. This region has
proved particularly useful at comparable taxonomic levels in
numerous squamate reptile groups, including other iguanas
(Malone et al. 2000). For cytochrome b, we targeted an
approximately 900 bp DNA fragment that has proved very
useful in the phylogenetic studies of many squamate groups,
including iguanids (Petren & Case 1997). Because phylogen-
etic studies comprising multiple unlinked loci can provide
independent corroboration of conclusions drawn from single-
gene phylogenies, we also generated nuclear DNA data for the
commonly used genes RAG-1 and Rhodopsin but they were
invariant within Brachylophus (data not shown). Therefore, we
generated a morphological dataset to complement the mtDNA
dataset (see below).

(¢) DNA extraction and polymerase chain reaction

Total genomic DNA was extracted using a modified cetyl-
trimethylammonium bromide (CTAB) protocol, suspended in
TE and stored at —20°C. Two mitochondrial fragments were
targeted. An ND4 fragment was amplified using a modified
primer pair ND4—TGACTACCAAAAGCTCATGTAGAA-
GC; and tRNA-Leu—TRCTTTTACTTGGATTTGCAC-
CA (Arévalo er al. 1994). The target cytochrome b fragment
was amplified using a modified primer pair rGlu-1L—
GAAAAACCRCCGTTGTWATTCAACTA; and rCytb-
1H—GCGTAGGCRAATAGGAAGTATCA. Targeted frag-
ments were amplified in 50 ul reactions using GoZaq Green
Master Mix (Promega) using approximately 100 ng of
genomic template DNA and 10 pmol of each primer.
Polymerase chain reaction (PCR) amplification was done
using a step-down cycling profile (94°C, 5 min; followed by a
series of touchdown cycles of 94°C, 30 s; 65-45°C, 20 s; 72°C,
90 s each repeated twice; with a final cycle of 94°C, 30 s; 40°C,
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30 s; 72°C, 45 s repeated 40 times; then held at 72°C, 4 min
repeated once; finishing at 4°C, 1 min) on a Corbett PC-960C
cooled thermal cycler. All PCR products were run out on a 2
per cent agarose gel and purified using UltraClean 15 DNA
purification kit (MoBio laboratories Inc.) as specified by the
manufacturer. Cycle-sequencing reactions were performed
using BigDye (Applied Biosystems) and approximately
100 ng of purified PCR product according to the manufac-
turer’s specifications. Cleaned reactions were resuspended in
HiDi formamide and run on an ABI 3100 autosequencer.
Sequences were edited and assembled using SEQUENCHER v. 3.0
(Genes Codes Corporation) and easily aligned manually.
Protein-coding regions were translated into amino acid
sequences using the mammalian mitochondrial genetic code
to ensure an open reading frame, and were compared to various
other squamate reptile translations on GenBank to check for
stop codons and frame shifts.

(d) Phylogenetic analyses

In order to examine the phylogenetic affinities of Brachylophus
within the Iguaninae, we included GenBank data for all
available members of the family. A number of short fragments
(300 bp) for Brachylophus were available on GenBank from the
studies of Colgan & Da Costa (1997) and Burns ez al. (2006),
but we did not include them because our sampling included
these same animals for which we generated complete
sequences for both genes. From GenBank we did include a
number of sequences of other members of the Iguaninae for
comparison. In total, we obtained 31 additional sequences of
the mtDNA gene ND4 and 13 additional sequences of the
mtDNA gene cytochrome b, which include at least one species
of all described genera in the Iguaninae (Amblyrhynchus,
Conolophus, Ctenosaurus, Cyclura, Dipsosaurus, Iguana,
Sauromalus). Liolaemus kriegi was used as the out-group for
all analyses based on its sister group relationship to the
Iguaninae (Schulte ez al. 2003).
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We ran two sets of phylogenetic analyses, one set with the
individual genes and the other with the combined data. For the
individual datasets, we ran heuristic parsimony searches with
the computer program PAUP* (Swofford 2002) to get an
assessment of phylogenetic resolution provided by each dataset
alone. We then performed a partition-homogeneity test in
PAUP” to determine whether the two individual datasets were
heterogeneous with regard to the phylogenetic signal. For the
combined dataset, we used parsimony and Bayesian
approaches. We used TBR branch swapping and ran the
parsimony analyses five times from random starting points and
with random sequence addition to confirm that overall tree
space was well searched. Bayesian analyses were run with the
computer program MRBAYES (v. 3.0b4; Huelsenbeck &
Ronquist 2001) and we partitioned the data into the ND4
and cytochrome b components. We allowed all parameters to
be estimated from the data during the run. We used the default
value of four Markov chains per run and also ran the full
analysis four times to make sure that the overall tree space was
well sampled and to avoid getting trapped in local optima. We
ran each analysis for a total of 5000 000 generations and
sampled the chain every 100 generations, resulting in 50 000
sampled trees. We discarded the first 5000 trees and used the
last 45 000 trees to estimate Bayesian posterior probabilities.

For both sets of analyses, we generated 10 000 ‘fast’
unweighted non-parametric parsimony bootstrap replicates
to assess branch support and for the combined dataset we also
had Bayesian posterior probabilities. In keeping with the
commonly used convention, we consider branches supported
by parsimony bootstrap values greater than or equal to 70 per
cent and posterior probability values greater than or equal to
95 per cent to be worthy of discussion.

(e) Morphology

We reviewed the detailed morphological studies of Avery &
Tanner (1970) and Gibbons (1981) and examined museum
specimens and living specimens in the wild and captivity to
determine the usefulness of characters described in determin-
ing differences between species (or major haplotype clades).
We evaluated 37 characters for their usefulness in discrimin-
ating the species (14 presented in previous studies and 23
additional characters). Unfortunately, there are few museum
specimens and most of these do not have reliable geographical
data associated with them. Some of these were acquired by
the museums from zoological institutions and many have
facial scarring from being in captivity, which makes scoring
certain characters suspect. Others in museums are captive
offspring from wild-caught animals. Therefore, to be
conservative we only examined and scored specimens with
accurate locality data (electronic supplementary material,
table 1). We grouped specimens into their presumptive
haplotype clade based on geography. Thus, we consider
specimens from Kadavu, Nairai, Ovalau and Viti Levu to
represent Brachylophus n. sp., and specimens from Lakeba,
Aiwa, Oneata, Moce and Tonga (type locality of B. fasciatus)
to represent B. fasciatus. Specimens from Vanua Levu, Yacata,
Vatu Vara and Fulanga were not put in either group pending
analysis of larger sample sizes because only one specimen was
available from each island and we had no tissue samples from
these islands. Brachylophus vitiensis is represented only in
museums by specimens collected from Yadua Taba, most of
which were included in the original description. Data for this
species come from Gibbons (1981) and the few wild-caught
paratypes at the Museum of Comparative Zoology, Harvard,
and one former captive specimen from the United States
National Museum of Natural History. Measurements of live
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animals were made for some characteristics and coloration
representing the different species as follows: Brachylophus n.
sp. from live animals at San Diego Zoo sourced from the
Orchid Island Cultural Centre; B. fasciatus from live animals
from Aiwa Lailai Island; and B. vitiensis from live animals
from Yadua Taba Island.

Recent skeletal material with known localities is very rare
for this group so we use only external characteristics for the
description and to discriminate the three living species. Future
work with internal morphology may yield additional
differences between the living species, and a careful analysis
of skeletal material will be necessary to resolve the relation-
ships of the three living species to the extinct larger allopatric
B. gibbonsi (Pregill & Steadman 2004) or the gigantic
monotypic sympatric genus L. impensa (Pregill & Worthy
2003). Museum acronyms follow Leviton ez al. (1985).

3. RESULTS

(a) Molecular phylogenetics

The edited alignment of the combined dataset
comprised 1462 characters (700 ND4+tRNA; 762
cytochrome b), and of these 442 (30.2%) were variable
and parsimony informative (202 ND4+tRNA; 240
cytochrome b) across the entire Iguaninae (excluding
the out-group L. kriegi) and 136 (9.3%) were variable
and parsimony informative (58 ND4+tRNA; 78
cytochrome b) within Brachylophus. Following align-
ment, protein-coding mtDNA sequences were trans-
lated into amino acid sequences using the vertebrate
mitochondrial genetic code. No premature stop codons
were observed or any other sign of paralogous
sequences; therefore, we concluded that all sequences
obtained were mitochondrial in origin. Each individual
dataset produced well-resolved and well-supported
phylogenetic trees and virtually identical topologies
both within the Iguaninae as a whole and within
Brachylophus based on parsimony (electronic supple-
mentary material, figure 1). A partition-homogeneity
test in PAUP* could not reject the null hypothesis that
the data were homogeneous with regard to overall
phylogenetic signal (p>0.01). Therefore the rest of
the results and our discussion are based on analysis of
the combined data, which are summarized in the
phylogenies shown in figure 2.

The unweighted parsimony analyses and the Bayes-
ian analyses of the combined dataset produced virtually
identical topologies. Figure 2a shows a representative
phylogram of the most parsimonious trees from the
unweighted parsimony analysis, and figure 26 shows
parsimony bootstrap support values and Bayesian
posterior probabilities for the combined dataset. The
phylogeny is well resolved and supported by high
bootstrap values and posterior probabilities within
Brachylophus but poor support for intra-generic
relationships (figure 2). Within Brachylophus, our
molecular dataset rejects the monophyly of specimens
currently identified as B. fasciatus. Instead, our data
strongly demonstrate that living Brachylophus comprise
three robust and well-supported clades. One clade
represents B. wvitiensis, primarily from the Fijian dry
forest (figure 1; Olson et al. in press) and including
samples from the type locality ( Yadua Taba). The other
two clades comprise animals that have traditionally
been allocated to B. fasciatus. One of these clades
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ITguana speciation in the Pacific

Figure 2. (Owverleaf.) (a) Parsimony phylogram of the Iguaninae based on combined ND4 and cytochrome &
mitochondrial DNA sequences. (b) Parsimony bootstrap consensus tree. Numbers in bold represent bootstraps
and numbers in italics represent posterior probabilities. See text for details and the electronic supplementary
material, figure 1, for individual gene trees. For both figures, non-Brachylophus individuals include only species for
which both genes were available on GenBank (accession numbers in figure 1 in the electronic supplementary
material). All Brachylophus samples are from Fiji except the introduced populations in Vanuatu and Tonga. The
holotype of B. bulabula sp. nov. (CAS 172524) from Ovalau Island is indicated in bold and the type localities for
B. witiensis (Yadua Taba) and B. fasciatus (Tonga) were included in our sampling.

comprises true B. fasciatus as represented by animals
from the Lau group of Fijian islands and Tonga (type
locality for B. fasciatus), while the other clade comprises
animals from the central regions of Fiji on Kadavu,
Gau and Ovalau (Fiji moist forest; Olson ez al. in press),
which we refer to here as Brachylophus n. sp. Animals in
this clade form the sister group to B. wvitiensis rather
than B. fasciatus. These three clades were also strongly
supported in the individual gene trees (electronic
supplementary material, figure 1). Genetic distances
between the three clades are similar to or larger than
that between species within a number of other iguanid
genera (electronic supplementary material, table 2).

Intra-specific genetic distances and haplotype diver-
sity were extremely low in B. fasciatus with only two
haplotypes identified, one from Aiwa and the other
from Tonga, but we have samples from only these two
localities (electronic supplementary material, table 2).
Genetic distances and haplotype diversity within
B. witiensis was much higher (electronic supplementary
material, table 2) and, with only one exception, each
island supports at least one unique haplotype and
represents a clade in our phylogeny (figure 2). Yadua
Taba, the island that is home to the only remaining
large population of B. vitiensis, and for which we have
the best sampling, displays the most haplotypes with
five, Monu and Monuriki eac