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ABSTRACT

Aim We investigated the biogeographical history of Australian blindsnakes
(Ramphotyphlops) with reference to Australia’s palaeoclimatic history over the
past 20 Myr, particularly the development of an extensive arid zone over this
period. Terrestrial vertebrate lineages dating back to the Miocene or earlier are
predicted to display some or all of the following patterns: (1) for taxa includ-
ing mesic, arid and monsoonal representatives, a mesic distribution should be
phylogenetically ancestral; (2) mesic and monsoon tropical lineages should
have diverged before the onset of aridification (with arid lineages appearing
later); and (3) refuges may have allowed local persistence and diversification of
lineages in the monsoon tropical and mesic zones since the mid-Miocene.

Location Continental Australia.

Methods We compiled a molecular data set comprising one mitochondrial
and three nuclear genes for 107 individuals belonging to 28 blindsnake species.
Phylogenetic relationships were reconstructed using maximum likelihood and
Bayesian inference with RAXML and MRBAYEs, respectively. Divergence times
were assessed using MULTIDIVTIME. Ancestral habitat states (arid and non arid)
were reconstructed using the maximum likelihood method implemented in
MESQUITE.

Results The age of the Australian Ramphotyphlops radiation was estimated at
21.9 Ma (95% credibility interval: 30.2-15.1 Ma). Mesic and monsoon tropical
lineages are older than the onset of aridification, with mesic distribution
appearing as ancestral on phylogenies. After the onset of aridification, lineages
persisted and diversified in mesic, tropical and/or rocky refugia. Arid lineages
diversified more recently (< 5 Ma).

Main conclusions Australian blindsnakes join several other Australian squa-
mate lineages with tropical-mesic origins that successfully adapted to the
expansion of aridity since the mid-Miocene (¢. 17 Ma) and now show evidence
of multiple relatively recent evolutionary radiations across Australia. We fur-
ther demonstrate that localized refugia permitted persistence and diversification
of mesic taxa, with arid lineages diversifying much later (< 5 Ma) when the
arid zone was well established.

Keywords
Continental Australia, evolution, historical biogeography, phylogeny, Rampho-
typhlops, reptile, snake, squamate, timetree.

INTRODUCTION

The global Cenozoic cooling that began in the mid-Miocene
(Flower & Kennett, 1994) has been associated with aridifica-
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tion in the Southern Hemisphere (Richardson et al., 2001;
Martin, 2006; Ortiz-Jaureguizar & Cladera, 2006; Byrne
et al., 2008; Cowling et al., 2009), and its resulting impact
on the evolution and biogeography of species. In particular,
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the Australian biota changed dramatically with the develop-
ment of an extensive arid zone during the last 20 Myr (Mar-
tin, 2006; Byrne et al., 2008).

Before the mid-Miocene, the Australian region currently
known as the arid zone was warm, humid, characterized by
remarkable climate stability, and inhabited by tropical fau-
nas and floras (Alley & Lindsay, 1995). In the mid-Miocene,
the fall of sea levels and the extension of Antarctic ice
sheets led to the emergence of new conditions, resulting in
the aridification of Australia (McGowran et al,, 2004; Bow-
ler et al, 2006). By the late Miocene, rain forest was
restricted to the north and east, and small patches in the
south, as sclerophyllous plant genera and open, dry forests
and shrubland expanded in central Australia (Martin, 2006).
During the early Pliocene, a brief return to warmer condi-
tions led to the redevelopment of rain forest, but without
recovery of the early Miocene biota. Glacial cycles were
established in the late Pliocene and intensified at the begin-
ning of the Pleistocene, along with a rapid growth of
glaciers in the Northern Hemisphere around 2.5 Ma (Wil-
liams et al., 1998; Byrne et al., 2008). The contemporary
stony and sandy deserts expanded during glacial intervals
(from 4 to 2 Ma), associated with low temperatures that
had never prevailed before in this area (Fujioka et al., 2005;
Byrne et al., 2008).

Australia currently comprises three major climatic zones
(Fig. 1). The mesic zone includes the wet tropics rain forest
in the far north-east, extending south along the Great Divid-
ing Range, with an isolated region in the south-west. The
arid zone, as defined by Byrne et al. (2008), is widespread in
central and western Australia. The remaining northern region
receives heavy rainfall during summer, and is called the
monsoon tropics (Byrne et al., 2011). Throughout these
three climatic zones, rocky ranges at the periphery of the
Australian continent, such as the Pilbara, Kimberley and Top
End, have acted as refugia over the aridification. They per-
mitted the maintenance and the diversification of mesic and
tropical squamate lineages such as geckos and skinks (Chap-
ple & Keogh, 2004; Oliver et al., 2010; Doughty et al., 2011a,
b; Pepper et al., 2011).

In accordance with the climatic scenario described above, the
lineages dating back to the Miocene or earlier should display
some or all of the following patterns, already observed in some
squamate reptiles: (1) for taxa including mesic, arid and/or
monsoonal representatives, a mesic distribution should be phy-
logenetically ancestral; (2) mesic and monsoon tropical lineages
should have diverged before the onset of aridification (with arid
lineages appearing later); and (3) monsoon tropical and mesic
lineages that have persisted and diversified since the mid-Mio-
cene should be traceable to refugia (Byrne et al., 2008, 2011;
Hugall et al., 2008; Fujita et al., 2010; Oliver & Bauer, 2011).

To test these predictions, we investigated a reptile lineage
that is widely distributed in the arid, mesic and monsoon trop-
ical zones of Australia: the blindsnakes (Serpentes, Scolecophi-
dia, Typhlopidae). These reptiles are burrowers and small,
usually less than 30 cm in length (Vidal et al., 2010). The 42
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currently recognized Australian species all belong to Rampho-
typhlops, a genus of 66 species distributed across South and
Southeast Asia, Australasia and Melanesia (as far east as Fiji,
and across the Caroline Islands from Palau to Pohnpei), and
comprise one of the least-known elements of the Australian
herpetofauna (Rabosky et al., 2004). They colonized Australia
between 28 (95% credibility interval: 19-39) and 17 (10—
26) Ma, by a single dispersal event from Southeast Asia (Vidal
et al., 2010). Because they reached Australia before the onset
of the aridification process and are widely spread over the
three major biomes, they are well suited for testing hypotheses
of Neogene biogeographical scenarios within Australia.
Accordingly, we constructed a molecular genetic data set for
107 individuals belonging to 28 Ramphotyphlops species com-
posed of one mitochondrial and three nuclear markers and
performed phylogenetic and molecular clock analyses.

MATERIALS AND METHODS

Taxonomic sampling

Ingroup sampling included 107 individuals belonging to 28
Ramphotyphlops species (Appendix S1 in Supporting Infor-
mation lists the taxa, localities, and accession numbers of the
specimens used in the study). For outgroups, we used Epictia
columbi (Leptotyphlopidae), Gerrhopilus mirus (Gerrhopili-
dae), Xenotyphlops grandidieri (Xenotyphlopidae), Typhlops
reticulatus, T. arator, T. jamaicensis, T. vermicularis, Rampho-
typhlops acuticaudus, R. braminus, an undescribed species of
Ramphotyphlops from Moyo Island, Lesser Sundas (hereafter,
‘R. sp.’), and Acutotyphlops subocularis (all Typhlopidae),
Anilius scytale and Tropidophis sp. (Alethinophidia: Amero-
phidia), Boa constrictor and Laticauda colubrina (Alethino-
phidia: Afrophidia), and the lizard Shinisaurus crocodilurus
(Anguimorpha: Shinisauridae).

Molecular markers

One mitochondrial protein-coding gene and three nuclear
protein-coding genes were used. The mitochondrial marker,
cytochrome b (cyth), was chosen for its potential to resolve
the most recent nodes. The three nuclear genes are the pro-
lactine receptor (PRLR), the brain-derived neurotrophic fac-
tor (BDNF) and the bone morphogenetic protein 2 (BMP2).
These genes have already been used for inferring higher-level
squamate phylogenies (Noonan & Chippindale, 2006; Town-
send et al., 2008; Wiens et al., 2008; Vidal et al., 2009, 2010).
For this work, 91% of the sequences were newly determined:
436 sequences were deposited in GenBank under accession
numbers JQ910201-JQ910636.

DNA extraction, amplification, and sequencing

DNA extraction was performed with the DNeasy Tissue Kit
from Qiagen (Courtaboeuf, France). Amplification and
sequencing was performed using primers listed in Table 1. For
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Table 1 List of primers used in this study.

Gene Primer Authors
cyth CSIL GAAAAACCGCYRTTGTWWTTCAACTA Adalsteinsson et al. (2009)
LTyph2R AGYTTGTTTGGGATKGCTCGTAGRAT Adalsteinsson et al. (2009)

L14910 GACCTGTGATMTGAAAACCAYCGTTGT Burbrink et al. (2000)

H16064 CTTTGGTTTACAAGAACAATGCTTTA Burbrink et al. (2000)
PRLR PRLR_f1 GACARYGARGACCAGCAACTRATGCC Townsend et al. (2008)
PRLR_f2 AAGAGTCRCCCAYATAAAAA this study
PRLR_r3 GACYTTGTGRACTTCYACRTAATCCAT Townsend et al. (2008)
PRLR_r4 AAGAACYTCTCTGGAGGT this study
PRLR_r5 ATCCATTGGYTTTGYAGACA this study
BDNF BDNF_F GACCATCCTTTTCCTKACTATGGTTATTTCATACTT Noonan & Chippindale (2006)
BDNF_R CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC Noonan & Chippindale (2006)
BMP2 f6 CAKCACCGWATTAATATTTATGAAA Wiens et al. (2008)
3 ACYTTTTCGTTYTCRTCAAGGTA Wiens et al. (2008)
BMP2_f7 TTCTCAARTCAGAAAGAGAG this study
BMP2_{8 GAAAGAGAGGCCTCCAAG this study
BMP2_r4 TCAAGGTACARCATWGAGATGG this study
BMP2_r5 CAGTTCTGTCGGCACACA this study

the four markers, DNA amplification was performed by poly-
merase chain reaction (PCR) in a final 21-pL volume contain-
ing 1 pL dimethyl sulfoxide, 0.8 uL of dANTPs at 6.6 mm,
0.12 pL of Taq DNA polymerase (MP Biomedicals, Illkrich,
France or Qiagen), using 2.5 pL of the 10x buffer provided by
the manufacturer, and 0.32 pL of each of the two primers at
10 pm; 1 mL of DNA extract was added. The PCRs were per-
formed under the following conditions: an initial denaturation
at 94 °C for 3 min followed by 40 cycles (3 min at 94 °C, 40 s at
50 °C, 1 min at 72 °C) and a final elongation at 72 °C for
10 min, using a PCR System 2700 thermocycler (Applied Bio-
systems, Courtaboeuf, France). Amplification products were
visualized on ethidium bromide stained agarose gels. Sequenc-
ing was performed by the National Centre for Sequencing
(Genoscope) at Evry using the same primers.

The two strands obtained for each sequence were com-
bined using SEQUENCHER 4.9 (GeneCodes, Ann Arbor, MI).
Sequence alignment was performed with CLusTALW2 (Larkin
et al., 2007) implemented in BroEpit (Hall, 1999) and then
manually refined with Mmeca 5 (Tamura et al, 2011) using
amino acid translations.

Saturation analysis

Saturation of the three codon positions of the two most variable
genes, cytb and LRPR, was evaluated by plotting neighbour-
joining uncorrected distances (branch length sum) against cor-
rected distances estimated under the model GTR+I+G, using
PAUP* 4.0b10 (Swofford, 2003). Third codon positions in cytb

were removed in divergence-time analyses because they were
judged to be saturated (Lukoschek et al., 2012).

Phylogenetic analyses

Phylogenetic analyses were conducted for each gene sepa-
rately, for the nuclear data set only, and for the total com-
bined data set. We built phylogenies using maximum
likelihood (ML) and Bayesian inference. ML analyses were
performed with RAXML 7.2.8 (Stamatakis, 2006; Stamatakis
et al., 2008), and Bayesian analyses were performed with
MgrBavEs 3.1.2 (Ronquist & Huelsenbeck, 2003). We treated
each of the codon positions of the cytb, BDNF, LRPR and
BMP?2 genes as a separate partition, such that the combined
data set included 12 partitions. Bayesian analyses were per-
formed by running 10,000,000 generations in four chains,
saving the current tree every 100 generations, with a
GTR+I+G model applied to each partition. The last 90,000
trees were used to construct a 50% majority rule consensus
tree. For the ML analysis, we used the same 12 partitions and
performed 1000 bootstrap replicates. Trees were visualized
with FIGTREE 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

Divergence time estimation

Bayesian molecular clock analyses were conducted with the
combined data set, excluding the third codon positions in
cytb (11 partitions), using MULTIDIVTIME T3 (Thorne &
Kishino, 2002; Yang & Yoder, 2003). The Bayesian topology

Figure 1 Timetree of Australian Ramphotyphlops based on the analysis of DNA sequences from one mitochondrial and three nuclear
protein-coding genes. The four major clades (A-D) are indicated by vertical bars next to taxon names. Representatives inhabiting the
central arid zone are written in bold and framed in grey. Nodes with black circles are supported by posterior probability > 0.95 and
maximum likelihood (ML) bootstrap probability > 75%. Nodes with white circles are supported by posterior probability > 0.90 and ML
bootstrap probability > 70%. The insets on the left show continental Australia before (20 Ma) and after (present day) the aridification.
On the right, the four distribution maps correspond to the four main clades; points represent the locations of the samples genotyped
for this study. Labels on the time scale are Plio. (Pliocene), Pl. (Pleistocene), Qua. (Quaternary).

Journal of Biogeography 40, 928-937
© 2012 Blackwell Publishing Ltd

931



J. Marin et al.

obtained from the combined data set (12 partitions) was
used as the input tree, with the monophyly of the guentheri—
howi clade constrained, as this clade is supported by the
nuclear data, and is coherent with taxonomic and geographi-
cal data. PamL 4 (Yang, 2007) was used to estimate model
parameters for the MULTIDIVTIME analyses. Bayesian 95%
credibility intervals (CI), which are posterior probability
intervals analogous to confidence intervals, were calculated
for time estimates.

The prior for the rttm parameter was set at 130 Ma, inter-
mediate between the oldest fossil snake (100 Ma) and the
oldest fossil anguimorph (166 Ma) (Vidal et al., 2009). The
three rttm settings (100, 130 and 166 Ma) used by Vidal et al.
(2010) vyielded less than 1% difference in time estimates, so
the intermediate rttm was used here. The prior bigtime was
set at 200 Ma (Triassic—Jurassic boundary). Other priors fol-
lowed the recommendations accompanying the software.

The split between the alethinophidian snake taxa Afrophi-
dia and Amerophidia was constrained at 105.8 Ma (Vidal
et al., 2009), consistent with geological data for the opening
of the Atlantic Ocean (Gradstein et al., 2004). The oldest cae-
nophidians are from the Cenomanian (100-94 Ma) (Rage &
Werner, 1999) and therefore the divergence of Elapidae (Cae-
nophidia) and Boidae (‘Henophidia’) was set at a minimum
of 94 Ma. As the use of the latter calibration has been criti-
cized by Sanders & Lee (2008), we also ran analyses with that
calibration removed. In the absence of other available fossil
calibrations, we calibrated a different node in the tree, the lep-
totyphlopid/typhlopid divergence, using a time estimate
(153 Ma) obtained by excluding the 94-Ma calibration point
(Vidal et al., 2009). We used the extremes of the 95% credi-
bility interval (19-39 Ma) as calibrations for the node uniting
the Australian Ramphotyphlops and R. sp. (Vidal et al., 2010).
The last calibration used was a maximum corresponding to
geological dates when West Indian islands rose above sea level.
The node uniting all West Indian taxa was constrained at a
maximum of 37.2 Ma (Iturralde-Vinent & MacPhee, 1999).

All analyses were run for 1,100,000 generations, with a sam-
ple frequency of 100 after a burn-in of 100,000 generations.

Ancestral area reconstruction

Ancestral character state reconstructions of habitats were
conducted using the maximum-likelihood method imple-
mented in MesQuiTE 2.75 (Maddison & Maddison, 2011).
Recognized species were assigned different habitat codes
according to their distributions (Wilson & Swan, 2006): arid
(0), arid and non-arid (1), non-arid (2). Ancestral states
were reconstructed for all Bayesian trees retained from the
analysis of the combined data set and their mean likelihood
was then plotted on the maximum clade credibility tree.

RESULTS

We sequenced 2424 aligned nucleotide sites across the four
genes. For cyth, 678 sites were obtained with 432 variable
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sites. For LRPR, 379 of 483 obtained sites were variable; for
BDNEF, 188 of 672 sites were variable; and for BMP2, 361 of
591 sites were variable.

Phylogenetic analyses

There is congruence [no conflicting nodes supported by ML
bootstrap (BS) > 70% and posterior probability (PP) > 0.9]
between the nuclear and mitochondrial data for both Bayes-
ian and ML analyses. The nuclear genes resolved many basal
nodes for which mtDNA was uninformative. Bayesian and
ML trees obtained from the combined data set are also lar-
gely congruent (see Appendix S2). Of the 22 species repre-
sented by at least two individuals, 17 were found to be
monophyletic with high support (Fig. 1). Exceptions were as
follows: the robust R. kimberleyensis clade (BS = 100%/
PP = 1.00) includes R. troglodytes; the clade comprising
R. guentheri and R. howi is well supported (BS = 72%/
PP = 0.98) and the node uniting R. howi and one individual
of R. guentheri (number 6) is strongly supported
(BS = 100%/PP = 1.00); R. leptosoma is polyphyletic as well
as R. grypus (which occurs in three places — paraphyletic with
R. leptosoma and sister to R. affinis), and R. ligatus is para-
phyletic, indicating the presence of cryptic species.

Australian Ramphotyphlops are a clade, as reported previ-
ously (Vidal et al., 2010), with four major subclades. The
basal subclade (clade A, Fig. 1), to which the restricted cen-
tral east coast species R. silvia belongs with weak sup-
port (BS = 52%/PP = 0.47), includes R. australis, R. bicolor,
R. centralis, R. endoterus, R. hamatus, R. pilbarensis, R. pinguis
and R. waitii (BS = 82%/PP = 0.99). This clade extends from
the Pilbara region southwards in western Australia, and east-
wards across southern Australia, with the exception of R. cen-
tralis and R. endoterus from the arid zone and R. hamatus
distributed in both mesic and arid areas. The second clade
(clade B) is strongly supported (BS = 91%/PP = 1.00) and
comprises R. grypus, R. leptosoma, R. longissimus and R. proxi-
mus. It is mainly distributed along the western coast includ-
ing the Pilbara region, with the exception of R. proximus, a
mesic south-eastern species. Although the last two clades
(C and D) are not well supported (BS =40% and 58%/
PP = 0.93 and 0.94, respectively), the monophyly of the node
uniting them is strongly supported (BS = 88%/PP = 1.00).
The third clade (clade C) includes R. ammodytes, R. diversus,
R. guentheri and R. howi. This clade is distributed in the
monsoonal tropical region with outliers in the Pilbara
(R. ammodytes) and northern desert (R. diversus) regions.
The fourth clade (clade D) comprises R. affinis, R. bitubercul-
atus, R. ganei, R. ‘grypus’ (from arid Queensland), R. kimber-
leyensis, R. ligatus, R. migrescens, R. polygrammicus,
R. troglodytes, R. unguirostris and R. wiedii. This clade is largely
distributed in the monsoonal tropical region to the south-east
mesic region, with outliers in the Pilbara (R. ganei), northern
desert (R. ‘grypus’) and southern desert (R. bituberculatus).

It is noteworthy that several species (R. australis, R. am-
modytes, R. bituberculatus, R. diversus, R. endoterus, R. grypus,
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R. guentheri, R. hamatus, R. kimberleyensis, R. ligatus, R. le-
ptosoma, R. nigrescens and R. unguirostris) harbour deep
branching patterns and at least four ‘species’ (R. guentheri,
R. grypus, R. kimberleyensis and R. ligatus) are polyphyletic,
suggesting hidden species diversity.

Divergence time estimation

Similar divergence times were estimated with and without
the 94-Ma calibration point, so we kept it in our primary
analysis. The colonization of Australia occurred between 35.1
(38.9-26.8) and 21.9 (30.2-15.1) Ma, which is consistent
with geological connections, considering that the collision of
the Australian plate with the Asian plate started 25 Ma (Hall,
2002), leading to the narrowing of the ocean gap between
these two landmasses and the development of volcanic island
arcs in the gap (Metcalfe, 1998). Indeed, faunal exchanges
via dispersals between the Australian and Asian plates began
around 30 Ma (Filardi & Moyle, 2005; Moyle et al., 2006;
Pasquet et al., 2007; Lecompte et al., 2008).

Our age for the intra-Australian Ramphotyphlops diversifi-
cation, 21.9 (30.2-15.1) Ma, is slightly older than that esti-
mated in a previous study — 17 (25.8-10.5) Ma (Vidal et al,
2010). The early diversification of Australian Ramphotyphlops
appears to have occurred relatively rapidly (short branch
lengths and poor support for some nodes) around the early
and mid-Miocene, between 22 and 16 Ma for the four major
clades. The arid lineages appeared more recently. The well
resolved nodes linking the arid species R. centralis and R. en-
doterus date back to 2.4 (6.28-0.14) and 4.2 (8.46-1.1) Ma.
Species distributed across mesic and arid regions (i.e. R. bitu-
berculatus, R. diversus and R. hamatus) diversified 1.45 (4.1—
0.06), 4.9 (8.65-2.24) and 3.2 (6.39-1.05) Ma, respectively.

Ancestral area reconstruction

Non-arid habitat (mesic and monsoon tropical areas) was
reconstructed as the ancestral habitat for Australian Rampho-
typhlops, with the node uniting Australian Ramphotyphlops
assigned a non-arid character state (Fig. 2).

DISCUSSION

In Australia, aridification in response to global Cenozoic
cooling (Flower & Kennett, 1994) is thought to have pro-
foundly influenced the evolution of terrestrial organisms.
The onset of arid conditions in central and western Australia
20 Ma caused the restriction of mesic biomes to coastal areas
(Martin, 2006; Byrne et al., 2008, 2011). Because the Austra-
lian and Asian plates collided 25 Ma (Byrne et al., 2011),
some mesic organisms reached Australia from Asia around
that time. Blindsnakes colonized Australia 35.1-21.9 Ma by
oceanic dispersal from mesic regions (Southeast Asia) (Vidal
et al., 2010). In support of this idea, our analyses recon-
structed mesic and monsoon tropical areas as the ancestral
habitats for Australian Ramphotyphlops (Fig. 2).
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Deep divergences within the four major clades, and even
within many of the recognized species, reflect long-term iso-
lation since the mid-Miocene (c. 17 Ma) in mesic and mon-
soonal tropical zones, and also the Pilbara. The contraction
and fragmentation of mesic forest early in the aridification
process (Martin, 2006) seems to have accompanied the ori-
gin of Ramphotyphlops diversification. Indeed, during frag-
mentation, the population size decreased, accelerating the
process of genetic diversity loss by genetic drift (Hedrick,
2011). Moreover, during the localized expansion phases, a
loss of genetic diversity through the founder effect may occur
in the case of the colonization of new niches (for example,
Maruyama & Fuerst, 1984), resulting in taxa with deep coa-
lescent histories (Hewitt, 1999).

As the arid zone expanded in central Australia, mesic lin-
eages were isolated along the east coast and south-west — the
monsoonal tropical zone — which served as refugia. Although
located in the arid zone, the Pilbara region was also a refu-
gium. These areas were able to retain relative climatic stabil-
ity during periods of unpredictable climate (Hewitt, 1999),
especially peripheral rocky areas protected from climatic
extremes because of their proximity to the coast. The Kim-
berley, Top End and Selwyn ranges in the monsoonal tropics,
the Hamersley Range in the Pilbara, and the Central Ranges
have been suggested as significant refugia (Byrne et al., 2008;
Fujita et al., 2010; Oliver et al., 2010; Pepper et al., 2011).
The complex topography of the Great Dividing Range along
the east coast and the Flinders Ranges to the south are also
potential refugia (Byrne et al., 2011).

Coastal and rocky regions also acted as discrete refugia
during the glacial cycles (Pliocene—Pleistocene). Much of the
extant Australian blindsnake diversity originated in the last
4 Myr, between a brief return to warmer conditions in the
early Pliocene and the intense glacial cycles of late Pliocene
and the Pleistocene (Fig. 1). Lineages were probably wide-
spread and then later fragmented among multiple discrete
refugia, similar to a proposal by Fujita et al. (2010), who
found comparable results for a gecko species complex with a
near continent-wide distribution.

Arid-zone colonization occurred several times, mostly
from mesic and monsoon tropical ancestors between 9 and
3 Ma (Figs 1 & 2). Despite differences in their phylogenetic
and geographical positions, arid lineages diversified very
recently, between 4.9 and 1.45 Ma. The formation of con-
temporary stony and sandy deserts, which occurred during
glacial intervals of intense climatic cycles since 4 Ma (Fujioka
et al., 2005), is consistent with our estimate of the timing of
arid lineage diversification.

CONCLUSIONS

Our results on the diversification of Australian Ramphotyph-
lops are consistent with evolutionary and biogeographical
hypotheses underlying Australian aridification. Blindsnakes
originated from mesic Asian ancestors 35-21 Ma, and their
diversification was subsequently driven by forest fragmenta-
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tion resulting from the aridification of Australia beginning
20 Ma. After the onset of aridification, lineages persisted and
diversified in mesic, tropical and/or rocky refugia. Arid lin-
eages emerged later, well after the arid zone was established.
This pattern is also evident in other squamate lineages:
skinks (Rabosky et al., 2007), agamid lizards (Hugall et al,
2008) and geckos (Oliver & Sanders, 2009; Fujita et al., 2010;
Oliver & Bauer, 2011; Pepper et al., 2011). Thus, typhlopid
snakes appear to be one of several Australian squamate lin-
eages with northern tropical origins that persisted in isolated
refugia during the expansion of open and arid environments
during the Miocene, with multiple invasions (< 10 Ma) of
the arid zone followed by recent diversification (< 5 Ma).
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