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Genetic diversity and biogeographic history inform future
conservation management strategies for the rare sunset
frog (Spicospina flammocaerulea)

D. L. EdwardsA,B,C and J. D. RobertsA

ASchool of Animal Biology M092, The University of Western Australia, Crawley, WA 6009, Australia.
BPresent address: Museum of Zoology, The University of Michigan, Ann Arbor, MI 48109-1079, USA.
CCorresponding author. Email: daned@umich.edu

Abstract. Outlining the distribution of genetic variation, patterns of gene flow and clarifying the biogeographic processes
underlyingpopulationhistory are critical componentsof a comprehensive conservation strategy for endangeredor vulnerable
species. We provide this information for the vulnerable sunset frog (Spicospina flammocaerulea) using a comprehensive
genetic dataset (ND2) with samples from 17 of 22 geographic localities where this species has been found. From genetic,
biogeographic and coalescent-based analyses, we document the existing genetic variation, likely movement patterns and
explore the biogeographic history of S. flammocaerulea. While catchment-based genetic variation is well documented
in other high-rainfall taxa in south-western Australia, a much more complex scenario including dispersal across ridge
lines between catchments better explains the distribution of genetic variation and observed patterns of gene flow in
S. flammocaerulea. The population history of S. flammocaerulea is strongly indicative of recent population contraction and
expansion, whichmay be related to late Pleistocene climate fluctuations. This suggests that this species can adapt ormove in
response to fluctuating climates provided suitable habitats or expansion areas are available. However, like many other
endemic taxa with limited geographic ranges in south-western Australia, the potential to shift distributions is hampered by
being land-locked within an agricultural landscape, limiting management options in the face of climate change.

Additional keywords: conservation, phylogeography, population genetics, south-western Australia.

Introduction

Understanding the biogeographic processes underlying
population history, the distribution of genetic variation and
patterns of gene flow are critical components of comprehensive
and sustainable conservation management of threatened and
endangered species (Moritz 1994, 2002; Moritz and Faith 1998).
However, this information is rarely available for either flora or
fauna in any ecosystem. South-western Australia is known for its
extreme diversity of plants and highly threatened ecosystems,
but there are comparatively few datasets analysing genetic
differentiation within species that might lead to an understanding
of processes generating that diversity (but for plants see Coates
and Hamley 1999; Byrne and Macdonald 2000; Byrne et al.
2003a, 2003b; Coates et al. 2003; Broadhurst et al. 2004; Byrne
and Hines 2004; Wheeler and Byrne 2006; and for animals see
Driscoll 1998a, 1998b; Reid 2002; Munasinghe et al. 2004;
Gouws et al. 2006; Edwards 2007a; 2007b; Edwards et al. 2007,
2008). Genetic data documenting variation within species can
be used for conservation management in two ways: (1) to assess
common patterns of variation that reflect historical events such
as climate shifts, patterns of isolation or tectonic activity that
might define the spatial array of genetic diversity and inform

management actions (e.g. reserve selection or management of
fragmented landscapes: Kahindo et al. 2007; McRae and Beier
2007; Vandergast et al. 2008) or (2) to document dispersal routes
as part of recovery planning and ongoing management of natural
populations of endangered species (De Boer et al. 2008; Neel
2008).

The frog fauna of south-western Australia shows a range of
patterns of genetic subdivision with important conservation
implications. TheGeocrinia rosea species complex is a series of
four allopatric, geographically restricted frog species with direct
development and very limited dispersal (Driscoll 1998a, 1998b;
Conroy and Brook 2003; Driscoll and Roberts 2008). These four
species all show very high levels of subdivision within species,
reflecting both historical patterns of drainage-based difference
and the impact of genetic drift and limited local dispersal (Driscoll
1998a, 1998b; Driscoll and Roberts 2008). Other species with
wider distributions and habitat preferences have either strong
patterns of catchment-based genetic structure (Edwards et al.
2008) or limited genetic structuring and widespread dispersal
(Davis and Roberts 2005; Morgan et al. 2007). The sunset
frog (Spicospina flammocaerulea) breeds in late spring or early
summer in landscapes with a strongwinter rainfall maximum and

� CSIRO 2011 10.1071/ZO11005 0004-959X/11/020063

CSIRO PUBLISHING Short Communication

www.publish.csiro.au/journals/ajz Australian Journal of Zoology, 2011, 59, 63–72



extreme Mediterranean climate. It breeds in peat swamps high in
the landscape (Roberts et al. 1997, 1999; Dziminski et al. 2004).
Breeding site and season might favour differentiation as drying
swamps in spring and summer might limit the chances
for downstream dispersal by tadpoles. However, many breeding
sites are at the top of drainage systems, possibly allowing
adult or juvenile dispersal between drainages across the tops of
catchments (Roberts et al. 1999;Burbidge andRoberts 2001). On
the basis of the observed variation in phylogeographic pattern in
frogs from south-western Australia and the known biology of
the sunset frog, we cannot make reliable predictions about the
presence or absence of genetic structuring in this species.

Consequently, we analysed population processes and genetic
diversity in the sunset frog as background for ongoing
management of this species. The sunset frog is classified as
‘Vulnerable’under IUCNRedList criteria (Burbidge andRoberts
2001). The species, discovered in 1994, is the single survivor of a
lineage within the familyMyobatrachidae most closely related to
the genusUperoleia (Roberts et al. 1997;Read et al. 2001). It is an
aquatic ovipositor with aquatic larval development that breeds
in late spring or early summer when rainfall is lowest in south-
western Australia (Burbidge and Roberts 2001), a breeding
strategy unique in the south-western Australian frog fauna and
likely to be an ancestral state retained from historical occupation
of a subtropical region (Roberts et al. 1997). It has a small range
(300 km2 total distribution with an area of occupancy probably
less than 20 km2) in the high-rainfall zone of the south-west and
has been found only in perched peat swamps on first-order
streams high in the landscape in the Frankland, Bow and
Kent River catchments (Roberts et al. 1997). We conducted a
comprehensive genetic study using mtDNA across the entire
known distribution of S. flammocaerulea. We aimed to develop a
picture of the distribution of genetic diversity, movement
patterns, and underlying population processes that have shaped
the distribution of this species with implications for its ongoing
conservation management. We posed three questions related to
the biogeographic history of S. flammocaerulea and relevant for
informing conservation management in the species:
(1) What is the effective dispersal distance for female

S. flammocaerulea?
(2) What are the patterns of gene flow and genetic diversity

within S. flammocaerulea: can they be explained by
catchment?

(3) Has S. flammocaerulea undergone population expansions
and contractions concordant with recent, Pleistocene, or
older, climate cycles?

Materials and methods
Tissue samples

In total, 184 individuals were sampled (toe-clips) from 17 sites
across the species’ distribution. Four or five animals per site were
sampled from seven smaller populations, and 12–18 animals per
site were sampled from 10 larger populations. Most animals
sampled were adults; only two juveniles were sampled, which
constitutes the total number of records of juveniles observed for
the species. Tadpoles are also rarely observed and little is known
of the biology of either tadpoles or juveniles of this species. Fig. 1
shows the distribution of sampling sites and the sample numbers

from each site. Sampled populations represent every known site
that was active (i.e. calling males could be heard) across two
breeding seasons (2002–03). Both active searches and call
surveys failed to locate individuals at a further five sites from
which calling activity had previously been recorded, but several
factors (e.g. time since fire) can affect calling activity (Bamford
and Roberts 2003).

Molecular genetic methods

Genomic DNA extraction, polymerase chain reaction
amplification and cycle sequencing procedures were carried out
as outlined in Edwards (2007a). Primers used to amplify ND2
were L4221 (50-AAGGRCCTCCTTGATAGGGA-30 –modified
from Macey et al. 1998) and tRNA-trp (50-CTCCTGCTTAGG
GSTTTGAAGGC-30 –modified fromRead et al. 2001). Internal
primers used for sequencing were L4437 (50-AAGCTTTCGG

0 2.5 5 10 Km

Fig. 1. Map of Spicospina flammocaerulea sampling sites [*] showing the
major catchments (delineated by dotted lines) and rivers in the region, with a
map of Australia (inset). Sampling sites represent all known and active (male
calling activity) sites within the entire distribution of the species across
two breeding seasons (2002 and 2003). Numbers following sites names
represent the number of individuals sequenced from each site. Note the lack of
a distinct boundary in the north-west of the Bow catchment bordering the
Frankland catchment. Grey shaded areas represent agricultural and private
land-use, unshadedareas areNational Parks, unusedCrownLandorReserves.
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GGCCCATACC-30: Macey et al. 1998), L5025spic (50-CATG
TGGGCTGAATGGTTT-30), Myo-L4882 (50-CMACVTGRCA
AAAAYTHGCCCC-30 – modified from Melville et al. 2004)
and H4980 (50-ATTTTTCGTAGTTGGGTTTGRTT-30: Macey
et al. 1998). Sequence data were edited (Sequencher 3.0, Gene
Codes Corporation), aligned (ClustalX: Thompson et al. 1997)
and checked by eye and a clear reading frame was observed in all
sequences. Distinct haplotype sequences have been lodged in
GENBANK (accession numbers – Appendix 1). Haplotype
(HD) and nucleotide (p) diversity were estimated using DnaSP
ver. 4.50.3 (Rozas et al. 2003).

Phylogeographic patterns

Unrooted, statistical, parsimonyhaplotypenetworkswere created
using TCS 1.21.0 to display genetic relationships amongst
S. flammocaerulea haplotypes presented as a network structure.
Diversity of private alleles in each population was calculated
using HP-RARE (Kalinowski 2005), with corrections for
different sample sizes via rarefaction, as a measure of genetic
distinctiveness or isolation (Kalinowski 2004). This is based on
the premise that populations experiencing restricted gene flow
will have a high number of private or unique alleles, and therefore
high private allelic diversity. To map patterns of gene flow we
calculated pairwiseFSTs between each population usingArelquin
ver. 3.11 (Excoffier et al. 2005). Catchment-based patterns of
genetic structurewere tested using analyses ofmolecular variance
(AMOVA), calculated in ARLEQUIN v3.11 (Excoffier et al.
2005). Genetic samples from each sampling site were grouped
for hierarchical analyses according to the catchment in which
they occurred (Kent, Bow or Frankland). Spatial autocorrelation
analyses were used to estimate effective female dispersal
and look for evidence of isolation by distance across the
distribution-wide dataset by plotting patterns of spatial genetic
structure using GenAlEx ver. 6 (Peakall and Smouse 2006).
Spatial autocorrelation computes the statistic r, an index of
genetic correlation (either positive or negative) amongst samples
from specified geographic distance classes (Peakall et al.
2003). Because analyses can be sensitive to changes in size class
(Peakall et al. 2003) we ran analyses using multiple size class
bins at 2, 3, 4 and 5 km.

Demographic expansion analyses
Analysis of historical changes in population size, including
the magnitude and the pattern and timing of expansion were
analysed using a combination of summary statistics, mismatch
distributions andcoalescent-based simulations across the rangeof
S. flammocaerulea. Tajima’s D (DT) (Tajima 1989), R2 (Ramos-
Onsins and Rozas 2002) and Fu’s FS summary statistics were
all calculated using DnaSP ver. 4.50.3 (Rozas et al. 2003) to
provide evidence of historical population expansion. The
statistical significance ofDT, R2 and Fu’s FS statistics were tested
by generating random samples under the hypotheses of
both selective neutrality and demographic equilibria using
coalescent simulations with 10 000 permutations in DnaSP ver.
4.50.3 (Rozas and Rozas 1999; Rozas et al. 2003). In order to test
whether estimated population expansion also corresponded to
spatial expansion mismatch distributions were computed by
comparing empirical distributions with those based on both a

demographic expansion model (DEM) and a spatial expansion
model (SEM) using the generalised least-squares method in
ARLEQUIN ver. 3.11 (Excoffier et al. 2005). The statistical
significance of parameters estimated by mismatch distribution
tests were calculated by bootstrapping analyses 10 000 times.

To provide further evidence for population expansion, as
well as evidence of contraction, in addition to estimating the
magnitude of population expansion we estimated parameters q
and g for the distribution-wide data and for haplotype groups
identified from the haplotype network. LAMARC ver. 2.1.2b
(Kuhner 2006; Kuhner and Smith 2007) was used to obtain
maximum-likelihood estimates of theta (q = 2Nem, where Ne is
the effective female population size andm is themutation rate) and
an exponential population growth parameter (g). The q parameter
was estimated initially with g held at zero and with starting
q obtained using Watterson’s (1975) estimate (qNG). The qG
parameter was estimated jointly with g (initial value of g = 0.1).
The search strategy employed for all runs consisted of 15 short
chains (10 000 steps), five long chains (200 000 steps), sampled
every 20th step, burn in = 1000, random starting trees, transition/
transversion ratio = 2 and empirical base frequencies.
Interpretations of the g parameter obtained from empirical data
followed the methods outlined in Lessa et al. (2003) and Garrick
et al. (2007). Estimates for parameters qNG, qG and g were
repeated five times and the mean and standard deviation (s.d.)
of these parameter estimates were calculated. The g parameter
was considered to indicate population growth only when
g – (3� s.d.(g)) > 0, and, alternatively, population decline would
be indicated when g+ (3� s.d.(g)) > 0 (Lessa et al. 2003; Garrick
et al. 2007).

Where population expansion was detected, time since
population expansion (t= t/2m: Rogers and Harpending 1992)
was calculated using t (estimated by the mismatch analysis) and
the nucleotide substitution rate (m) of the gene region used
(Excoffier 2004). There are no appropriate external calibration
points/fossils that might be used to calibrate a mutation rate for
Australian frogs, therefore to provide approximate dates for
expansions in S. flammocaeruleawe adopted the mutation rate of
0.957% for every million years, calibrated for the entire ND2
coding region in eleutherodactylid frogs (Crawford 2003).While
rates can vary between branches, studies on vastly different
groups of amphibians have shown similar rates of divergence to
those originally proposed by Macey et al. (1998) (Crawford and
Smith 2005). However, to incorporate the potential for variation
in mutation rate we also calculated divergences using the lower
and upper limits of rates reported for anurans in the literature for
ND2 (e.g. 0.69% for every million years for Bufo (Macey et al.
1998) and 2.4% for every million years for Rana (Plötner et al.
2001)).

Results

A 1140-bp sequence of ND2 from 184 individuals across the
whole known distribution of S. flammocaerulea yielded 41
haplotypes containing 42 variable sites. Haplotype diversity was
high (HD= 0.862� 0.018), whereas nucleotide diversity was
very low (p= 0.00142� 0.00008).All 41 haplotypeswere joined
into a network spanning a maximum of 14 steps (Fig. 2a) at the
95% confidence level for parsimonious connections.
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Phylogeographic patterns

Patterns of private allele richness, when corrected for different
sample sizes by rarefaction, showed several populations with
moderate to high values (Fig. 2). Most of the populations

with moderate to high private allele diversity were peripheral
populations in the west (TJ, C2 and, to a lesser extent, T3), the
south-east (N3), and the north (M). Additional populations in the
south and central portion of the distribution also show high levels
of private allelic richness (Ba3, Ba4 and R). Pairwise FSTs
(Table 1) show significant and high genetic structure (FST> 0.3)
between R, M and N1 in comparison to most other populations.
Other peripheral populations identified as potentially isolated
with private allelic richness analyses (e.g. C2, TJ, T3, N3) also
show significant, but more moderate FSTs in comparison to other
populations. Pairwise FSTs were generally very low or non-
significant amongst populationswithin theBowRiver catchment.
Analyses ofmolecular variance (AMOVA) show that catchments
account for little of thegenetic variation acrossS.flammocaerulea
(12.21%: Table 2), with most genetic variation attributed to
genetic variation within populations (67.92%: Table 2).

A much more complicated pattern is revealed when
distribution-wide patterns of genetic structure are assessed
without assuming a pattern of catchment-based genetic structure
(Fig. 3). Two haplotypes (1 and 3) were observed in high
frequency (Fig. 3a). Haplotype 3 occurs throughout the species’
distribution and is detected at all sites exceptingMandR, and is in
very low frequency in another northern site (N1). Haplotype 1 is
found only in the northern part of the species’ distribution and is
found inM,B1–4,C2,N1,Mi2andT3.While individuals fromTJ
site appear to be very closely related to the southern haplotype
group (indeed, five of the individuals sequenced share the
common haplotype from this group) the remaining individuals
had unique haplotypes found onlywithin this site, afinding that is
also supported by high private allelic richness when corrected for
sampling effort (Fig. 2). Spatial autocorrelation analyses (Fig. 3b)
show evidence of isolation by distance shown by the negative

B
a3

B
a4 B

1

B
2

B
3

B
4

C
2

M
i2 M N
1

N
3 R T
J

T
1

T
2

T
3 V

Sampling location

P
riv

at
e 

al
le

lic
 r

ic
hn

es
s 

by
 r

ar
ef

ac
tio

n

0.8

0.6

0.4

0.2

0.0

Fig. 2. Barplot of private allelic richness per sampling location corrected for
differences in sampling intensity by rarefaction across the distribution of
Spicospina flammocaerulea. Dashed line is at 0.5 private allelic richness;
values below this line represent sampling locations with low to moderate
numbers of private alleles and values above the line represent sampling
locations with moderate to high numbers of private alleles.

Table 1. Pairwise FSTs between individual sampling locations and estimates of nucleotide diversity (p) and haplotypic diversity (HD) for each
population

FST values in bold are significant at the P� 0.05 level. p, nucleotide diversity; HD, haplotype diversity

Sampling location
T3 M R B2 V B1 B3 C2 T1 N3 T2 Ba4 Ba3 TJ N1 Mi2 B4

p 0.0014 0.001 0.0009 0.001 0.0004 0.0012 0.0004 0.0018 0.0004 0.0014 0.0007 0.0019 0.0015 0.0013 0.0003 0.0004 0.0009
HD 0.86 0.79 0.50 0.75 0.40 0.80 0.40 0.86 0.40 0.85 0.70 1.00 0.87 0.73 0.33 0.44 0.80

Sampling location
T3 –

M 0.09 –

R 0.22 0.31 –

B2 0.02 0.10 0.33 –

V 0.33 0.41 0.47 0.30 –

B1 0.00 0.11 0.34 –0.08 0.21 –

B3 0.22 0.32 0.56 0.15 0.00 0.00 –

C2 0.09 0.15 0.26 0.12 0.28 0.06 0.19 –

T1 0.27 0.35 0.56 0.24 0.00 0.12 –0.11 0.21 –

N3 0.13 0.18 0.28 0.17 0.31 0.12 0.23 0.13 0.22 –

T2 0.16 0.24 0.39 0.15 0.04 0.01 –0.06 0.12 –0.06 0.06 –

Ba4 0.06 0.12 0.23 0.11 0.27 0.02 0.17 0.05 0.17 –0.06 –0.01 –

Ba3 0.11 0.17 0.26 0.12 0.14 0.02 0.06 0.08 0.04 0.08 –0.01 –0.03 –

TJ 0.20 0.24 0.34 0.21 0.37 0.20 0.32 0.19 0.32 0.20 0.22 0.14 0.16 –

N1 0.19 0.28 0.63 0.10 0.62 0.22 0.55 0.34 0.63 0.42 0.54 0.44 0.40 0.47 –

Mi2 0.26 0.35 0.54 0.19 0.04 0.06 –0.15 0.23 –0.05 0.27 –0.01 0.22 0.10 0.34 0.54 –

B4 0.02 0.11 0.34 –0.01 0.37 –0.05 0.21 0.10 0.29 0.15 0.15 0.06 0.10 0.22 0.23 0.26 –
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slope. Values of r (x – intercept) obtained frommultiple size class
analyses suggest that effective female dispersal (i.e. resulting in a
significantly positive genetic correlation) declines at around
8.1–10 km (Fig. 3a shows a representative analysis).

Demographic expansion analyses

Tests of neutrality and demographic analyses consistently show
evidence of both demographic and spatial expansion (Table 3).
Summary statistics Tajima’s DT and Fu’s FS, and the coalescent
growth parameter g indicate demographic expansion andRamos-
Onsins’s R2 summary statistic (Ramos-Onsins and Rozas 2002)
results largely mirror these findings. Mismatch analyses suggest
significant spatial (SEM) and demographic (DEM) expansion.
Using the values of t obtained from the mismatch analyses,
combined with a mutation rate of 0.957% for every million years
(Crawford 2003), we estimated a single putative date for each of
these expansions as estimates of t did not differ between DEM
and SEMmodels. These values show a date for the expansion of
the whole species at 159 000 years ago (128 000–202 000 years
ago). The mean time for expansion has a lower limit of 220 000
and an upper limit of 165 000 years ago using the lowest and
highest published mutation rates for ND2 (see Methods).

Discussion

Patterns of gene flow and genetic diversity
in S. flammocaerulea

Biogeographic studies in the south-west high-rainfall zone of
Australia have focussed on faunal assemblages that either require
streams for survival, or have a life-history strategy that tie them to
moist areas. These studies have indicated that catchments are
important in capturing genetic diversity within this biodiversity
hotspot, particularly in thehigh-rainfall province (Driscoll 1998a,
1998b;Munasinghe et al. 2004;Gouws et al. 2006;Edwards et al.
2008). However, this is not a universal trend, as other anuran
species do not show signatures of catchment-based genetic
structure (Davis and Roberts 2005; Edwards et al. 2007; Morgan
et al. 2007). The current study of S. flammocaerulea presents a
much more detailed and complex scenario.

Little genetic variance within S. flammocaerulea was
explained by catchment, while high levels of geneflowwithin the
Bow River catchment, and isolation of peripheral populations
better explains the patterns of genetic structure and diversity in
the species. Molecular analyses of peripheral versus central
populations generally have shown high levels of isolation (high

numbers of private alleles gained through genetic drift and
evidence for restricted gene flow) and low genetic diversity
(Eckert et al. 2008). Within S. flammocaerulea, populations at
the periphery have high private allelic and haplotypic diversity,
appear to be isolated and in some cases show equal or higher
levels of nucleotide and haplotypic diversity when compared
with central populations within the Bow River catchment. Under
some evolutionary scenarios an increase in genetic diversity at
the periphery of species ranges may be expected (i.e. under
population expansion), which is a possibility for the current study
(see below). However, our estimates of genetic diversity are low
across the species and may be further limited given the mtDNA
marker used in the current study (Eckert et al. 2008). Further
testing to determine the exact causes of this pattern would require
a more detailed understanding of the ecological requirements of
S. flammocaerulea (Sexton et al. 2009).

Population expansion/contraction in S. flammocaerulea

Frog species previously studied across the south-west high-
rainfall zone have either not been sampled at fine enough scales
(Davis and Roberts 2005; Edwards 2007b; Edwards et al. 2007,
2008) or analysis techniques were not available at the time of the
study (Driscoll 1998a, 1998b) to infer reliable estimates of the
magnitude and timing of population expansion/contraction.
Based on the occurrence of fixed novel genotypes in some sites
and patterns of genotypic variance across river systems, Driscoll
(1998a, 1998b) suggested that species in the Geocrinia rosea
species complex, occurring to the west of S. flammocaerulea,
showed evidence of range shifts and population expansion/
contraction but no time scale was applied to these events.
Other species show patterns of differentiation across some
catchments associated with much older climate change (i.e.
Miocene–Pliocene: Edwards et al. 2008), as well as evidence of
population differentiation into catchment groups, probably
associated with Pleistocene climate fluctuation across the region
occupied by S. flammocaerulea (Edwards et al. 2007). However,
detailed information on population contraction/expansion is
lacking in these studies due to the nature of the data available
for analysis.

Generalised additive distribution models (GAMs: Swan
2007) suggest that such range expansions and shifts in
S. flammocaerulea can occur with very small changes in rainfall
(e.g. comparing rainfall in the 1960swith current data). Although
subject to relatively large error terms (Bromham and Penny
2003), estimates dating expansions of ND2 haplotypes suggest
that the demographic history of S. flammocaerulea is likely to
have been strongly shaped by the dramatic changes in climate
across south-western Australia during the late Pleistocene (e.g.
Edwards et al. 2007; Byrne et al. 2008). These biogeographic
patterns appear to be shaped by the same population processes
(climate-driven population expansion/contraction) as seen in
other frog species in the high-rainfall zone, but at much shallower
time scales and with little evidence of restricted dispersal across
catchment boundaries (Edwards et al. 2008; but cf. Driscoll and
Roberts 2008).

A synthesis of our results and using a range of mutation rates
nevertheless presents quite clear biogeographic scenarios relating
the historical population processes in S. flammocaerulea to the

Table 2. The partitioning of genetic variance within Spicospina
flammocaerulea across catchments as determined by an analysis of

molecular variance (AMOVA)
d.f., degree’s of freedom. ***, P< 0.01; *, P< 0.05

Source of variation (XY) d.f. Variance
components

(VXY)

Percentage
of variation

(%)

Fixation
index
(FXY)

Catchments as regions
Among catchments 2 0.10482 (Va) 12.21 0.12208*
Among sites/catchment 14 0.17067 (Vb) 19.08 0.22640***
Within sites 167 0.58315 (Vc) 67.92 0.32084***
Total 183 0.85864
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late Pleistocene. Being restricted by higher rainfall (Swan 2007),
the species’ distribution is likely to have contracted in relation to
glacial cycles and expanded again during interglacial cycles. The

species has some ability to cope with drying climates by
occupying specificmicrohabitats, in the form of permanently wet
peat swamps (Roberts et al. 1997), and explosively breeding
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following fire (Bamford and Roberts 2003). However, it still
retains ancestral summer breeding regimes (breeding in
Novemberwhen rainfall is lowest in south-westAustralia), which
makes this species much more susceptible to past and modern
climate change.

Conservation implications

Our current study analyses the patterns of genetic structure and
gene flow in female S. flammocaerulea, providing valuable
information on the distribution of genetic structure and
population history for conservation management. We show here
the preservation of catchment processes will not necessarily
ensure the preservation of genetic diversity in high rainfall
endemics and, despite the lack of restricted gene flow associated
with riverine barriers, females generally do not disperse distances
greater than 10 km, mirroring results seen in other species in
the high-rainfall zone (Driscoll 1998a, 1998b). These results
are based on mtDNA only and can therefore infer dispersal of
females only: we need appropriate nuclear markers to infer
dispersal patterns of males.

Our knowledge of population processes and habitat
requirements show that S. flammocaerulea has undergone
climate-induced distributional shifts and associated range
contraction/expansion, both in the past (this study) and ongoing
(Swan 2007). Range expansion/contraction processes are also
thought to have contributed to contemporary genetic structure
and diversity in other threatened high-rainfall endemics (Driscoll
1998a, 1998b). Distribution modelling of S. flammocaerulea
suggested that the species is highly susceptible to changes in
rainfall, which is likely to have caused shifts in the species’
distribution both south and west towards the coast over the last
30 years (Swan 2007). S. flammocaerulea might be resilient to
some level of predicted climate change providing that suitable
habitats are available, allowing the species to shift its distribution.
However, despite 11of 17 sites sampled in this studyoccurring on
currently protected land, all protected sites occur in the northern

portion of the species’distribution. The remaining coastal areas in
the south are used for agriculture (Fig. 1).

Habitat is unlikely to be available to allow further shifts in the
distribution of S. flammocaerulea under predicted climate change
(Hughes 2003), as S. flammocaerulea, like other high-rainfall
endemics, appears to be land-locked by the adjacent agricultural
matrix (Wardell-Johnson et al. 1995). This is particularly
concerning given the level to which south-western Australia has
already experienced reductions in rainfall, and is predicted to be
one of the regions ofAustralia to see themost dramatic reductions
in rainfall under models of future climate change (Solomon et al.
2009). Effort is needed to better understand patterns of genetic
diversity and population isolation (using appropriate markers) in
concert with information on habitat suitability and preferences in
order to gain a clearer understanding of how distributional limits
in S. flammocaerulea and other high-rainfall endemics. This is
important for the determination of adaptive potential under future
climate change (Eckert et al. 2008; Sexton et al. 2009; Behrman
and Kirkpatrick 2011). This will also enable the prediction of
distribution shifts under past and future climate change models
(Kearney and Porter 2004; Kearney 2006) and will assist in
concentrating habitat rehabilitation efforts for S. flammocaerulea
and other high-rainfall endemics.

Acknowledgements

The authors thank The Department of Conservation and Land Management,
Walpole, C. Edwards and M. Dziminski for assistance in the field and two
anonymous reviewers.Wearegrateful for funding toDLEfromLand&Water
Australia, The Department of Environment & Conservation, Western
Australia, Australian Geographic and The University of Western Australia.
Tissue collections were approved under CALM Permit Nos CE000405,
SF004276 and SF004246, and UWA Animal Ethics Approval No. 03/100/
241.

References

Bamford, M. J., and Roberts, J. D. (2003). The impact of fire on frogs
and reptiles in south-western Australia. In ‘Fire in Ecosystems of South-
west Western Australia: Impacts and Management’. (Eds I. Abbott and
N. Burrows.) pp. 349–361. (Backhuys Publishers: Leiden, The
Netherlands.)

Behrman, K. D., and Kirkpatrick, M. (2011). Species range expansion by
beneficial mutations. Journal of Evolutionary Biology 24, 665–675.
doi:10.1111/j.1420-9101.2010.02195.x

Broadhurst, L., Byrne, M., Craven, L., and Lepschi, B. (2004). Genetic
congruence with new species boundaries in the Melaleuca uncinata
complex (Myrtaceae). Australian Journal of Botany 52, 729–737.
doi:10.1071/BT04073

Bromham, L., and Penny, D. (2003). The modern molecular clock. Nature
Reviews. Genetics 4, 216–224. doi:10.1038/nrg1020

Burbidge, A. A., and Roberts, J. D. (2001). Sunset Frog Recovery Plan. Page
8. The Department of Conservation and Land Management, Perth.

Byrne, M., and Hines, B. (2004). Phylogeographical analysis of cpDNA
variation in Eucalyptus loxophleba (Myrtaceae). Australian Journal of
Botany 52, 459–470. doi:10.1071/BT03117

Byrne, M., and Macdonald, B. (2000). Phylogeography and conservation of
three oil mallee taxa, Eucalyptus kochii ssp. kochii, ssp. plenissima and
E. horistes. Australian Journal of Botany 48, 305–312. doi:10.1071/
BT99017

Byrne, M., Macdonald, B., and Brand, J. (2003a). Phylogeography and
divergence in the chloroplast genome of Western Australian sandalwood
(Santalumspicatum).Heredity91, 389–395.doi:10.1038/sj.hdy.6800346

Table 3. Results of tests of neutrality/demography (Tajima’s DT, Fu’s
FS, and R2), mismatch analyses based both on models of demographic
expansion (DEM) and spatial expansion (SEM), and coalescent analyses

for the Spicospina flammocaerulea ND2 dataset
*, significant results at a =P< 0.05, or non-overlapping standard deviations

(g parameter only)

Value Range P

No. of individuals 184
No. of haplotypes 41

Neutrality/demographic tests
DT –2.2935* P < 0.01
Fu’s FS –48.8663* P < 0.01
R2 0.0186* P < 0.01

Mismatch distributions
DEM t= 1.73* 1.4–2.2 P < 0.05
SEM t= 1.74* 1.1–2.0 P < 0.05

Coalescent simulations
qNG 0.0106036 0.008–0.014
qG 0.0449122 0.02–0.07
g 5612.038* 4770–6453

Conservation genetics of Spicospina flammocaerulea Australian Journal of Zoology 69

dx.doi.org/10.1111/j.1420-9101.2010.02195.x
dx.doi.org/10.1071/BT04073
dx.doi.org/10.1038/nrg1020
dx.doi.org/10.1071/BT03117
dx.doi.org/10.1071/BT99017
dx.doi.org/10.1071/BT99017
dx.doi.org/10.1038/sj.hdy.6800346


Byrne, M., MacDonald, B., Broadhurst, L., and Brand, J. (2003b). Regional
genetic differentiation in Western Australian sandalwood (Santalum
spicatum) as revealed by nuclear RFLP analysis. Theoretical and Applied
Genetics 107, 1208–1214. doi:10.1007/s00122-003-1365-2

Byrne, M., Yeats, D. K., Joseph, L., Kearney, M., Bowler, J., Williams,
M. A. J., Cooper, S., Donnellan, S. C., Keogh, J. S., Leys, R.,Melville, J.,
Murphy, D. J., Porch, N., and Wyrwoll, K. -H. (2008). Birth of a biome:
insights into the assembly and maintenance of the Australian arid zone
biota. Molecular Ecology 17, 4398–4417. doi:10.1111/j.1365-294X.
2008.03899.x

Coates, D. J., and Hamley, V. L. (1999). Genetic divergence and the mating
systemin theendangeredandgeographically restricted species,Lambertia
orbifolia Gardner (Proteaceae). Heredity 83, 418–427. doi:10.1038/sj.
hdy.6885760

Coates, D. J., Carstairs, S., and Hamley, V. L. (2003). Evolutionary patterns
and genetic structure in localized and widespread species in the Stylidium
caricifolium complex (Stylidiaceae). American Journal of Botany 90,
997–1008. doi:10.3732/ajb.90.7.997

Conroy, S. D. S., and Brook, B. W. (2003). Demographic sensitivity and
persistence of the threatened white- and orange-bellied frogs of Western
Australia. Population Ecology 45, 105–114. doi:10.1007/s10144-003-
0145-9

Crawford, A. J. (2003). Huge populations and old species of Costa Rican and
Panamanian dirt frogs inferred from mitochondrial and nuclear gene
sequences. Molecular Ecology 12, 2525–2540. doi:10.1046/j.1365-
294X.2003.01910.x

Crawford, A. J., and Smith, E. N. (2005). Cenozoic biogeography and
evolution in direct-developing frogs of central America (Leptodactylidae:
Eleutherodactylus) as inferred from a phylogenetic analysis of nuclear
and mitochondrial genes. Molecular Phylogenetics and Evolution 35,
536–555. doi:10.1016/j.ympev.2005.03.006

Davis, R. A., and Roberts, J. D. (2005). Population genetic structure of
the western spotted frog, Heleioporus albopunctatus (Anura:
Myobatrachidae), in a fragmented landscape in south-western Australia.
Australian Journal of Zoology 53, 167–175. doi:10.1071/ZO04021

De Boer, T., Subia, M. D., Ambariyanto, Erdmann, M. V., Kovitvingsa, K.,
and Barber, P. H. (2008). Phylogeography and limited genetic
connectivity in the endangered boring giant clam across the Coral
Triangle. Conservation Biology 22, 1255–1266. doi:10.1111/j.1523-
1739.2008.00983.x

Driscoll, D. A. (1998a). Genetic structure of the frogs Geocrinia lutea and
Geocrinia rosea reflects extreme population divergence and range
changes, not dispersal barriers. Evolution 52, 1147–1157. doi:10.2307/
2411244

Driscoll, D. A. (1998b). Genetic structure, metapopulation processes and
evolution influence the conservation strategies for two endangered frog
species. Biological Conservation 83, 43–54. doi:10.1016/S0006-3207
(97)00045-1

Driscoll, D.A., andRoberts, J. D. (2008).A hybrid zone defined by allozymes
and ventral colour in Geocrinia rosea (Anura: Myobatrachidae).
Australian Journal of Zoology 55, 371–376. doi:10.1071/ZO08020

Dziminski,M.A.,Anstis,M., andLannoo,M. J. (2004).Embryonic and larval
development of the sunset frog, Spicospina flammocaerulea (Anura:
Myobatrachidae), from southwestern Australia. Copeia 2004, 896–902.
doi:10.1643/CH-04-028R1

Eckert, C. G., Samis, E., and Lougheed, S. C. (2008). Genetic variation across
species’ geographic ranges: the central–marginal hypothesis and beyond.
Molecular Ecology 17, 1170–1188. doi:10.1111/j.1365-294X.2007.
03659.x

Edwards, D. L. (2007a). Biogeography and speciation of a direct developing
frog from the coastal arid zone of Western Australia. Molecular
Phylogenetics and Evolution 45, 494–505. doi:10.1016/j.ympev.2007.
05.023

Edwards, D. L. (2007b). Biogeography and speciation of south-western
Australian frogs. Ph.D. Thesis, The University of Western Australia,
Perth.

Edwards, D. L., Roberts, J. D., and Keogh, J. S. (2007). Impact of Plio-
Pleistocene arid cycling on the population history of a southwestern
Australian frog.Molecular Ecology 16, 2782–2796. doi:10.1111/j.1365-
294X.2007.03374.x

Edwards, D. L., Roberts, J. D., and Keogh, J. S. (2008). Climatic fluctuations
shape the phylogeography of a mesic direct developing frog from the
south-western Australian biodiversity hotspot. Journal of Biogeography
35, 1803–1815. doi:10.1111/j.1365-2699.2008.01927.x

Excoffier, L. (2004). PatternsofDNAsequencediversity andgenetic structure
after a range expansion: lessons from the infinite islandmodel.Molecular
Ecology 13, 853–864. doi:10.1046/j.1365-294X.2003.02004.x

Excoffier, L., Laval, G., and Schneider, S. (2005). Arlequin ver.3.0: an
integrated software package for population genetics data analysis.
Evolutionary Bioinformatics Online 1, 47–50.

Garrick, R. C., Sands, C. J., Rowell, D. M., Hillis, D. M., and Sunnucks, P.
(2007). Catchments catch all: long-term population history of a giant
springtail from the southeast Australian highlands; a multigene approach.
Molecular Ecology 16, 1865–1882. doi:10.1111/j.1365-294X.2006.
03165.x

Gouws, G., Stewart, B. A., and Daniels, S. R. (2006). Phylogeographic
structure of a freshwater crayfish (Decapoda: Parastacidae: Cherax
preissii) in south-western Australia. Marine and Freshwater Research
57, 837–848. doi:10.1071/MF05248

Hughes, L. (2003). Climate change and Australia: trends, projections and
impacts. Austral Ecology 28, 423–443. doi:10.1046/j.1442-9993.2003.
01300.x

Kahindo,C.R.,Bowie,C.K., andBates, J.M. (2007).The relevanceofdataon
genetic diversity for the conservationofAfro-montane regions.Biological
Conservation 134, 262–270. doi:10.1016/j.biocon.2006.08.019

Kalinowski, S. T. (2004). Counting alleles with rarefaction: private alleles
and hierarchical sampling designs. Conservation Genetics 5, 539–543.
doi:10.1023/B:COGE.0000041021.91777.1a

Kalinowski, S. T. (2005). HP-RARE: a computer program for performing
rarefaction on measures of allelic diversity. Molecular Ecology Notes 5,
187–189. doi:10.1111/j.1471-8286.2004.00845.x

Kearney,M. (2006). Habitat, environment and niche: what are wemodelling?
Oikos 115, 186–191. doi:10.1111/j.2006.0030-1299.14908.x

Kearney, M., and Porter, W. P. (2004). Mapping the fundamental niche:
physiology, climate, and the distribution of a nocturnal lizard. Ecology
85, 3119–3131. doi:10.1890/03-0820

Kuhner, M. K. (2006). LAMARC 2.0: maximum likelihood and Bayesian
estimation of population parameters. Bioinformatics 22, 768–770.
doi:10.1093/bioinformatics/btk051

Kuhner, M. K., and Smith, L. P. (2007). Comparing likelihood and Bayesian
coalescent estimation of population parameters. Genetics 175, 155–165.
doi:10.1534/genetics.106.056457

Lessa, E. P., Cook, J. A., and Patton, J. L. (2003). Genetic footprints of
demographic expansion in North America, but not Amazonia, during the
Late Quaternary. Proceedings of the National Academy of Sciences of
the United States of America 100, 10331–10334. doi:10.1073/pnas.
1730921100

Macey, J. R., Schulte, J. A., II, Larson,A., Fang, Z.,Wang,Y., Tuniyev,B. S.,
andPapenfuss,T. J. (1998).Phylogenetic relationshipsof toads in theBufo
bufo species group from the eastern escarpment of the Tibetan Plateau: a
case of vicariance and dispersal.Molecular Phylogenetics and Evolution
9, 80–87. doi:10.1006/mpev.1997.0440

McRae, B. H., and Beier, P. (2007). Circuit theory predicts gene flow in plant
and animal populations.Proceedingsof theNationalAcademyof Sciences
of the United States of America 104, 19885–19890. doi:10.1073/pnas.
0706568104

70 Australian Journal of Zoology D. L. Edwards and J. D. Roberts

dx.doi.org/10.1007/s00122-003-1365-2
dx.doi.org/10.1111/j.1365-294X.2008.03899.x
dx.doi.org/10.1111/j.1365-294X.2008.03899.x
dx.doi.org/10.1038/sj.hdy.6885760
dx.doi.org/10.1038/sj.hdy.6885760
dx.doi.org/10.3732/ajb.90.7.997
dx.doi.org/10.1007/s10144-003-0145-9
dx.doi.org/10.1007/s10144-003-0145-9
dx.doi.org/10.1046/j.1365-294X.2003.01910.x
dx.doi.org/10.1046/j.1365-294X.2003.01910.x
dx.doi.org/10.1016/j.ympev.2005.03.006
dx.doi.org/10.1071/ZO04021
dx.doi.org/10.1111/j.1523-1739.2008.00983.x
dx.doi.org/10.1111/j.1523-1739.2008.00983.x
dx.doi.org/10.2307/2411244
dx.doi.org/10.2307/2411244
dx.doi.org/10.1016/S0006-3207(97)00045-1
dx.doi.org/10.1016/S0006-3207(97)00045-1
dx.doi.org/10.1071/ZO08020
dx.doi.org/10.1643/CH-04-028R1
dx.doi.org/10.1111/j.1365-294X.2007.03659.x
dx.doi.org/10.1111/j.1365-294X.2007.03659.x
dx.doi.org/10.1016/j.ympev.2007.05.023
dx.doi.org/10.1016/j.ympev.2007.05.023
dx.doi.org/10.1111/j.1365-294X.2007.03374.x
dx.doi.org/10.1111/j.1365-294X.2007.03374.x
dx.doi.org/10.1111/j.1365-2699.2008.01927.x
dx.doi.org/10.1046/j.1365-294X.2003.02004.x
dx.doi.org/10.1111/j.1365-294X.2006.03165.x
dx.doi.org/10.1111/j.1365-294X.2006.03165.x
dx.doi.org/10.1071/MF05248
dx.doi.org/10.1046/j.1442-9993.2003.01300.x
dx.doi.org/10.1046/j.1442-9993.2003.01300.x
dx.doi.org/10.1016/j.biocon.2006.08.019
dx.doi.org/10.1023/B:COGE.0000041021.91777.1a
dx.doi.org/10.1111/j.1471-8286.2004.00845.x
dx.doi.org/10.1111/j.2006.0030-1299.14908.x
dx.doi.org/10.1890/03-0820
dx.doi.org/10.1093/bioinformatics/btk051
dx.doi.org/10.1534/genetics.106.056457
dx.doi.org/10.1073/pnas.1730921100
dx.doi.org/10.1073/pnas.1730921100
dx.doi.org/10.1006/mpev.1997.0440
dx.doi.org/10.1073/pnas.0706568104
dx.doi.org/10.1073/pnas.0706568104


Melville, J., Schulte, J. A., II, and Larson, A. (2004). A molecular study of
phylogenetic relationships and evolution of antipredator strategies in
Australian Diplodactylus geckos, subgenus Strophurus. Biological
Journal of the Linnean Society. Linnean Society of London 82, 123–138.
doi:10.1111/j.1095-8312.2004.00324.x

Morgan,M. J.,Roberts, J.D., andKeogh, J. S. (2007).Molecularphylogenetic
dating supports an ancient endemic speciation model in Australia’s
biodiversity hotspot. Molecular Phylogenetics and Evolution 44,
371–385. doi:10.1016/j.ympev.2006.12.009

Moritz, C. (1994). Defining ‘Evolutionarily Significant Units’ for
conservation. Trends in Ecology & Evolution 9, 373–375. doi:10.1016/
0169-5347(94)90057-4

Moritz, C. (2002). Strategies to protect biological diversity and the
evolutionary processes that sustain it. Systematic Biology 51, 238–254.
doi:10.1080/10635150252899752

Moritz, C., and Faith, D. P. (1998). Comparative phylogeography and the
identification of genetically divergent areas for conservation. Molecular
Ecology 7, 419–429. doi:10.1046/j.1365-294x.1998.00317.x

Munasinghe, D. H. N., Burridge, C. P., and Austin, C. M. (2004). Molecular
phylogeny and zoogeography of the freshwater crayfish genus Cherax
Erichson (Decapoda: Parastacidae) in Australia.Biological Journal of the
Linnean Society. Linnean Society of London 81, 553–563. doi:10.1111/
j.1095-8312.2003.00299.x

Neel, M. C. (2008). Patch connectivity and genetic diversity conservation in
the federally endangered and narrowly endemic plant species Astragalus
albens (Fabaceae). Biological Conservation 141, 938–955. doi:10.1016/
j.biocon.2007.12.031

Peakall,R., andSmouse,P.E. (2006).GENALEX6:genetic analysis inExcel.
Population software for teaching and research.Molecular Ecology Notes
6, 288–295. doi:10.1111/j.1471-8286.2005.01155.x

Peakall, R., Ruibal, M., and Lindenmayer, D. B. (2003). Spatial
autocorrelation analysis offers new insights into gene flow in the
Australian bush rat, Rattus fuscipes. Evolution 57, 1182–1195.

Plötner, J., Ohst, T., Bohme, W., and Schreiber, R. (2001). Divergence in
mitochondrial DNA of near eastern water frogs with special reference to
the systematic status of Cypriot and Anatolian populations. Amphibia-
Reptilia 22, 397–412. doi:10.1163/15685380152770363

Ramos-Onsins, S. E., and Rozas, J. (2002). Statistical properties of new
neutrality tests against population growth. Molecular Biology and
Evolution 19, 2092–2100.

Read, K., Keogh, J. S., Scott, I. A.W., Roberts, J. D., andDoughty, P. (2001).
Molecular phylogenyof theAustralian froggeneraCrinia,Geocrinia, and
allied taxa (Anura: Myobatrachidae). Molecular Phylogenetics and
Evolution 21, 294–308. doi:10.1006/mpev.2001.1014

Reid, A. (2002). Western Australian Onychophora (Peripatopsidae): a new
genus, Kumadjena, for a southern species complex. Records of the
Western Australian Museum 21, 129–155.

Roberts, J.D.,Horwitz, P.,Wardell-Johnson,G.,Maxson,L.R., andMahony,
M. J. (1997). Taxonomy, relationships and conservation of a new genus
and species of myobatrachid frog from the high rainfall region of
southwestern Australia. Copeia 1997, 373–381. doi:10.2307/1447757

Roberts, J. D., Conroy, S., and Williams, K. (1999). Conservation status
of frogs in Western Australia. In ‘Declines and Disappearances of
Australian Frogs’. (Ed. A. Campbell.) pp. 177–184. (Environment
Australia: Canberra)

Rogers, A. R., and Harpending, H. (1992). Population growth makes waves
in the distribution of pairwise genetic differences.Molecular Biology and
Evolution 9, 552–569.

Rozas, J., and Rozas, R. (1999). DnaSP version 3: an integrated program
for molecular population genetics and molecular evolution analysis.
Bioinformatics 15, 174–175. doi:10.1093/bioinformatics/15.2.174

Rozas, J., Sánchez-DelBarrio, J. C., Messeguer, X., and Rozas, R. (2003).
DnaSP, DNA polymorphism analyses by the coalescent and other
methods. Bioinformatics 19, 2496–2497. doi:10.1093/bioinformatics/
btg359

Sexton, J. P., McIntyre, P. J., Angert, A. L., and Rice, K. J. (2009). Evolution
and ecology of species range limits. Annual Review of Ecology Evolution
and Systematics 40, 415–436. doi:10.1146/annurev.ecolsys.110308.
120317

Solomon, S., Plattner, G. -K., Knutti, R., and Friedlingstein, P. (2009).
Irreversible climate change due to carbon dioxide emissions.Proceedings
of the National Academy of Sciences of the United States of America 106,
1704–1709. doi:10.1073/pnas.0812721106

Swan, M. (2007). Predicting the distribution of the sunset frog, Spicospina
flammocaerulea, under current and changing climates. B.Sc.(Honours)
Thesis, The University of Western Australia, Perth.

Tajima, F. (1989). Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123, 585–595.

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins,
D. G. (1997). The ClustalX windows interface: flexible strategies for
multiple sequencealignment aidedbyquality analysis tools.NucleicAcids
Research 25, 4876–4882. doi:10.1093/nar/25.24.4876

Vandergast,A.G.,Bohonak,A. J.,Hathaway, S.A.,Boys, J., andFisher,R.N.
(2008). Are hotspots of evolutionary potential adequately protected
in southern California? Biological Conservation 141, 1648–1664.
doi:10.1016/j.biocon.2008.04.009

Wardell-Johnson, G., Roberts, J. D., Driscoll, D. A., andWilliams, K. (1995).
Orange-bellied (Geocrinia vitellina) and white-bellied frogs (Geocrinia
alba) recovery plan. The Department of Conservation and Land
Management, Western Australia, Waneroo.

Watterson, G. A. (1975). On the number of segregating sites in genetical
models without recombination. Theoretical Population Biology 7,
256–276. doi:10.1016/0040-5809(75)90020-9

Wheeler,M.A., andByrne,M. (2006).Congruencebetweenphylogeographic
patterns in cpDNA variation in Eucalyptus marginata (Myrtaceae) and
geomorphology of the Darling Plateau, south-west of Western Australia.
Australian Journal of Botany 54, 17–26. doi:10.1071/BT05086

Handling Editor: Mark Elgar
Manuscript received 29 January 2011, accepted 27 June 2011

Conservation genetics of Spicospina flammocaerulea Australian Journal of Zoology 71

dx.doi.org/10.1111/j.1095-8312.2004.00324.x
dx.doi.org/10.1016/j.ympev.2006.12.009
dx.doi.org/10.1016/0169-5347(94)90057-4
dx.doi.org/10.1016/0169-5347(94)90057-4
dx.doi.org/10.1080/10635150252899752
dx.doi.org/10.1046/j.1365-294x.1998.00317.x
dx.doi.org/10.1111/j.1095-8312.2003.00299.x
dx.doi.org/10.1111/j.1095-8312.2003.00299.x
dx.doi.org/10.1016/j.biocon.2007.12.031
dx.doi.org/10.1016/j.biocon.2007.12.031
dx.doi.org/10.1111/j.1471-8286.2005.01155.x
dx.doi.org/10.1163/15685380152770363
dx.doi.org/10.1006/mpev.2001.1014
dx.doi.org/10.2307/1447757
dx.doi.org/10.1093/bioinformatics/15.2.174
dx.doi.org/10.1093/bioinformatics/btg359
dx.doi.org/10.1093/bioinformatics/btg359
dx.doi.org/10.1146/annurev.ecolsys.110308.120317
dx.doi.org/10.1146/annurev.ecolsys.110308.120317
dx.doi.org/10.1073/pnas.0812721106
dx.doi.org/10.1093/nar/25.24.4876
dx.doi.org/10.1016/j.biocon.2008.04.009
dx.doi.org/10.1016/0040-5809(75)90020-9
dx.doi.org/10.1071/BT05086


Appendix 1. List of unique S. flammocaerulea haplotypes, the site where they were found, the frequency at which they were
observed, and the haplotype GenBank numbers

Haplotype Sampling
site

Frequency Accession # Haplotype Sampling
site

Frequency Accession #

1 T3 1 JN202731 20 T1 1 JN202777
B2 4 JN202839-40, JN202848-9 Ba3 1 JN202810
B3 4 JN202853-6 N3 1 JN202827
B1 2 JN202834-5 21 Ba3 1 JN202811
V 12 JN202784-90, JN202792-3,

JN202796-8
22 B2 1 JN202838

T1 4 JN202773-6
TJ 8 JN202897-8, JN202900,

JN202902, JN202905-7,
JN202910C2 3 JN202740, JN202744,

JN202749 23 TJ 3 JN202895-6, JN202909
N3 2 JN202819, JN202826 24 B1 1 JN202833
T2 3 JN202778, JN202780-1 25 N3 5 JN202818, JN202821,

JN202823-5Ba3 5 JN202804-8
T2 1 JN202779TJ 2 JN202899, JN202903
Ba4 1 JN202802Ba4 1 JN202803

26 C2 1 JN202745Mi2 9 JN202758-60, JN202762-5,
JN202767-8 27 T3 2 JN202733-4

B4 1 JN202890 28 B2 1 JN202846
N1 1 JN202888 29 Ba3 2 JN202809, JN202815

2 T3 2 JN202727-8 30 TJ 1 JN202908
3 R 3 JN202769-70, JN202772 31 B2 1 JN202852

V 4 JN202783, JN202791,
JN202794-5

32 TJ 1 JN2020904

T3 1 JN202738
33 TJ 1 JN202901

4 R 1 JN202771
34 M 4 JN202858-9, JN202866-7

5 N3 1 JN202820
T3 4 JN202729-30,JN202735-6

6 T3 2 JN202732, JN2027327
B2 8 JN202836-7, JN202841–5,

JN202851
7 T2 1 JN202782 B1 2 JN202831-2
8 B2 1 JN202847 B3 1 JN202857
9 Mi2 1 JN202766 C2 2 JN202743, JN202746
10 N3 1 JN202822 N1 14 JN202873–6, JN202878-84,

JN202886-7, JN20288911 Ba4 1 JN202799
Mi2 2 JN202757, JN202761Ba3 1 JN202812
B4 2 JN202893-4N3 2 JN202828, JN202830

35 N1 1 JN20288512 Ba3 2 JN202813-14
36 M 3 JN202865, JN202871-213 N3 1 JN202829
37 C2 3 JN202747, JN202751,

JN202754
14 Ba3 1 JN202816

38 C2 1 JN202742
15 Ba3 1 JN202817

39 M 3 JN202860-1, JN202870
Ba4 1 JN202800

N1 1 JN202877
16 Ba4 1 JN202801

37 M 5 JN202862-4, JN202868-9
17 C2 6 JN202739, JN202741,

JN202750, JN202752-3,
JN202755 B2 1 JN202850

18 C2 1 JN202748 41 B4 2 JN202891-2
19 C2 1 JN202756
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