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Abstract
Explaining disjunct distributions, or why closely related organisms are often separated by apparently severe barriers such as oceans or
deserts, is a great challenge for historical biogeography. Competing explanations are long-distance dispersal across a barrier, and vicariance, in which disjunct taxa are descended from an ancestral population that was split by formation of the barrier. Vicariance explanations are testable by their prediction that near-simultaneous speciation should have occurred across multiple lineages of organisms
between the disjunct areas because the origin of a barrier would potentially disrupt gene ﬂow within multiple species. To date, there have
been few studies providing evidence for multiple synchronous ancient divergences across a barrier whose origin coincides with the timing
of the speciation events. Here, we use relaxed molecular-clock dating to investigate the timing of south-western (SW) versus south-eastern (SE) divergences in 23 pairs of plant lineages in southern Australia. Sixteen of the divergences correlate with the origin, 13–14 million
years (Myr) ago, of the arid treeless Nullarbor Plain. The Nullarbor Plain currently forms a substantial barrier to SW–SE migration but
during the last 45 Myr this region has experienced multiple episodes of marine inundation and subaerial exposure. Thus, there have been
multiple events that could have caused either isolation and speciation, or secondary contact, among the taxa of southern Australia. The
strong molecular signal of coincident speciation in many diverse lineages during a short period provides the best evidence to date linking
synchronous speciation to an ancient vicariance event.
 2007 Elsevier Inc. All rights reserved.
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1. Introduction
For most of the last 30 years, vicariance has been viewed
as a primary contributor to distribution patterns of biota
that occur disjunctly in widely separated areas (Humphries
and Parenti, 1999; Nelson and Platnick, 1981). However,
recently many vicariance hypotheses have been challenged
by evidence supporting long-distance dispersal between
areas (de Queiroz, 2005; McGlone, 2005; Poux et al.,
2005; Renner, 2004; Sanmartı́n and Ronquist, 2004; Winkworth et al., 2005). Vicariance and dispersal should leave
diﬀerent patterns in phylogenies of taxa that occur in dis*
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junct areas (Donoghue and Moore, 2003; Rosen, 1978).
Jump dispersal is generally expected to be stochastic,
occurring at diﬀerent times in diﬀerent lineages and, under
most models, predicts no congruence of pattern or timing
among phylogenies (but see Cook and Crisp, 2005a). In
contrast, vicariance should result in near-simultaneous speciation across multiple groups of organisms because the
barrier would potentially disrupt gene ﬂow among multiple
populations in the divided communities. Therefore, a vicariance model makes the testable prediction of concerted speciation among multiple taxa in the disrupted areas. For
example, phylogenies of co-occurring taxa whose ancestors
were widespread in the supercontinent Gondwana before it
rifted apart should show the same pattern and timing of
speciation events (Humphries and Parenti, 1999; Poux
et al., 2005; Sanmartı́n and Ronquist, 2004). Because
New Zealand rifted from the supercontinent ﬁrst (about

M.D. Crisp, L.G. Cook / Molecular Phylogenetics and Evolution 43 (2007) 1106–1117

80 Myr ago), followed later by South America, Antarctica
and Australia (about 30 Myr ago), taxa occurring in South
America and Australia should have diverged more recently
from each other than from their relatives in New Zealand
(Humphries and Parenti, 1999; Rosen, 1978).
Traditionally, the hierarchical pattern (but not the timing) of speciation in phylogenies has been compared among
taxa to test the prediction of congruence. A recent large
comparative study found such evidence of Gondwanan
vicariance in animal taxa, with the order of branching
reﬂecting the pattern of break-up of Gondwana (Sanmartı́n
and Ronquist, 2004). In contrast, there appeared to be a
preponderance of long-distance dispersal in plant taxa,
because the branching patterns did not ﬁt the expectations
of continental drift. However, the fossil record is neither
suﬃciently complete nor detailed in taxonomic resolution
to allow testing of the timing of divergences for most taxa.
The recent advent of evolutionary rate modelling of DNA
sequences (Rutschmann, 2006; Sanderson et al., 2004)
allows such testing (Penny and Phillips, 2004; Poux et al.,
2005). Most molecular tests to date have concerned single
speciation events, comparing their timing with that of geological events that could have caused vicariance. The Australian and New Zealand sister taxa of Nothofagus have
been determined to have diverged too recently to be the
result of Gondwanan vicariance whereas vicariance
between Australasian and South American taxa has not
been ruled out (Cook and Crisp, 2005b; Knapp et al.,
2005). Most comparisons of multiple taxa have found
uncoordinated timing with no support for vicariance events
aﬀecting multiple taxa (Galley and Linder, 2006; Poux
et al., 2005; Waters and Craw, 2006; Winkworth et al.,
2005; Yoder and Nowak, 2006). In contrast, a comparison
of 33 dated divergences between north American plant taxa
and their European or Asian sisters found that most were
less than 30-Myr-old, favouring the Beringia land-bridge
hypothesis (Donoghue and Smith, 2004). Some studies
using coalescent methods have found evidence of vicariance across multiple taxa during the last 5 Myr, in California (Calsbeek et al., 2003) and the Australian wet tropics
(Joseph et al., 1995). However, evidence for congruent
divergences linked to more ancient events (>10 Myr ago)
is lacking.
The south-western (SW) Australian temperate sclerophyll biome (Crisp et al., 2004) is an internationally recognised biodiversity hotspot (Myers et al., 2006) including
about 7000 plant species of which 49% are endemic (Hopper and Gioa, 2004). It is isolated by an arid zone from
other Australian biomes (Fig. 1). Currently there is a
750-km gap, where the central Australian arid zone extends
to the south coast via the Nullarbor Plain, between the SW
and the south-eastern (SE) temperate sclerophyll biomes.
This plain is an arid limestone plateau and, as its name suggests, is mostly treeless. Instead, it is dominated by low
shrubs of the family Chenopodiaceae. In contrast, the sclerophyllous heaths, woodlands and forests of the SW and
SE temperate biomes are diverse and characterised by typ-
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Fig. 1. Location of temperate biomes in southern Australia and the
barriers separating them. The south-western (SW) and south-eastern (SE)
temperate biomes are separated by the central Australian arid zone and
the Nullarbor Plain.

ically Australian families such as Myrtaceae (e.g. eucalypts), Proteaceae, Fabaceae, Ericaceae and Casuarinaceae.
Although the SW and SE biomes have high endemism at
species level, past contact is clearly indicated by the many
shared genera and species groups (Crisp et al., 2004; Hopper and Gioa, 2004; Mast and Givnish, 2002; Nelson,
1974). Hypothesized barriers to contact between SW and
SE biotas, past and present, include marine incursion
(Heatwole, 1987; Mast and Givnish, 2002), aridity (Hopper
and Gioa, 2004; Mast and Givnish, 2002), and/or calcareous soil (Hopper and Gioa, 2004; Mast and Givnish, 2002;
Nelson, 1974). The Cenozoic geological record in southern
Australia (Feary and James, 1998; Li et al., 2004; McGowran et al., 2004) shows three rapid drying events, each
linked to an expansion of the Antarctic ice sheet, at about
34, 14 and 3 Myr ago (‘Chills II–IV’, Fig. 2a), and each
probably opened an arid barrier between the SW and SE.
Between the chilling events, higher sea levels, usually
accompanied by a warmer and wetter climate, led to marine incursions into the Nullarbor region (Eucla Basin), with
deposition of limestone, in the periods about 42–34, 27–21
and 16–14 Myr ago (Fig. 2b).
This study aimed to determine whether current disjunctions in plant taxa that occur both sides of the Nullarbor
Plain correlate with any of these climatic and geological
events. To do this, we used relaxed molecular-clock dating
to compare divergence times in plant taxa that are shared
between the SW and SE biomes. It would be expected that,
if the SW–SE divergences were the result of vicariance,
there should be clustering of the estimated dates (cf. Yoder
and Nowak, 2006). If one or more of the geological/climatic events known for the region were responsible for
the disjunct distributions, any clustering should occur
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Fig. 2. Divergence times of sister plant lineages in SW and SE Australia in relation to Cenozoic geological and climatic events. (a) Global temperature
trend as indicated by ocean-ﬂoor temperature relative to present, showing three major cooling events (Chills II–IV) (McGowran et al., 2004) linked to
aridiﬁcation in Australia. (b) Geological history of the Eucla Basin and Nullarbor Plain (Benbow et al., 1995; Feary and James, 1998; Li et al., 2004;
McGowran et al., 2004; Sheard and Smith, 1995). Periods of marine inundation with sedimentation are indicated by brick (cool-water carbonates) and
sandstone (stipple) patterns (HS, Hampton sandstone; WBL, Wilson Bluﬀ limestone; AL, Abrakurrie limestone; NL, Nullarbor limestone). (c) Divergence
times, ranked chronologically, show strong clustering about the period when the Nullarbor region was inundated (16–14 Myr ago), then elevated and
aridiﬁed (14–13 Myr ago). Estimated dates and errors are given, and taxon labels explained, in Table 3. Vertical grey bars indicate three climatic chilling
and drying events and the dotted vertical line indicates the uplift of the Nullarbor Plain about 14 Myr ago. Black dots and open circles show estimates of
divergence times using Bayesian and NPRS methods, respectively. Thick bars show standard deviations, and thin and dotted bars show 95% conﬁdence
intervals.
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2. Materials and methods

evant node without necessarily sampling all members of the
sister taxa, nor all of their close relatives. In clades where
the exact SW–SE divergences were unclear, we included a
larger sample of species from both areas. Where possible,
a large sample of outgroup taxa was included to avoid
small-sample bias (Cook and Crisp, 2005b; Linder et al.,
2005) and to allow use of multiple calibration points.

2.1. Data

2.2. Phylogenetic analyses

We used DNA sequence data from published sources to
represent the diversity of angiosperm taxa and life forms
that occur in both the SW and SE Australian temperate
biomes: Allocasuarina (Steane et al., 2003) (Casuarinaceae),
Banksia (Mast and Givnish, 2002) (Proteaceae), Restionaceae (Briggs et al., 2000), Scaevola (Howarth et al., 2003)
(Goodeniaceae) and Wurmbea (Vinnersten and Reeves,
2003) (Colchicaceae), and from our own work in the peaﬂowered Mirbelieae (Orthia et al., 2005) and Bossiaeeae
(Fabaceae), and Xanthorrhoea (Xanthorrhoeaceae) (Table
1). The last two data sets were supplemented by some
unpublished sequences from our laboratory. Sequences
were aligned by hand (after concatenation of multiple
cpDNA loci where relevant) and ambiguous alignments
and ragged ends were removed. For Restionaceae,
sequence data were unavailable and instead we extracted
a phylogram from Briggs et al. (2000) using TreeThief
(Rambaut, 1999). We sampled all unambiguous SW–SE
divergences in the study groups. Species-level sampling
was suﬃciently dense in each of the data sets to reconstruct
the basal node of the most recent SW–SE divergences. In
this broad study, it was impractical to sample all study
groups exhaustively—and unnecessary. For a large clade
of species known to be endemic in one biome (e.g. the
SW), it is only necessary to sample one or few representative species to ‘capture’ the node at which it diverged from
its sister taxon in the other biome (e.g. SE). Therefore,
where SW–SE sister-group relationships were already
known, we represented them suﬃciently to capture the rel-

Base composition did not vary signiﬁcantly among taxa
in any data set and therefore standard models of molecular
evolution could be applied. Phylogenies were estimated
using Bayesian inference with MrBayes 3.1 (Ronquist
and Huelsenbeck, 2003) with a separate GTR + I + G
model for each partition, including separate partitions for
each codon position in protein-encoding genes, and a standard (discrete state) model with a gamma parameter for
indels. Specifying the most parameter-rich model
(GTR + I + G) allows the Bayesian search to thoroughly
explore parameter space and implicitly includes simpler
models (Ronquist and Huelsenbeck, 2003). For each
Bayesian analysis, two parallel runs were compared to
check for convergence. Consensus topologies from MrBayes were used for the molecular dating analyses. Substitutional saturation was assessed by deviation from linearity
of plots of uncorrected (‘p’) pairwise distances against
ML distances derived in PAUP (Swoﬀord, 2002) using
the most appropriate model determined by Modeltest
(Posada and Crandall, 1998).

during those periods. In contrast, if the current disjunctions between taxa in the SW and SE were the result of
independent long-distance dispersal, the distribution of
dates should ﬁt a stochastic constant-rate model (Nee
et al., 1994).

2.3. Relaxed molecular clock dating
Violation of an assumption of a molecular clock was
assessed using a likelihood-ratio test in PAUP and was
detected in all data sets. Subsequently, we used Bayesian
rate smoothing as implemented in Multidivtime (Thorne
and Kishino, 2002) and non-parametric rate smoothing
(NPRS) as implemented in r8s (Sanderson, 2003) to

Table 1
Higher-level taxa, outgroups, sequences and sources of data used in this study
Taxa

Outgroups

No of
sequences

Markers sequenceda

Allocasuarina
(Casuarinaceae)
Banksia (Proteaceae)

Fagales and
Cucurbitales
subfam.
Grevilleoideae
Fabaceae s.l.

291

matK

Poales
Asterales
Colchicaceae

42
64
73

Fabaceae (tribes
Mirbelieae and
Bossiaeeae)
Australian Restionaceae
Scaevola (Goodeniaceae)
Wurmbea (Colchicaceae)
Xanthorrhoea
(Xanthorrhoeaceae)
a

Monocots

45
239

161

Aligned sequence
length (bases)
771

Sources
Steane et al. (2003)

rpl16, trnL intron,
trnL-F spacer
ndhF

1756
854

Orthia et al. (2005); Crisp and
Cook, unpublished.

rbcL, trnL intron, trnL-F spacer
ITS (nr DNA)
rps16 intron, atpB-rbcL spacer,
trnL-F intron and spacer
ndhF

na
729
3830

Briggs et al. (2000)
Howarth et al. (2003)
Vinnersten and Reeves (2003)

Sequences are from chloroplast DNA except where otherwise indicated.

861

Mast and Givnish (2002)

Givnish et al. (2005); Crisp
and Cook, unpublished
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estimate ages and conﬁdence intervals for nodes of interest.
These methods diﬀer in their assumptions and optimality
criteria, and were used comparatively as a check on
whether the estimation of divergence times from our data
is sensitive to the biases of particular methods. The Bayesian method requires a ﬁxed topology but uses the underlying sequence data to estimate branch lengths using the F84
model and to incorporate uncertainty in branch-lengths
(Thorne and Kishino, 2002). Prior estimates of branchlength related parameter values were set in Multidivtime
by using the formulae provided by the authors (Thorne
and Kishino, 2002). Standard deviations and 95% credibility intervals were calculated by the program. Multidivtime
analyses were each run twice to verify convergence of the
Markov chain Monte Carlo chains on a solution. NPRS
also requires a ﬁxed topology but does not use the underlying data in any further way. The MrBayes consensus
topologies and branch lengths were used for input to
NPRS, except for Restionaceae (below). Conﬁdence intervals were calculated using the r8s program (Sanderson,
2003) where possible (the program sometimes failed to ﬁnd
a cross-over point). Because the Australian Restionaceae
analysis was based on only a phylogram (with no underlying sequence data), Bayesian rate smoothing was not possible and only NPRS analysis was undertaken.
2.4. Calibration of molecular dates
Where possible, we calibrated nodes using dated fossils;
otherwise, we used secondary estimates from previous
studies (Table 2). Where a fossil with synapomorphies for
a lineage was available, it was treated as a minimum age
and placed at the base of the stem (Doyle and Donoghue,
1993). All calibration points at internal nodes were treated
as minimum ages. The age of fossils was converted to absolute time using the geologic time scale of Gradstein and
Ogg (2004). The calibration point at the root of each
phylogeny (Table 2) was treated diﬀerently by the two
rate-smoothing methods. In the NPRS analyses, the root
calibration was treated as a ﬁxed age. In the Bayesian analysis it was used as a prior estimate of the root age (rttm
parameter) from which the posterior (ﬁnal) estimate was
derived. An estimate of the standard deviation of this age
was also given as a prior estimate but the posterior estimate
of the age was not limited to within this bound and could
have been older or younger. For data sets that included
multiple calibration points, the compatibility of the latter
was tested by deleting each in turn and estimating their
age using the remaining calibration points. Our interpretation of calibration points followed that of previous
authors, cited in Table 2, with the following exceptions.
For Allocasuarina, Normapolles (96 Myr ago) was
placed at the divergence between Cucurbitales and Fagales
(Magallon and Sanderson, 2001) (calibration point A I in
Table 2 and Supplementary Fig. 1) and, alternatively, at
the divergence between Fagaceae and its sister group (=
the rest of Fagales, including Casuarinaceae, Betulaceae,

Jugulandaceae etc., and excluding Nothofagus). The latter
placement was based on a narrower interpretation of
Normapolles (Friis et al., 2006) (see Discussion in Cook
and Crisp, 2005b).
For Banksia, the root (B I) was ﬁxed at the backbone of
subfamily Grevilleoideae, which is a strongly supported
polytomy or near-polytomy including the well-supported
tribe Banksieae (Jordan et al., 2005; Weston and Barker,
2006; Weston, personal communication). Pollens attributed to several lineages in this polytomy ﬁrst appeared in
the late Cretaceous: Macadamia/Helicia and Gevuina/
Hicksbeachia (85–90 Myr ago); Carnavonia (about 85 Myr
ago); and Telopea (about 75 Myr ago) (Dettmann, 1994).
Thus it appears that, sometime around 85–70 Myr ago,
multiple sister taxa to the tribe Banksieae came into existence. However, some of these pollens may be convergent
with the extant pollens with which they have been matched
(Hill et al., 1995; Jordan et al., 1998). Moreover, the ‘Macadamia’-type pollen, which appeared ﬁrst (85–90 Myr)
could be plesiomorphic for grevilleoids or even for the family. We therefore used 85 and 70 Myr ago as alternative calibration ages for the grevilleoid backbone.
For Xanthorrhoea, the root (X I) was ﬁxed at the divergence between the Alismatales and the rest of the monocots, using a secondary date of 131.5 Myr ago (Janssen
and Bremer, 2004). Alternatively, we used the younger estimate of 120 Myr for this node by Bell et al. (2005) who
used fossil pollen of Araceae (Mayoa and an unnamed
coprolite; Friis et al., 2004). However, we consider this
placement unlikely because Mayoa was matched unequivocally with the Spathiphylleae (Spathiphyllum and Holochlamys) and the coprolite with Monstereae (e.g. Monstera)
and Zamioculcadeae (e.g. Gonatopus) (Friis et al., 2004,
2006). In our tree, the earliest divergence between the taxa
having these two pollen types is at the node separating
Spathiphyllum and Arisaema (Tam et al., 2004). Therefore,
we also used this node as a calibration point (X II), set at a
minimum age of 120 Myr ago (‘Late Barremian–Early
Aptian’). It is four nodes higher in our tree than the divergence between Alismatales and the rest of monocots. Note
that Bell et al. (2005) incorrectly referred to the divergence
between Alismatales and the rest of monocots as the
‘monocot crown node’. Acorus (not sampled by Bell
et al.) is sister to the rest of monocots (Chase, 2004), which
include Alismatales, and therefore this divergence is the
monocot crown node.
2.5. Tests on distribution of divergence times
After it was found that the SW–SE divergences
appeared to cluster around 13–14 Myr ago, we tested
whether this pattern diﬀered from the distribution of divergence times among other lineages in the data sets. The
Bayesian estimates of divergence times for all nodes in all
seven study groups were pooled and, from these, two data
sets were extracted for statistical comparison. Data set A
(n = 20) comprised all the SW–SE divergences. Data set
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Table 2
Calibration points for molecular dating
Taxon and calibration
point code
Allocasuarina
(Casuarinaceae)
AI
A II

A III

Nodea

Fossils unless secondary (S)b

Type of
constraintc

Age
(Myr)

References

Cucurbitales vs
Fagales
Nothofagus vs rest of
Fagales

Normapolles

Root

96

Nothofagus pollen and coexisting macrofossils of sister
group
Endressianthus

Min

83.5

Magallon and Sanderson
(2001)
Cook and Crisp (2005b) and
references therein

Min

71

A IV

Betulaceae vs
Casuarinaceae
Alnus vs Betula

AV
A VI

Corylus vs Carpinus
Casuarinaceae crown

Banksia (Proteaceae)
BI

B II
B III
B IV
Tribes Mirbelieae and
Bossiaeeae (Fabaceae)
PI
P II
P III
Australian Restionaceae
RI
Scaevola (Goodeniaceae)
SI
Wurmbea (Colchicaceae)
SI
Xanthorrhoea
(Xanthorrhoeaceae)
XI
X II
X III
X IV

Leaves and reproductive
structures of both genera
Fruits
Gymnostoma antiquum

Min

49

Cook and Crisp (2005b) and
Friis et al. (2003)
Forest et al. (2005)

Min
Min

49
55

Forest et al. (2005)
Scriven and Hill (1995)

Several pollens

Root

85 or 70

Dettmann (1994) and Jordan
et al. (1998)

Unique pollen

Min

62

Banksiaephyllum taylori
B. achaeocarpa and
B. longicarpa

Min
Min

58 or 54
40

Macphail et al. (1994);
Martin, 1994
Carpenter et al. (1994)
Greenwood et al. (2001) and
McNamara and Scott (1983)

Stem of Faboideae
Arcoa stem
Stem of Mirbelieae
plus Bossiaeeae

S
Florissant bed leaves
S

Root
Min
Min

58.5
34
54

Lavin et al. (2005)
Lavin et al. (2005)
Lavin et al. (2005)

Restionaceae crown

Arnot pipe pollen

Root

64

Linder et al. (2003)

Asteraceae vs
Goodeniaceae

S

Root

60

Bremer et al. (2004)

Colchicaceae crown

S

Root

44

Janssen and Bremer (2004)

Alismatales vs rest of
monocots
Spathiphyllum vs
Arisaema (Araceae)
Crown of palms
(Arecaceae)
Dianella vs Phormium
(Hemerocallidaceae)

S

Root

Two pollens: Mayoa and an
unnamed coprolite
Sabalites

Min

131.5 or
120
120

Janssen and Bremer (2004)
and Bell et al. (2005)
Friis et al. (2004)

Min

83.5

Savolainen et al. (2006)

Min

45

Greenwood and Conran (2000)

Backbone of
subfamily
Grevilleoideae
Stem of tribe
Banksieae
Stem of Banksia
Crown of Banksia

Dianellophyllum and Phormium
pollen

a

Indicates the node in the phylogeny where the constraint was placed; ‘vs’ indicates the divergence point between two taxa.
The fossil(s) on which the constraint is based, unless the constraint is secondary (S) and derived from the cited dating analysis.
c
It was necessary to ﬁx the age of the root for NPRS analyses. In the Bayesian dating, these same calibration points were used as priors for the root. All
calibration points above the root were treated as minimum ages.
b

B included all divergences between taxa in sclerophyll communities in Australia and the southern hemisphere, except
those across the Nullarbor (n = 241). This latter data set
was used as a ‘null’ distribution for comparison with data
set A. Sampling for data set B was restricted to the last
30 Myr because this is the period represented by the
SW–SE divergences. Two categories of divergences were
not included in data set B: divergences in lineages occurring

in non-sclerophyll biomes (such as rainforest and temperate northern hemisphere biomes) and sparsely sampled
outgroups, which were likely to under-represent more
recent divergences; and the SW–SE divergences comprising
data set A.
The mean divergence times in each data set were compared using the t test in Excel and both data sets were
tested for normality (at http://www.physics.csbsju.edu/
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stats/KS-test.html). Data set B failed the normality test, so
comparisons between A and B were also made using the
following non-parametric tests (Siegel, 1956; Sokal and
Rohlf, 1969), implemented as indicated: v2 test (Excel),
median test (http://www.fon.hum.uva.nl/Service/Statistics.
html), Mann–Whitney U test (http://eatworms.swmed.edu/
~leon/stats/utest.html) and Kolmogorov–Smirnov (KS)
test
(http://www.physics.csbsju.edu/stats/KS-test.html).
For the v2 test, it was necessary to lump the data into three
bins to achieve a minimum of 80% of expected frequencies
greater than or equal to ﬁve (Siegel, 1956). All tests were
two-tailed.

12
10

Frequency
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East-west
divergences

8
6
4
2
0

20-29

10-19

0-9

Divergence time (Myr ago)

2.6. Edaphic barrier
160

3. Results
3.1. Sequences, phylogenetic analyses and divergence times
Seven independent data sets (details in Table 1) were
identiﬁed that comprised suﬃcient sampling to apply
relaxed molecular-clock dating to the question of divergence times across the Nullarbor Plain. These contained
a total of 881 terminal taxa (represented by 915 sequences)
and incorporated 596 nodes (divergences) of which 23
deﬁned SW–SE disjunctions (Supplementary Figs. 1–7).
All the saturation plots showed a strong ﬁt to a linear
regression (r2 values all >0.85), though in most there was
a slight tendency to saturation at the deeper divergences.
It is assumed that the ﬁtted models corrected for this eﬀect
in estimating branch lengths.
The mean estimates of SW–SE divergence times, derived
using both methods (Bayesian and NPRS), were strongly
clustered around 13–14 Myr ago (Figs. 2c, and 3a). Each
of the seven plant families sampled included at least one
SW–SE divergence in this cluster. Within the errors of dating, this timing coincides with both the inundation of the
Eucla Basin about 16 Myr ago and severe aridiﬁcation
(Chill III) about 14 Myr ago (Fig. 2). The 95% conﬁdence
intervals around most date estimates rule out a link with
either the earlier (Chill II, about 34 Myr ago) or later (Chill
IV, about 3 Myr ago) cooling and drying events.

120

Frequency

Much of the sclerophyll ﬂora of the SW and SE is
adapted to acidic siliceous soils and does not tolerate calcareous soils (Hopper and Gioa, 2004; Marchant, 1973;
Nelson, 1974). To test whether the calcareous karst surface of the Nullarbor Plain is an edaphic barrier, we
examined the ranges of 112 species occurring on siliceous
sand patches at the western edge of the Plain (Nelson,
1974). The species were partitioned according to whether
they are restricted to siliceous soils or tolerate both siliceous and calcareous soils, and according to whether
they are endemic to SW Australia or are distributed in
both SW and SE Australia. The resulting 2 · 2 contingency table was evaluated using a v2 test with one degree
of freedom.

Other sclerophyll
divergences

80

40

0

20-29

10-19

0-9

Divergence time (Myr ago)
Fig. 3. Distribution of divergences between taxa in the SW and SE biomes
(a) and in related sclerophyll taxa (b). These distributions, in three 10 Myr
bins, are signiﬁcantly diﬀerent (P = 0.023, n = 261, 5 df, v2 test).

We found signiﬁcant diﬀerences between the distribution through time of SW–SE divergences (data set A)
and that of other divergences in sclerophyll taxa (data
set B): t test (P = 0.04), v2 test (P = 0.02; Fig. 3), median test (P = 0.0101), Mann–Whitney U test (P = 0.05)
and Kolmogorov–Smirnov (KS) test (P = 0.012;
Fig. 4). The SW–SE divergences were normally distributed (KS test, P = 0.56), indicating a central tendency
of these divergence times around a mean of 12.9 Myr
(SD = 6.1) and a median of 13.0 Myr. By contrast,
divergence times in the other sclerophyll taxa were
not normally distributed (KS test, P = 0.00) and
instead were highly consistent with an exponential distribution (Fig. 4), which is the null expectation under a
constant-rate stochastic speciation model (Nee et al.,
1994).
3.2. Edaphic barrier
The cluster of SW–SE divergence times also coincided
with the elevation of limestone sediments to form the
karst surface of the Nullarbor Plain (Fig. 2), which
occurred about 14 Myr ago (Li et al., 2004). The Plain
has remained exposed through to the present (Sheard
and Smith, 1995). The karst is a strong edaphic barrier,
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Fig. 4. Cumulative plots of divergences between taxa in the SW and SE biomes and in related sclerophyll taxa. The shapes of these curves are signiﬁcantly
diﬀerent (P = 0.012, n = 261, Kolmogorov–Smirnov test).

60

50

Number of species

40

30

20

10

Calcareous
tolerant

0
Western
endemic

Calcareous
intolerant
Western and
eastern

Fig. 5. Disjunctions between plant populations in the SW and SE biomes in relation to soils. This comparison shows that the karst surface of the
Nullarbor Plain is a signiﬁcant barrier to migration. Of calcareous-soil-intolerant plant species occurring on siliceous sand dunes at the western edge of the
Nullarbor Plain (Nelson, 1974), 93% do not occur any farther to the east, whereas 67% of calcareous-soil-tolerant species occur on both sides (SE and SW)
of the Nullarbor Plain (P = 10 11, n = 112, 1 df, v2 test).

with 93% of the limestone-intolerant plant species on siliceous sand dunes at the western edge of the Nullarbor
Plain not occurring any farther to the east. In counter-

point, 67% of limestone-tolerant species occur on both
sides (SW and SE) of the Nullarbor Plain (P = 10 11,
n = 112, 1 df, v2 test) (Fig. 5).
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3.3. Estimates of error
Mean SW–SE divergence time estimates were similar
between the Bayesian and NPRS methods (Fig. 2), though
diﬀering by 6–8 Myr for taxa Pea 4 and Pea 7 (Table 3). In
the Bayesian analyses, posterior and prior estimates of the
ages of the root nodes diﬀered by less than 5 Myr in all
data sets except monocots (which include the SW–SE
divergence of Xanthorrhoea). In monocots, the posterior
age of the root (196 Myr) was considerably older than
the prior estimate of 131.5 Myr. Using the alternative prior
age of 120 Myr (Table 2) yielded a posterior estimate of
153 Myr for the root (Supplementary Fig. 7). Omitting
Table 3
Estimated ages of SW–SE divergences (Myr ago)
Divergencea

Allocasuarina
Allocasuarina
Allocasuarina
Allocasuarina
Banksia 1
Banksia 2
Pea 1
Pea 2
Pea 3
Pea 4
Pea 5
Pea 6
Pea 7
Pea 8
Pea 9
Restio 1
Restio 2
Restio 3
Scaevola 1
Scaevola 2
Scaevola 3
Wurmbea
Xanthorrhoea
a

Bayesian

1
2
3
4

NPRS

Estimate

SDb

CIc

Estimate

CIc

21.7
11.4
12.6
17.6
16.3
27.5
3.9
9.8
13.4
12.0
3.6
9.0
14.6
13.8
15.5
—
—
—
12.0
2.4
17.4
7.4
17.0

8.2
6.8
7.2
8.3
7.0
7.5
2.3
4.4
4.8
4.7
2.5
3.6
4.8
4.2
4.7
—
—
—
4.8
2.1
6.1
2.7
8.4

8.4–39.8
1.7–27.6
2.1–29.5
4.5–36.2
4.3–31.3
13.7–42.8
0.6–9.4
2.8–19.8
5.6–24.3
4.6–22.9
0.3–9.9
3.3–17.2
6.3–25.0
7.0–23.4
7.8–26.1
—
—
—
4.5–23.0
0.1–7.8
7.5–30.9
3.4–13.7
4.3–37.4

20.5
10.8
13.9
14.9
15.7
27.1
4.1
10.0
14.6
18.2
4.9
9.4
22.1
13.7
17.0
14.4
16.3
24.6
12.7
2.8
17.9
7.1
15.3

d
d

13.0–14.8
13.7–15.6
14.9–16.3
26.6–27.7
3.9–4.3
9.7–10.3
14.2–14.9
17.5–18.7
4.4–5.3
9.0–9.8
21.7–22.6
13.2–14.0
16.5–17.3
7.4–23.9
8.7–27.4
8.5–35.9
9.1–15.8
d

14.2–20.9
7.0–7.2
7.7–31.6

Node deﬁnitions for divergences (SW, SE): Allocasuarina 1 (Allocasuarina campestris and Allocasuarina littoralis); Allocasuarina 2 (Allocasuarina huegeliana and Allocasuarina verticillata); Allocasuarina 3
(Allocasuarina trichodon and Allocasuarina torulosa); Allocasuarina 4
(Allocasuarina scleroclada and Allocasuarina luehmannii); Banksia 1
(Banksia benthamiana and Banksia serrata); Banksia 2 (Banksia grandis
and Banksia ericifolia); Pea 1 (Aotus sp. aﬀ. procumbens and Aotus
subspinescens); Pea 2 (Dillwynia dillwynioides and Dillwynia cinerascens);
Pea 3 (Mirbelia microphylla and Mirbelia rubiifolia); Pea 4 (Callistachys
lanceolata and Podolobium alpestre); Pea 5 (Chorizema genistoides and
Chorizema parviﬂorum); Pea 6 (Bossiaea praetermissa and Bossiaea sp.
4117); Pea 7 (Bossiaea dentata and Bossiaea cinerea); Pea 8 (Daviesia
uniﬂora and Daviesia corymbosa); Pea 9 (Daviesia angulata and Daviesia
genistifolia); Restio 1 (Lepidobolus chaetocephalus and Coleocarya gracilis);
Restio 2 (Chordifex stenandrus and Acion hookeri); Restio 3 (Taraxis
grossa and Winifreda sola); Scaevola 1 (Scaevola phlebopetala and Scaevola
albida); Scaevola 2 (Scaevola virgata and Scaevola calendulacea); Scaevola
3 (Diaspasis ﬁlifolia and Scaevola ramosissima); Xanthorrhoea (Xanthorrhoea acaulis and Xanthorrhoea preissii).
b
Standard deviation.
c
Lower-upper 95% credibility (Bayesian) or conﬁdence (NPRS) limits.
d
Indicates that r8s was unable to estimate values.

the Araceae calibration point (X II, 120 Myr; Table 2)
reduced the posterior age of the root to 172 Myr and omitting all three internal calibration points (X II–IV; Table 2)
reduced the estimate to 128 Myr. Therefore, the estimate of
the age of the root in monocots is very sensitive to the calibration points used, indicating a need for further investigation of the fossils and their phylogenetic placement.
Despite the uncertainty in this data set, point estimates of
the SW–SE divergence time in Xanthorrhoea varied
between 8 and 17 Myr ago, spanning the 13 Myr mean
for all SW–SE divergences. This is a much narrower range
of variance than at the root, possibly because the age of the
Xanthorrhoea node is more strongly inﬂuenced by a closer
calibration point (cf. Won and Renner, 2006), located in its
sister group at the divergence between Dianella and
Phormium.
Uncertainty in other calibration points made little diﬀerence to estimates of SW–SE divergence times. With the two
alternative placements of Normapolles (A I) in the Cucurbitales–Fagales phylogeny, the four SW–SE divergences
within Allocasuarina varied by only 1–2 Myr. Similarly,
these estimates varied 0–3 Myr by omitting a minimum
constraint of 55 Myr ago (A VI) on the crown of Casuarinaceae. With the alternative ages of 85 and 70 Myr for the
backbone of Proteaceae subfam. Grevilleoideae (B I), the
two SW–SE divergence estimates within Banksia varied
by 2–3 Myr.
4. Discussion
Our ﬁnding of signiﬁcant clustering of SW–SE divergence events around 13–14 Myr ago strongly suggests that
the rapid succession of marine incursion, aridiﬁcation and
the origin of the Nullarbor Plain as an edaphic barrier had
a strong concerted eﬀect on the ﬂora of southern Australia.
Any combination of these three events might have been
responsible for the cluster of divergences, depending upon
the ecological tolerances of the taxa. However, marine
inundation seems least likely to have disrupted populations, despite previous suggestions to this eﬀect (Heatwole,
1987; Mast and Givnish, 2002, in part). Populations could
have remained linked via the extensive siliceous soils of
central Australia (north of the Eucla Basin) which, at those
times, experienced a relatively warmer and wetter climate
(the Miocene climatic optimum; Alley, 1998; Li et al.,
2004). Moreover, this climatic amelioration could have
favoured the spread (dispersal) of species around the Basin
from refugia in the SW or SE, possibly exposing populations to subsequent disruption (vicariance) by the aridiﬁcation and limestone elevation that followed.
Our results corroborate a longstanding hypothesis that
the SW and SE biotas were isolated by the mid-Miocene
aridiﬁcation and/or elevation of the Nullarbor Plain as
an edaphic barrier (Burbidge, 1960; Cracraft, 1991; Marchant, 1973; Mast and Givnish, 2002; Nelson, 1981;
Unmack, 2001). Some (but not all) previously published
SW–SE divergence times for animal taxa, derived using a
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molecular clock, coincide with the cluster found by this
study: 12–16 and 17–23 Myr ago in pygopodid lizards (Jennings et al., 2003); 10–13 Myr ago in Litorea frogs (Burns
and Crayn, 2006); and about 10–19 Myr ago in the freshwater crayﬁsh Cherax (Munasinghe et al., 2004).
The three youngest SW–SE divergences (Peas 1 and 5, and
Scaevola 2) coincide with the onset of severe aridiﬁcation
2–4 Myr ago (Fujioka et al., 2005) and their error bars rule
out divergence during the earlier periods of aridiﬁcation
(13–14 and 34 Myr ago) (Fig. 2). Therefore, these taxa must
have been in more recent contact or underwent more recent
long-distance dispersal than taxa of the other SE–SW divergences examined. Taxa of each of the three youngest divergences display ecological tolerances that might favour an
explanation of recent contact. Aotus and Chorizema (Peas
1 and 5, and Fig. 2, respectively) are dry-tolerant. Even
today, the eastern species of Aotus (Peas 1) occurs at the eastern edge of the Nullarbor Plain and one of the western species of Chorizema (Peas 5) extends to the margins of the
Central Australian desert. The SW–SE sister taxa in Scaevola 2 tolerate calcareous soil and, in the east, extend along the
coast to the margins of the Nullarbor Plain. Populations in
each of these three taxa could have maintained contact
across or around the Nullarbor Plain until the onset of severe
aridiﬁcation about 3 Myr ago.
The older divergences in Restionaceae (Restio 3), Banksia (Banksia 2) and Allocasuarina (Allocasuarina 1 and possibly also 4) do not coincide with any of the drying events
illustrated in Fig. 2. The error bars of these divergence
times overlap both Chill II (34 Myr ago) and Chill III
(14–13 Myr ago). The sister taxa in Restio 3 currently occur
in very wet habitats in the extreme SW and SE corners of
Australia. The SW and SE taxa of Banksia 2 (Phanerostomata clade) are typically coastal and less drought-adapted
than Banksia 1 taxa (Cryptostomata clade), which appear
to have diverged more recently, coincident with aridiﬁcation and uplift of the Nullarbor Plain (Mast and Givnish,
2002) (Fig. 2). Both taxa are less tolerant of dry conditions
than other groups represented in the analyses and their
ancestors might have vicariated in response to the mild aridiﬁcation at Chill II, about 34 Myr ago (Fig. 2).
It should be noted that the phylogenetic signatures of
some older vicariance events are likely to have been
obscured by subsequent re-expansion of populations across
the barrier when conditions ameliorated, such as during the
Miocene climatic optimum. The approach used here has
been applied only to the most recent SW–SE divergences
events evident within each taxon. Older potential SE–SW
divergences within these taxa were not examined because
they no longer appear in phylogenies as clear SW–SE
disjunctions.
Several sources of variance and error were identiﬁed and
quantiﬁed in this study, including uncertainty in branch
lengths, uncertainty in identiﬁcation and placement of calibration points, and variation between rate smoothing
methods. Despite these uncertainties, the signiﬁcant clustering we have found in a narrow window of time is com-
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pelling evidence that events during this period had a
strongly congruent eﬀect on taxa occurring across southern
temperate Australia. The corollary of the disruption of
populations across the Nullarbor Plain during this period
was an increased speciation rate, contributing to the current species richness, and subsequent endemism, of one
of the world’s most biodiverse hot-spots—the SW of
WA. Teasing apart the interwoven traces of vicariance
and long-distance dispersal, and explaining their respective
roles in speciation and the distribution of taxa, remains one
of the greatest challenges of historical biogeography.
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