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ABSTRACT We present phylogenetic analyses of the lizard genus Ctenophorus using 1,639
aligned positions of mitochondrial DNA sequences containing 799 parsimony-informative charac-
ters for samples of 22 species of Ctenophorus and 12 additional Australian agamid genera. Se-
quences from three protein-coding genes (ND1, ND2, and COI) and eight intervening tRNA genes
are examined using both parsimony and maximum-likelihood analyses. Species of Ctenophorus
form a monophyletic group with Rankinia adelaidensis, which we suggest placing in Ctenophorus.
Ecological differentiation among species of Ctenophorus is most evident in the kinds of habitats
used for shelter. Phylogenetic analyses suggest that the ancestral condition is to use burrows for
shelter, and that habits of sheltering in rocks and shrubs/hummock grasses represent separately
derived conditions. Ctenophorus appears to have undergone extensive cladogenesis approximately
10–12 million years ago, with all three major ecological modes being established at that time. J.
Exp. Zool. (Mol. Dev. Evol.) 291:339–353, 2001. © 2001 Wiley-Liss, Inc.

The agamid lizard genus Ctenophorus provides
abundant opportunity for a molecular phylogenetic
study of speciation and ecological diversification.
Agamid lizards show a marked radiation in Aus-
tralia, where there are 64 recognized species in
13 genera (Cogger, 2000). Within this group, the
large endemic genus Ctenophorus contains 23
largely terrestrial species, and is widespread
throughout the continent, particularly in semi-arid
to arid areas. Monophyly of Ctenophorus has not
been established with certainty, and phylogenetic
relationships among species within this genus are
largely unknown. Microcomplement fixation of al-
bumin (Baverstock and Donnellan, ’90), chromo-
somal and immunogenetic data (King, ’90), and
mitochondrial DNA sequences (Honda et al., 2000;
Macey et al., 2000) have been used to evaluate
higher-level phylogenetic relationships within
Agamidae and have included single species of
Ctenophorus, but no previous molecular study has
examined relationships within this genus. Previous
studies have divided Ctenophorus into species
groups based primarily on ecological and morpho-
logical data (Moody, ’80; Wilson and Knowles, ’88;
Greer, ’89), but the phylogenetic significance of
these groupings is uncertain.

Ecological differentiation among species of
Ctenophorus is most evident in the kinds of habi-
tats that lizards use for shelter. Greer (’89) sug-
gested that Ctenophorus falls into three distinct

ecological categories based on whether species
shelter in rocks, burrows, or vegetation. Eight spe-
cies of Ctenophorus are associated with rocks: C.
caudicinctus, C. decresii, C. fionni, C. ornatus, C.
rufescens, C. tjantjalka, C. vadnappa, and C.
yinnietharra. Eight species spend much of their
active time on open ground of sand plains or sand
dunes covered with shrubs or hummock grasses
and flee to these shrubs and grass hummocks: C.
cristatus, C. femoralis, C. fordi, C. isolepis, C.
maculatus, C. mckenziei, C. rubens, and C. scut-
ulatus. Pianka (’71, personal communication) de-
scribes C. cristatus and C. scutulatus as moving
and foraging in open spaces between plants, and
in a 15-month study by Pianka (’71), they were
never observed to use burrows during their daily
activity. Ctenophorus mckenziei is very similar to
C. scutulatus in habitat and morphology, differ-
ing only in adult size and subtle color modifica-
tions (Storr et al., ’83; Peterson et al., ’94).
Consequently, we have included C. cristatus, C.
scutulatus, and C. mckenziei in the shrub/grass
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dwelling group. The final group includes species
that dig burrows in which they shelter from
weather and predators: C. clayi, C. gibba, C.
maculosus, C. nuchalis, C. pictus, C. reticulatus,
and C. salinarum. Extensive work on C. macu-
losus by Mitchell (’73) indicates that this is a bur-
rowing species, sheltering below the crusty salt-
layer of Lake Eyre, South Australia.

A major evolutionary question is whether these
ecological categories represent stable characteris-
tics of ancient clades, or labile features that evolved
repeatedly in parallel among different communi-
ties. Recent phylogenetic studies of the lizard ge-
nus Anolis in the Caribbean demonstrate the latter
situation, in which habitat specialists that share
characteristic morphological features appear to
have evolved in parallel on different islands (Losos
et al., ’98; Jackman et al., ’99). The evolutionary
history of anoles demonstrates ancient evolution-
ary radiations, in which numerous lineages split
from a common ancestral population in a time in-
terval that was short relative to the subsequent
evolutionary history of the group (Jackman et al.,
’99). Rapid radiation of evolutionary lineages com-
bined with highly labile morphological characters
makes phylogenetic reconstruction particularly dif-
ficult. We suspect that this same combination of
factors may be evident in the evolutionary diver-
sification of Ctenophorus, which is still in an early
phase of ecomorphological study.

We present a molecular phylogenetic study of
22 of the 23 recognized species of Ctenophorus (all
species except C. yinnietharra) to test the hypoth-
esis that ecological categories constitute phyloge-
netic groups, and to estimate ages of diversification
among species of Ctenophorus. Sequences re-
ported here include a 1,799 base-pair segment of
the mitochondrial genome extending from the pro-
tein-coding gene ND1 (subunit one of NADH de-
hydrogenase), through the genes encoding tRNAGln,
tRNAIle, tRNAMet, ND2 (NADH dehydrogenase sub-
unit two), tRNATrp, tRNAAla, tRNAAsn, tRNACys,
tRNATyr, to the protein-coding gene, COI (subunit
I of cytochrome c oxidase). These sequences are
homologous to those used in earlier phylogenetic
studies of acrodont lizards (Macey et al., 2000;
McGuire and Heang, 2001), permitting phyloge-
netic comparisons of Ctenophorus species to other
Australian agamid genera, including Lophogn-
athus, Amphibolurus, Chlamydosaurus, Caim-
anops, Diporiphora, Pogona, Tympanocryptis,
Rankinia, Arua, Chelosonia, Physignathus, and
Moloch. This sampling allows an effective test of
monophyly for Ctenophorus. The southeast Asian

species Physignathus cocincinus and Papua New
Guinean species Hypsilurus dilophus are also in-
cluded as outgroups based on results of Macey et
al. (2000); other species of Hypsilurus (not sampled)
occur in Australia (Cogger, 2000).

MATERIALS AND METHODS
Specimen information

Museum numbers and localities of voucher
specimens from which DNA was extracted and
GenBank accession numbers are provided below.
Acronyms are SAM for the South Australian Mu-
seum, Adelaide, Australia and ANWC for the Aus-
tralian National Wildlife Collection, CSIRO,
Canberra, Australia. Ctenophorus caudicinctus:
SAMAR42752, GenBank# AF375623, Winton,
Queensland. Ctenophorus clayi: SAMAR48593,
GenBank# AF375620, 12.2 km northwest of Mt.
Cheesman, South Australia. Ctenophorus crist-
atus: SAMAR31851, GenBank# AF375622, 17 km
east southeast of Mt. Christie Siding, South Aus-
tralia. Ctenophorus femoralis: SAMAR22803,
GenBank# AF375627, 12 km south of Barradale,
Western Australia. Ctenophorus fionni: SAMAR-
38263, GenBank# AF375638, South Pearson,
South Australia. Ctenophorus fordi: SAMAR-
31886, GenBank# AF375626, Mt. Finke, South
Australia. Ctenophorus gibba: SAMAR45990,
GenBank# AF375625, William Creek Rd., 20 km
east of Coober Pedy, South Australia. Ctenophorus
isolepis: SAMAR26194, GenBank# AF375629, 25
km southwest of Mabel Creek homestead, South
Australia. Ctenophorus maculatus: SAMAR29397,
GenBank# AF375628, 34 km south of Denham,
Western Australia. Ctenophorus maculosus: SAM-
AR25909, GenBank# AF375621, Lake Eyre, South
Australia. Ctenophorus mckenziei: SAMAR32266,
GenBank# AF375631, Mitcherie Rockhole, South
Australia. Ctenophorus nuchalis: SAMAR42726,
GenBank# AF375633, 18 km north of Muttaburra,
Queensland. Ctenophorus ornatus: SAMAR29487,
GenBank# AF375624, Lort R., Western Austra-
lia. Ctenophorus pictus: SAMAR28208, GenBank#
AF375635, 73 km north of Oodnadatta, South Aus-
tralia. Ctenophorus reticulatus: SAMAR29373,
GenBank# AF375634, Nanga Rubbish Dump,
Western Australia. Ctenophorus rubens: SAMAR-
22844, GenBank# AF375630, 12 km south of
Barradale, Western Australia. Ctenophorus rufe-
scens: SAMAR28276, GenBank# AF375636, Near
Victory Well, South Australia. Ctenophorus salin-
arum: SAMAR18178, GenBank# AF375640, north
of Serpentine Lakes, South Australia. Ctenophorus
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scutulatus: SAMAR29402, GenBank# AF375632,
1 km south of Wanoo, Western Australia. Cteno-
phorus tjantjalka: SAMAR46211, GenBank# AF-
375637, 10.5 km southeast of Wares Peak, South
Australia. Ctenophorus vadnappa: SAMAR28098,
GenBank# AF375639, 5 km north of Copley, South
Australia. Rankinia diemensis: ANWCR5629,
GenBank# AF375619, Badger Corner, west of
Lady Barron, Flinders Island, Tasmania.

Our analyses included a representation of Aus-
tralian-New Guinean agamid genera (Macey et al.,
2000), for which GenBank accession numbers are
provided: Physignathus cocincinus (U82690);
Hypsilurus dilophus (AF128466); Moloch horridus
(AF128467); Arua modesta (AF128464); Chelosania
brunnea (AF128465); Physignathus lesueurii (AF-
128463); Lophognathus longirostris (AF128462);
Amphibolurus muricatus (AF128468); Chlamy-
dosaurus kingii (AF128469); Caimanops amphib-
oluroides (AF128472); Diporiphora bilineata
(AF128473); Pogona barbata (AF128474); Tympano-
cryptis lineata (AF128475); Rankinia adelaidensis
(AF128471); and Ctenophorus decresii (AF128470).

Laboratory protocols and alignment
of DNA sequences

Genomic DNA was extracted from liver, muscle,
or blood using Qiagen (Valencia, CA) QIAamp tis-
sue kits. Different primer combinations were used
to amplify from genomic DNA (Table 1). Amplifi-
cations of genomic DNA were conducted using a
denaturation at 94°C for 35 sec, annealing at 53°C
for 35 sec, and extension at 70°C for 150 sec with
4 sec added to the extension per cycle, for 30
cycles. Negative controls were run for all amplifi-

cations. Amplified products were purified on 2.5%
Nusieve GTG agarose gels and reamplified under
similar conditions. Reamplified double-stranded
products were purified on 2.5% acrylamide gels
(Maniatis et al., ’82). Template DNA was eluted
from acrylamide passively over three days with
Maniatis elution buffer (Maniatis et al., ’82).
Cycle-sequencing reactions were run using Pro-
mega fmol DNA sequencing system with a dena-
turing at 95°C for 35 sec, annealing at 45–60°C
for 35 sec, and extension at 70°C for 1 min for 30
cycles. Sequencing reactions were run on Long
Ranger sequencing gels for 5–12 hours at 38–40°C.

Alignment of tRNA genes was based on second-
ary structural models (Kumazawa and Nishida,
’93; Macey and Verma, ’97). Secondary structures
of tRNAs were inferred from primary structures
of the corresponding tRNA genes using these mod-
els. Unalignable regions in three length-variable
loops (D, T, and variable loops) of some tRNA
genes, and some intergenic sequences, were ex-
cluded from phylogenetic analyses.

Phylogenetic analysis
Phylogenetic trees were estimated using PAUP*

beta version 4.0b4a (Swofford, 2000) with 100 heu-
ristic searches using random addition of sequences
under the parsimony criterion. Bootstrap re-
sampling was applied to assess support for indi-
vidual nodes using 500 bootstrap replicates with
ten heuristic searches featuring random addition
of sequences. Decay indices (= “branch support”
of Bremer, ’94) were calculated for all internal
branches of the tree using TREEROT version 2a
(Sorenson, ’99).

TABLE 1. Primers used in this study1

Human position Gene Sequence Reference

L3914-amp ND1 5′-GCCCCATTTGACCTCACAGAAGG-3′ Macey et al.,’98
L4178 ND1 5′-CAACTAATACACCTACTATGAAA-3′ Macey et al.,’97a
L4437-amp tRNAMet 5′-AAGCAGTTGGGCCCATRCC-3′ Macey et al.,’97b
H4419b tRNAMet 5′- AAGCAGTTGGGCCCATRCC-3′ Macey et al., 2000
L4419a tRNAMet 5′-AAGCAATTGGGCTCATACC-3′ Macey et al.,’97a
H4584 ND2 5′-TCAATYATCCCARTAATCGCAAA-3′ This study
L5239 ND2 5′-TAACAGGATTYACACCAAAACT-3′ This study
L4882b ND2 5′-TGACAAAAAATTGCNCC-3′ Macey et al., 2000
H4980-amp ND2 5′-ATTTTTCGTAGTTGGGTTTGRTT-3′ Macey et al., ’97a
L4831 ND2 5′-TGACTTCCAGAAGTAATACAAGG-3′ Macey et al., ’97a
L5556b tRNATrp 5′-GCCTTCAAAGCCCTAAA-3′ Macey et al., ’97a
H5617b tRNAAla 5′-CTGAATGCAACTCAGACACTTT-3′ Macey et al., ’97a
H5934a-amp COI 5′-AGRGTGCCAATGTCTTTGTGRTT-3′ Macey et al., ’97a
H6159-amp COI 5′-ATAATTGGAGCCCCAGACATAGC-3′ Weisrock et al., 2001
1Primers are designated by their 3′ ends,which correspond to position in the human mitochondrial genome (Anderson et al., ’81) by conven-
tion. H and L designate primers whose extension produces the heavy and light strands, respectively. L3914 was previously incorrectly
reported as L3878 in Macey et al. (’98). Primers used to amplify are designated by “amp” following the primer name. Positions with mixed
bases are labeled with the standard one-letter code: R = G or A, Y= C or T, N = G, A, C, or T.
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Maximum likelihood was used to compare rela-
tive likelihoods of trees obtained from parsimony
analysis, to compare goodness-of-fit of different
models of sequence evolution to the data, and to
search for optimal likelihood trees (following Wiens
et al., ’99). Trees from the parsimony analysis were
compared using six nested likelihood models of in-
creasing complexity (Huelsenbeck and Crandall,
’97; Sullivan et al., ’97; Wiens et al., ’99): (1) Jukes-
Cantor with no invariable sites and no among-site
rate variation (JC; Jukes and Cantor, ’69); (2)
Kimura two parameter with no invariable sites or
among-site rate variation (K2P; Kimura, ’80); (3)
Hasegawa-Kishino-Yano with no invariable sites
or among-site rate variation (HKY85; Hasegawa
et al., ’85); (4) HKY85 with some sites assumed to
be invariable but equal rates of change at vari-
able sites (HKY85 + I; Hasegawa et al., ’85); (5)
HKY85 with some sites assumed to be invariable
and variable sites assumed to follow a gamma dis-
tribution (HKY85 + I + Γ; Gu et al., ’95); and (6)
general time reversible with some sites assumed
to be invariable and variable sites assumed to fol-
low a gamma distribution (GTR + I + Γ; Yang, ’94).
Specific model parameters for likelihood analyses
were estimated from the data using PAUP*. The
goodness-of-fit of different models to the data was
evaluated using maximum likelihood by compar-
ing likelihoods for different models for the same
tree. Statistical significance of differences in like-
lihoods between models was evaluated using the
likelihood-ratio test statistic –2logΛ, which should
approximate the chi-square distribution with de-
grees of freedom equal to the difference in num-
ber of parameters between the two models being
compared (Yang et al., ’95). The best fitting model
was then used in 25 heuristic searches with ran-
dom addition of taxa to find the overall best likeli-
hood topology.

Wilcoxon signed-ranks tests (Templeton, ’83;
Felsenstein, ’85) were applied to examine statis-
tical significance of a representative shortest tree
relative to alternative hypotheses. This test asks
whether the most parsimonious tree is signifi-
cantly shorter than an alternative or whether
their differences in length can be attributed to
chance alone (Larson, ’98). Wilcoxon signed-ranks
tests were conducted as two-tailed tests using
PAUP* (Felsenstein, ’85).

Alternative phylogenetic hypotheses were tested
using the most parsimonious phylogenetic topolo-
gies compatible with them. To find the most par-
simonious tree(s) compatible with a particular
phylogenetic hypothesis, phylogenetic topologies

were constructed in MacClade (Maddison and
Maddison, ’92) and used as constraints in PAUP*
beta version 4.0b4a (Swofford, 2000) with 100
heuristic searches featuring random addition of
sequences.

Parametric bootstrapping, a likelihood-based
test of topologies (termed the SOWH-test by
Goldman et al., 2000), was also used to evaluate
the statistical significance of the shortest tree
relative to alternative hypotheses. PAUP* was
used to estimate maximum-likelihood parameters
based on the alternative hypothesis and to deter-
mine empirical base frequencies. SEQGEN (Ram-
baut and Grassly, ’97) was then used to simulate
100 data sets using these estimated parameters.
The simulated data sets were analyzed under
both parsimony and maximum-likelihood criteria
to generate null distributions of the test statis-
tic. The test statistic was calculated by finding
the difference between the favored tree and the
alternative tree in tree lengths or log-likelihood
scores, for parsimony and maximum likelihood,
respectively.

We reconstructed ancestral states using Mac-
Clade to estimate evolutionary transitions among
ecological types in Ctenophorus (Losos et al., ’98).
As a test of independent ecological transitions, the
taxon-partition command in PAUP* was used to
designate species that belong to each ecological
type. We then identified the shortest tree com-
patible with the constraint of three ecological
types in Ctenophorus. The “looseconvex” command
was employed to find the shortest trees that re-
quired incremental transitions of ecological char-
acter states. Finally, each of these shortest trees
was compared to the overall most parsimonious
tree; we then used Wilcoxon signed-ranks tests to
determine whether alternatives were significantly
longer than the original.

The four-taxon S-test of Felsenstein (’85) was
employed, as used by Jackman et al. (’99), to test
whether a soft or hard polytomy exists in areas of
the tree that do not show support for phylogenetic
groupings. A “soft polytomy” is one in which the
true branching pattern of lineages is dichotomous
and the polytomy recovered from a phylogenetic
analysis represents an analytical artifact. A “hard
polytomy” denotes a polytomy in which the actual
branching of lineages approximates a polytomy
rather than a sequential dichotomous pattern. This
technique evaluates whether removing taxa that
potentially are dividing long branches increases
support for phylogenetic groupings of the remain-
ing taxa. Critical decay-index values for four-taxon
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statements were obtained from Jackman et al. (’99)
and Weisrock et al. (2001).

An additional test of phylogenetic structure was
conducted to evaluate the polytomy in Cteno-
phorus (Hillis, ’91). The distribution of informa-
tive characters on a hard polytomy should be
random with respect to species (Jackman et al.,
’99). We employed a skewness test (Hillis and
Huelsenbeck, ’92) of the frequency distribution of
10,000 randomly generated trees, obtained using
MacClade, with the constraint that weakly sup-
ported branches among Ctenophorus lineages form
a hard polytomy.

RESULTS
Twenty-two new sequences representing ap-

proximately 1,799 bases of the mitochondrial ge-
nome are reported for 21 species of Ctenophorus
and Rankinia diemensis. These sequences are
aligned for phylogenetic analysis with previously
reported sequences representing Ctenophorus
decresii, Rankinia adelaidensis, eleven samples
representing different Australian agamid genera
(Lophognathus, Amphibolurus, Chlamydosaurus,
Caimanops, Diporiphora, Pogona, Tympanocryptis,
Rankinia, Arua, Chelosania, Physignathus lesu-
euri, and Moloch) and two outgroups (Physign-
athus cocincinus and Hypsilurus dilophus) from
Macey et al. (2000). Of the 1,639 unambiguous
sites in 37 aligned sequences, 1,007 are variable
and 799 are parsimony informative.

Assessment of homology, sequence
alignment, and genic variation

All base positions in protein-coding genes are
alignable. Gaps are placed in ND2 gene sequences
at codon 12 (positions 364–366) in L. longirostris
and codon 320 (positions 1,291–1,293) in C.
vadnappa. Gaps are placed in ND2 gene sequences
at codon 91 (positions 601–603) for all Cteno-
phorus species, except C. caudicinctus, C. clayi,
C. cristatus, C. gibba, C. maculosus, C. nuchalis,
C. ornatus, and C. reticulatus.

Among tRNA genes, several loop regions are
unalignable, as are noncoding regions between
genes. Part of the dihydrouridine (D) and the TΨC
(T) loops for the gene encoding tRNAIle (positions
201–205, 237–246), and the T and D-loops for the
genes encoding tRNATrp (positions 1,389–1,396,
1,428–1,434) and tRNATyr (positions 1,710–1,714,
1,746–1,752) are excluded from analyses. The D-
loop from the gene encoding tRNAAsn (positions
1,573–1,579) and part of the D-loop from the genes
encoding tRNAIle (positions 201–205) and tRNAGln

(positions 163–166) are excluded from analyses.
The T-loops from the genes encoding tRNAMet (po-
sitions 312–314), and tRNACys (positions 1,637–
1,644) are excluded from analyses. Parts of the
variable loops from the genes encoding the tRNAAsn

and tRNACys (positions 1,546–1,549, 1,650–1,654)
are excluded from analyses. The D-stem and as-
sociated loop region of the tRNACys gene (positions
1,672–1,685) are not alignable and therefore not
used for phylogenetic analysis. Noncoding se-
quences between the ND1 and tRNAGln genes (po-
sitions 82–105), the tRNAGln and tRNAIle genes
(positions 180–185), ND2 and tRNAMet genes (po-
sitions 328–330), the tRNATrp and tRNAAla genes
(positions 1,448–1,450), the tRNAAla and tRNAAsn

genes (positions 1,518–1,519), the tRNAAsn and
tRNACys genes (positions 1,593–1,623), and the
tRNACys and tRNATyr genes (positions 1,693–1,696)
are not used. Excluded regions comprise 160 of
the 1,799 aligned positions, less than 10% of the
aligned sequence positions.

Several results indicate that DNA sequences re-
ported are from the mitochondrial genome and not
nuclear-integrated copies of mitochondrial genes
(see Zhang and Hewitt, ’96). Protein-coding genes
do not have premature stop codons and tRNA
genes appear to code for tRNAs with stable sec-
ondary structures, indicating functional genes.
Strand bias also supports our conclusion that DNA
sequences reported here are from the mitochon-
drial genome. Sequences show strong strand bias
against guanine on the light strand (G = 11.3–
13.6%, A = 31.1–35.7%, T = 21.7–25.1%, and C =
28.1–32.3%), which is typical of the mitochondrial
genome but not the nuclear genome.

Phylogenetically informative variation occurs in
three protein-coding genes and eight tRNA-cod-
ing genes. Variation and phylogenetically infor-
mative sites are located mainly in protein-coding
regions (78% of informative sites). All eight tRNA
genes contain phylogenetically informative posi-
tions in both stem and nonstem regions (22% of
informative sites) and each protein-coding gene
has phylogenetically informative sites in first
(198), second (96), and third (330) codon positions.
Therefore, no single class of characters has a dis-
proportionate influence on phylogenetic analysis,
and phylogenetic information is present for both
shallow and deep branches in our analysis.

Phylogenetic relationships
Nine equally most parsimonious trees (5,156

steps) result from a parsimony analysis of 1,639
aligned base pairs of 37 agamid species, contain-
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ing 799 phylogenetically informative base posi-
tions. A strict consensus of these nine trees is
shown in Fig. 1. Monophyly of a group containing
all Ctenophorus species and Rankinia adelaidensis
receives strong heuristic support (bootstrap 97%,
decay index 11). Moderate heuristic support (boot-
strap 89%, decay index 11) groups this clade with
eight additional Australian agamids (Amphib-
olurus muricatus, Caimanops amphiboluroides,
Chlamydosaurus kingii, Diporiphora bilineata,
Lophognathus longirostris, Pogona barbata, Ran-
kinia diemensis, and Tympanocryptis lineata) to
the exclusion of four others (Arua modesta,
Chelosania brunnea, Moloch horridus, and Phy-
signathus lesueuri). Relationships among genera
reported here differ slightly from results shown
in Fig. 5 of Macey et al. (2000) because our tree is
rooted in a different position. The position of the
root is not strongly supported in either analysis,
and relationships among genera remain largely
unresolved. The only phylogenetic groupings out-

side Ctenophorus and Rankinia adelaidensis that
receive moderate to strong heuristic support are
those pairing Amphibolurus muricatus with
Chlamydosaurus kingii (bootstrap 97%, decay in-
dex 15), and Caimanops amphiboluroides with
Diporiphora bilineata (bootstrap 85%, decay in-
dex 10). The sister taxon to the clade comprising
Ctenophorus species and Rankinia adelaidensis
cannot be determined.

The earliest divergences within the clade con-
taining Ctenophorus and Rankinia adelaidensis
produce three major subgroups whose relation-
ships to each other are not well resolved: (1)
Rankinia adelaidensis; (2) C. clayi and C. macu-
losus (bootstrap 84%, decay index 8); and (3) a
clade containing all remaining Ctenophorus (boot-
strap 84%, decay index 5). Within subgroup three
are six well-supported clades: (1) C. decresii, C.
fionni, C. vadnappa, C. tjantjalka, and C. rufescens
(bootstrap 100%, decay index 19); (2) C. mckenziei
and C. scutulatus (bootstrap 100%, decay index
22); (3) C. rubens and C. isolepis (bootstrap 100%,
decay index 22); (4) C. fordi, C. femoralis, and C.
maculatus (bootstrap 100%, decay index 15); (5) C.
ornatus and C. caudicinctus (bootstrap 96%, decay
index 14); and (6) C. reticulatus and C. nuchalis
(bootstrap 99%, decay index 18). Relationships
among these six clades and the remaining four spe-
cies (C. cristatus, C. salinarum, C. gibba, and C.
pictus) are not well resolved, forming a polytomy
on the strict consensus tree (Fig. 1).

The likelihoods of the nine shortest trees from
parsimony analysis are compared using six like-
lihood models. Among the six models, the most
complex model (GTR + I + Γ) has the highest like-
lihood (Table 2). The likelihood-ratio test shows
that this model is significantly more likely for
these trees than the next most complex model
(Table 3). Model parameters estimated from this
tree are then used in 25 random-addition heuris-
tic searches, using the consensus tree as the start-
ing topology. Model parameters are as follows:

Fig. 1. A strict consensus of nine equally most parsimoni-
ous trees, indicating phylogenetic relationships within
Ctenophorus. Bootstrap values are presented above branches
and decay indices are below branches.

TABLE 2. Likelihood comparison of alternative models of
DNA-sequence evolution using the consensus of nine equally

most parsimonious trees (Fig. 1)1

Model Negative log likelihood
JC 27124
K2P 25753
HKY85 25448
HKY85 + I 23634
HKY85 + I + Γ 22812
GTR + I + Γ 22737
1See Materials and Methods for explanation of model abbreviations.
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alpha = 0.905; proportion of invariant sites =
0.305; substitution rates R(a) = 1.586, R(b) =
8.338, R(c) = 1.118, R(d) = 0.176, and R(e) = 9.594;
and empirical base frequencies A = 0.342, C =
0.307, G = 0.120, and T = 0.230. A single optimal
tree is found (Fig. 2). This tree differs slightly in

topology from the nine equally most parsimoni-
ous trees; most notably, the position of C. vad-
nappa changes so that it is the sister taxon to a
group containing C. tjantjalka, C. decresii, and C.
fionni (Fig. 2). Topological differences between re-
sults of parsimony and likelihood analyses are re-
stricted to branches that are not supported
statistically by either parsimony or likelihood-
based tests; therefore, results from these two
methods are not significantly in conflict.

Taxon subsampling is used to test whether the
large polytomy in Ctenophorus seen on the strict
consensus tree (Fig. 1; including nodes 1–8 in Fig.
2) represents a hard polytomy. Rankinia adel-
aidensis, used as the outgroup, plus the 20 spe-
cies of Ctenophorus that form the polytomy,
contain 449 taxon quartets compatible with the
topology favored by maximum likelihood (Fig. 2).
Of these quartets, 81 have significant decay-in-
dex values (18.0%). Thus, the hypothesis that the
poorly supported Ctenophorus lineages represent
a hard polytomy can be rejected using a 95% sig-
nificance criterion. Branches 5, 7, and 8 (see Fig.
2) are represented in significant subsamples more
often than predicted (Table 4), indicating that this
portion of the tree may be more robust than sug-
gested by initial results of parsimony analysis
(Fig. 1). The hypothesis that Ctenophorus nodes
1–8 (Fig. 1) form a hard polytomy is rejected fur-
ther by the significantly skewed (g1 = –0.15, P <
0.01) frequency distribution of tree lengths for
10,000 randomly sampled trees; a normal distri-
bution would be expected for a hard polytomy.

The shortest tree constrained to maintain mono-
phyly of Ctenophorus is not significantly longer
than the overall most parsimonious trees, in which
Ctenophorus is paraphyletic with respect to
Rankinia adelaidensis, using two-tailed Wilcoxon
signed-ranks tests or the parametric bootstrap
(SOWH) test (Table 5 and 6). The shortest tree in
which Ctenophorus species and R. adelaidensis do
not form a monophyletic group is not significantly
different from the most parsimonious trees (Fig.
1) using two-tailed Wilcoxon signed-ranks tests
(Table 5) or the parametric bootstrap (SOWH) test
(Table 6). Monophyly of the genus Rankinia is re-
jected using a two-tailed Wilcoxon signed-ranks
test (Table 5).

The Wilcoxon signed-ranks test is probably the
most conservative criterion for branch support
widely used in the systematic literature (Lee,
2000); even a branch with bootstrap support of
97% and a decay index of 11 is not significantly
supported by this criterion. Goldman et al. (2000)

TABLE 3. Results of likelihood-ratio tests comparing
statistical differences between increasingly complex nested

models of DNA sequence evolution1

Degrees of
Models -2logΛ freedom P-value

JC vs. K2P 2742 1 < 0.001
K2P vs. HKY85 610 4 < 0.001
HKY85 vs. HKY85 + I 3629 1 < 0.001
HKY85 + I vs. HKY + I + Γ 1643 1 < 0.001
HKY + I + Γ vs. GTR + I + Γ 149 4 < 0.001
1Degrees of freedom are differences in number of parameters between
models. All tests are significant using a sequential Bonferroni cor-
rection (Rice, ’89). See Materials and Methods for explanation of model
abbreviations.

Fig. 2. Phylogenetic relationships within Ctenophorus
based on maximum likelihood using the GTR + I + Γ model.
Numbers indicate branches included in a taxon subsampling
test of phylogenetic signal; numbers in bold indicate branches
that appeared in significant subsamples more frequently
than expected according to results in Table 4. Log-likelihood
= –25492.2.
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have questioned the validity of the Wilcoxon
signed-ranks test for comparing the most parsi-
monious tree against alternatives for a data set.
Any errors made using this test appear conserva-
tive, indicating that data do not have the power
to reject the null hypothesis that two trees are
statistically equivalent in length when this hy-
pothesis would be rejected by alternative,
more powerful criteria. The parametric bootstrap

(SOWH) test advocated by Goldman et al. (2000)
performs similarly to the Wilcoxon signed-ranks
test for our data.

Ecological type of a species is coded as an unor-
dered multistate character and mapped onto the
phylogeny favored by maximum likelihood (Fig.
3). In addition to character states recognized in
Ctenophorus (burrowers, shrub/hummock grass
dwellers, and saxicolous), we identify two states
observed only in other genera (semi arboreal and
forest ground-dweller). The hypothesis that the
three ecological types in Ctenophorus (burrowers,
shrub/hummock grass dwellers, and saxicolous)
each form monophyletic groups is rejected using
the Wilcoxon signed-ranks test (Table 5). Mono-

TABLE 4. Distribution of branches (numbered in Fig. 2) among 449 subsamples used to test
the hypothesis that these branches form a hard polytomy1

Expected4 Observed5

Branch no. Subsamples2 Percentage3 Significant Subsamples Significant Subsamples Observed - Expected

1 132 12.6 29.9 24 –5.9
2 235 22.5 53.2 49 –4.2
3 235 22.5 53.2 46 –7.2
4 57 5.5 12.9 13 0.1
5 230 22.0 52.1 55 2.9
6 14 1.3 3.2 0 –3.2
7 89 8.5 20.2 28 7.8
8 54 5.1 12.2 22 9.8
Totals 1046 100 236.9 237 0.1
1Only subsamples compatible with the topology of Fig 2 are counted. These branches form a polytomy in the consensus of nine equally most
parsimonious trees (Fig. 1). Branches 5, 7 and 8 occur more often than expected in 237 subsamples containing significant phylogenetic
structure using Felsenstein’s (’85) S criterion (critical values summarized by Weisrock et al., 2001).
2Number of four-taxon subsamples (449 total) whose internal branch spans the branches numbered on the maximum-likelihood topology
(Fig. 2) as listed in the first column.
3Percentage of times each branch is present in all subsamples.
4Number of times each branch is expected to be included in significant subsamples, based on percentages in column 2.
5Number of times each branch occurs in significant subsamples.

TABLE 5. Hypotheses tested using the Wilcoxon signed-ranks
test with molecular data1

Hypothesis n Z P

A. Non-monophyly of
Ctenophorus plus 161 0.85 n.s.

Rankinia adelaidensis
B. Monophyly of

Ctenophorus 144 0.18 n.s.
Rankinia 178 2.45 0.014

C. Species of each ecological type 168 2.71 0.007
form a monophyletic radiation

D. Monophyly of
Species using rocks 113 0.88 n.s.
Species using burrows 179 2.08 0.037
Species using shrubs 49 1.66 n.s.

/hummock grasses
E. Shortest tree with2

3 ecological transitions 49 1.29 n.s.
2 ecological transitions 113 1.40 n.s.

1The null hypothesis is that the shortest tree(s) corresponding to con-
ditions listed above are not significantly different in length from the
most parsimonious tree. n is the number of characters that differed
in numbers of changes on the two trees. Z is the normal approxima-
tion when n > 100 (25). n.s. is not significant.
2The minimum number of ecological transitions is two, correspond-
ing to a single origin of each derived ecological condition (saxicolous,
shrub/hummock-grass dwelling); three transitions include the mini-
mum number plus a single homoplastic ecological change.

TABLE 6. Results of parametric bootstrap (SOWH)
tests of topologies1

Hypothesis δ Z P

A. Non-monophyly of Ctenophorus
plus Rankinia adelaidensis
using parsimony 11 0.578 n.s.
using maximum likelihood 17.45 –3.89 n.s.

B. Monophyly of Ctenophorus
using parsimony 2 –0.088 n.s.
using maximum likelihood 16.73 –3.05 n.s.

1δ is the difference in tree lengths or log-likelihood scores between
the shortest tree and the alternative hypothesis, for parsimony and
maximum likelihood, respectively. The assumption of normality was
used for the null distribution of δ (Goldman et al.,2000). Parametric-
bootstrap simulations based on the hypotheses being tested were used
to obtain expected mean values and standard deviations for δ; Z is
the difference between observed and expected values of δ divided by
the standard deviation. Statistical significance was based on the
uppertail of the normal distribution with α = 0.05. n.s. is not signifi-
cant; the hypothesis as stated cannot be rejected in favor of the opti-
mal tree.
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phyly of a group comprising all burrowing Cteno-
phorus species is rejected, but monophyly of
groups containing rock-dwelling and shrub/hum-
mock grass species cannot be rejected (Table 5).
Thus, two of the ecological types may constitute
monophyletic groups. Ancestral states of ecologi-
cal types, as reconstructed by MacClade, indicate
five evolutionary transitions within Ctenophorus
(Fig. 3). However, trees requiring only a single
origin for each derived condition (rock-dwelling
and shrub/hummock grass dwellers) are not sig-
nificantly longer than the most parsimonious trees
using a Wilcoxon signed-ranks test (Table 5).

Taxonomic status of Ctenophorus
and Rankinia

Rejection of monophyly for the genus Rankinia
poses a taxonomic problem. The taxonomic sta-
tus of Rankinia receives little consensus in the
literature. Greer (’89) describes three species as
Rankinia: R. adelaidensis, R. chapmani, and R.
diemensis. These species are allocated a separate
genus based on three distinct morphological fea-
tures: a relatively small body size, a series of tu-
bercular scales on the base of the tail, and a blue
mouth lining. However, Cogger (2000) includes all
three species within Tympanocryptis and classi-
fies Rankinia chapmani as a subspecies of T.
adelaidensis.

Our study provides significant information con-
cerning phylogenetic relationships between spe-
cies of Rankinia. Although we did not sample
Rankinia chapmani, this species is closely related
to R. adelaidensis (Cogger, 2000), and presumably
shares its phylogenetic position relative to Cteno-
phorus. Thus, without creating a new taxon, we
suggest that R. adelaidensis and R. chapmani be
placed in the genus Ctenophorus. Rankinia die-
mensis should retain the name Rankinia rather
than being included in Tympanocryptis, as our
study cannot resolve the relationship between
these genera.

Ages of phylogenetic divergences
The mitochondrial genomic segment analyzed

here has been found to evolve at a rate of ap-
proximately 1.3% divergence between lineages per
million years of evolutionary separation; this cali-
bration seems fairly constant among vertebrates
and has been confirmed for agamid lizards (see
review by Weisrock et al., 2001). This calibration
can be used to approximate divergence times for
major lineages of Ctenophorus. Because histori-
cal geology and climatology of Australia are not

well known, these are the first estimates of ages
of evolutionary diversification in this group.

Haplotype divergences among Ctenophorus
species are substantial (Table 7), indicating that
evolutionary divergences among extant species
occurred 5–12 million years ago. Average se-
quence divergences among the three main sub-
groups of Ctenophorus (C. clayi/C. maculosus,
R. adelaidensis, and all other Ctenophorus) range
from 14–15.5%, suggesting an evolutionary di-
vergence of approximately 11–12 million years.
These values are slightly above the level (10%) at
which mitochondrial DNA sequences are expected
to show substitutional saturation (Moritz et al.,
’87), and are therefore probably slight underesti-
mates. The average divergence among haplotypes
of the ten lineages of Ctenophorus forming the
polytomy analyzed above is 14% (range 12–16%),
indicating that these lineages have undergone
separate evolutionary change for approximately

Fig. 3. Phylogenetic reconstruction of ecological type in
Ctenophorus species and agamid outgroups. The topology is
after Fig. 2. Character states denote species associated with:
shrubs/hummock grasses; burrows; rocks; forest-ground
dweller; or semi-arboreality.
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TABLE 7. Pairwise comparisons of haplotypes among Ctenophorus species and outgroup taxa1

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. Physignathus cocincinus 405 358 411 356 382 426 389 371 414 392 377 401 392
2. Arua modesta 25.1% 316 396 345 351 425 359 350 367 368 366 364 383
3. Chelosania brunnea 22.1% 19.6% 334 250 278 361 293 274 302 303 293 295 304
4. Hypsilurus dilophus 25.4% 24.5% 20.6% 333 358 415 374 355 400 368 373 368 387
5. Moloch horridus 22.0% 21.3% 15.4% 20.5% 299 360 298 293 307 302 296 312 310
6. Physignathus lesueuri 23.6% 21.7% 17.2% 22.1% 18.4% 383 283 283 324 319 299 293 316
7. Lophognathus longirostris 26.3% 26.3% 22.3% 25.6% 22.2% 23.6% 328 330 331 336 320 344 316
8. Amphibolurus muricatus 24.0% 22.2% 18.1% 23.1% 18.4% 17.5% 20.2% 189 266 252 231 234 249
9. Chlamydosaurus kingii 22.9% 21.7% 16.9% 21.9% 18.1% 17.4% 20.3% 11.7% 272 258 236 259 260

10. Caimanops amphiboluroides 25.5% 22.7% 18.6% 24.7% 18.9% 20.0% 20.4% 16.4% 16.8% 228 244 243 234
11. Diporiphora bilineata 24.2% 22.8% 18.7% 22.7% 18.6% 19.7% 20.7% 15.5% 15.9% 14.0% 233 249 235
12. Pogona barbata 23.2% 22.6% 18.1% 23.0% 18.2% 18.4% 19.7% 14.2% 14.5% 15.0% 14.4% 212 211
13. Rankinia diemensis 24.7% 22.5% 18.2% 22.7% 19.2% 18.1% 21.2% 14.4% 16.0% 15.0% 15.3% 13.1% 230
14. Tympanocryptis lineata 24.2% 23.7% 18.8% 23.9% 19.1% 19.5% 19.5% 15.3% 16.0% 14.4% 14.5% 13.0% 14.2%
15. Ctenophorus clayi 23.7% 22.2% 18.0% 22.9% 18.2% 18.4% 21.5% 16.3% 16.0% 17.7% 17.9% 16.6% 17.6% 18.0%
16. Ctenophorus maculosus 22.4% 23.1% 19.4% 22.9% 18.7% 18.8% 22.3% 18.4% 18.2% 17.8% 18.4% 17.3% 18.0% 18.0%
17. Rankinia adelaidensis 22.0% 21.9% 16.8% 22.0% 16.9% 16.6% 21.8% 16.4% 16.0% 16.0% 17.1% 16.2% 15.6% 15.9%
18. Ctenophorus cristatus 22.1% 21.3% 18.0% 23.2% 17.3% 18.1% 21.7% 16.4% 15.6% 16.6% 16.8% 16.1% 16.6% 16.2%
19. Ctenophorus caudicinctus 23.2% 22.3% 18.8% 23.0% 17.2% 18.7% 22.6% 17.6% 17.2% 18.2% 18.2% 17.1% 17.7% 18.7%
20. Ctenophorus ornatus 22.8% 22.3% 19.7% 24.5% 18.4% 19.0% 22.2% 18.1% 17.4% 18.8% 18.7% 17.2% 18.2% 18.4%
21. Ctenophorus gibba 23.8% 22.8% 19.1% 24.4% 19.5% 18.6% 21.7% 17.4% 17.3% 17.6% 18.4% 17.3% 18.3% 18.0%
22. Ctenophorus fordi 23.0% 21.4% 18.5% 23.8% 19.1% 17.7% 22.0% 16.9% 16.7% 17.3% 18.3% 17.3% 17.1% 18.8%
23. Ctenophorus femoralis 23.0% 21.6% 19.0% 24.2% 19.3% 17.9% 21.6% 16.9% 16.2% 18.0% 18.7% 17.6% 17.9% 18.8%
24. Ctenophorus maculatus 23.1% 21.2% 18.9% 24.4% 18.9% 17.7% 22.0% 16.8% 16.0% 17.2% 17.8% 16.5% 16.5% 17.8%
25. Ctenophorus isolepis 22.7% 22.7% 20.0% 24.5% 19.1% 19.3% 23.1% 18.0% 16.9% 17.2% 18.6% 17.3% 17.8% 17.3%
26. Ctenophorus rubens 23.6% 22.5% 20.8% 24.2% 20.1% 20.5% 23.3% 18.7% 18.0% 18.4% 19.0% 18.6% 19.9% 18.6%
27. Ctenophorus mckenziei 22.4% 22.9% 19.5% 23.8% 19.0% 19.0% 22.2% 17.9% 17.3% 17.6% 18.6% 18.1% 18.1% 18.3%
28. Ctenophorus scutulatus 23.1% 23.9% 20.0% 24.2% 18.8% 18.8% 23.0% 17.8% 17.6% 18.1% 19.4% 18.4% 18.4% 18.5%
29. Ctenophorus nuchalis 24.0% 23.4% 20.7% 23.8% 19.9% 19.7% 23.3% 19.1% 18.6% 20.0% 20.6% 19.0% 19.5% 20.1%
30. Ctenophorus reticulatus 24.0% 24.5% 20.4% 23.4% 19.3% 20.2% 23.4% 19.5% 19.6% 19.3% 19.5% 18.9% 20.0% 19.4%
31. Ctenophorus pictus 22.0% 23.0% 18.7% 24.2% 18.5% 19.3% 22.0% 17.4% 16.9% 17.4% 17.4% 17.4% 17.4% 17.2%
32. Ctenophorus rufescens 23.7% 21.8% 19.5% 23.7% 18.6% 18.3% 22.5% 18.2% 18.0% 17.6% 18.2% 17.6% 17.2% 18.3%
33. Ctenophorus tjantjalka 24.5% 23.4% 20.2% 25.5% 20.7% 19.9% 23.1% 18.7% 18.6% 18.1% 19.0% 18.6% 18.4% 18.8%
34. Ctenophorus decresii 23.7% 23.2% 19.6% 25.2% 19.3% 19.6% 21.7% 18.5% 18.0% 17.5% 18.1% 18.0% 18.1% 17.8%
35. Ctenophorus fionni 24.3% 23.0% 20.4% 25.5% 19.5% 20.3% 22.8% 18.5% 18.6% 18.3% 18.1% 18.6% 18.1% 18.1%
36. Ctenophorus vadnappa 25.6% 24.2% 20.6% 25.8% 20.7% 20.6% 22.7% 19.4% 19.8% 18.7% 19.1% 20.2% 19.1% 18.9%
37. Ctenophorus salinarum 23.7% 23.2% 20.5% 24.6% 19.9% 19.8% 23.3% 19.3% 18.5% 19.4% 19.3% 18.4% 20.4% 19.6%

(Continued)
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TABLE 7. Continued.

15 16 17 18 19 20 21 22 23 24 25 26 27 28
1. Physignathus cocincinus 385 363 356 358 376 369 386 373 373 374 368 382 363 374
2. Arua modesta 359 373 354 344 360 361 368 346 349 342 367 363 369 385
3. Chelosania brunnea 292 314 273 292 304 320 309 299 307 305 324 336 315 324
4. Hypsilurus dilophus 371 371 357 376 373 398 395 385 391 395 397 392 385 392
5. Moloch horridus 296 303 274 281 279 298 317 310 312 306 309 326 308 305
6. Physignathus lesueuri 299 305 269 293 303 308 301 286 290 287 313 332 307 304
7. Lophognathus longirostris 349 362 354 352 367 360 353 356 350 357 374 378 360 373
8. Amphibolurus muricatus 265 299 266 266 285 293 283 273 273 272 291 303 290 289
9. Chlamydosaurus kingii 259 295 259 253 279 282 281 271 263 259 274 292 281 285

10. Caimanops amphiboluroides 287 289 259 269 296 305 285 280 291 278 278 298 286 293
11. Diporiphora bilineata 290 298 277 272 296 303 299 296 303 288 301 308 301 314
12. Pogona barbata 270 281 263 262 278 280 281 281 286 267 281 301 293 298
13. Rankinia diemensis 285 293 253 269 288 296 297 277 290 267 289 323 293 298
14. Tympanocryptis lineata 292 293 258 263 303 298 293 304 305 289 280 302 296 300
15. Ctenophorus clayi 238 224 248 264 272 257 241 243 236 251 276 256 259
16. Ctenophorus maculosus 14.7% 228 241 260 264 264 235 246 244 253 266 260 251
17. Rankinia adelaidensis 13.8% 14.0% 215 236 241 231 212 217 208 230 239 229 236
18. Ctenophorus cristatus 15.3% 14.8% 13.2% 236 199 208 200 194 193 201 233 202 211
19. Ctenophorus caudicinctus 16.3% 16.0% 14.5% 14.5% 204 263 245 241 239 255 265 247 253
20. Ctenophorus ornatus 16.8% 16.3% 14.8% 12.3% 12.6% 237 216 222 210 248 250 236 237
21. Ctenophorus gibba 15.8% 16.3% 14.2% 12.8% 16.2% 14.6% 213 220 208 235 248 231 248
22. Ctenophorus fordi 14.9% 14.5% 13.1% 12.3% 15.1% 13.3% 13.1% 103 108 193 207 189 211
23. Ctenophorus femoralis 15.0% 15.2% 13.4% 12.0% 14.9% 13.7% 13.6% 6.4% 126 193 223 197 206
24. Ctenophorus maculatus 14.6% 15.1% 12.8% 11.9% 14.7% 13.0% 12.8% 6.7% 7.8% 192 225 181 204
25. Ctenophorus isolepis 15.5% 15.6% 14.2% 12.4% 15.7% 15.3% 14.5% 11.9% 11.9% 11.8% 166 193 200
26. Ctenophorus rubens 17.0% 16.4% 14.7% 14.4% 16.4% 15.4% 15.3% 12.8% 13.8% 13.9% 10.2% 223 236
27. Ctenophorus mckenziei 15.8% 16.0% 14.1% 12.5% 15.2% 14.6% 14.3% 11.7% 12.2% 11.2% 11.9% 13.8% 136
28. Ctenophorus scutulatus 16.0% 15.5% 14.6% 13.0% 15.6% 14.6% 15.3% 13.0% 12.7% 12.6% 12.3% 14.6% 8.4%
29. Ctenophorus nuchalis 16.4% 18.2% 16.6% 15.3% 16.9% 16.8% 17.2% 16.0% 15.7% 15.7% 17.5% 18.8% 16.0% 17.0%
30. Ctenophorus reticulatus 17.7% 18.2% 16.2% 15.8% 16.9% 17.1% 18.2% 16.2% 16.7% 15.6% 16.8% 17.3% 17.5% 17.5%
31. Ctenophorus pictus 16.1% 15.7% 13.1% 12.4% 14.2% 13.6% 15.1% 11.5% 12.4% 11.5% 13.6% 13.8% 12.7% 14.3%
32. Ctenophorus rufescens 14.9% 16.2% 14.9% 12.2% 14.7% 15.2% 14.5% 14.1% 14.3% 13.3% 14.3% 16.0% 14.6% 15.7%
33. Ctenophorus tjantjalka 17.5% 17.8% 15.2% 13.5% 16.5% 16.2% 15.4% 14.8% 15.7% 14.6% 16.4% 16.5% 15.2% 16.2%
34. Ctenophorus decresii 16.8% 17.2% 14.0% 12.3% 15.6% 14.6% 14.6% 13.3% 14.1% 13.0% 14.9% 15.3% 14.6% 14.4%
35. Ctenophorus fionni 17.5% 17.3% 14.7% 12.5% 15.5% 14.6% 14.7% 13.6% 14.2% 13.6% 14.9% 15.7% 14.9% 15.4%
36. Ctenophorus vadnappa 18.5% 19.7% 16.2% 15.1% 17.3% 16.2% 16.0% 16.0% 16.4% 15.6% 16.8% 18.0% 17.1% 17.5%
37. Ctenophorus salinarum 17.5% 17.1% 15.2% 13.4% 16.7% 15.9% 14.7% 13.9% 13.7% 13.0% 14.8% 14.7% 14.4% 15.1%

(Continued)
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11 million years (Myr). The divergence of C. clayi
and C. maculosus is approximately the same age
(14.1%, ∼10.8 Myr). The most closely related
haplotypes are those of C. fordi and C. femoralis
(5.9%, ∼4.6 Myr separation), C. maculatus and C.
fordi/C. femoralis (6.8%, ∼5.3 Myr), C. mckenziei
and C. scutulatus (7.6%, ∼5.9 Myr), and those of
rock-sheltering lizards (C. decresii, C. fionni, and
C. vadnappa: 7.6%, ∼5.8 Myr; C. tjantjalka to C.
decresii/C. fionni/C. vadnappa: 9.0%, ∼7.0 Myr).
The oldest haplotype divergence observed within
the rock-sheltering group is from C. rufescens to
the others, average 12.2%, indicating approxi-
mately 9.3 Myr divergence. The divergence be-
tween C. caudicinctus and C. ornatus is 11.9%,
indicating approximately 9.2 Myr divergence be-
tween these species.

TABLE 7. Continued.

29 30 31 32 33 34 35 36 37
1. Physignathus cocincinus 389 390 356 384 397 384 394 415 383
2. Arua modesta 379 396 371 351 378 375 371 391 374
3. Chelosania brunnea 335 331 303 315 327 317 330 333 332
4. Hypsilurus dilophus 386 379 392 384 413 408 413 417 399
5. Moloch horridus 323 313 300 302 336 313 316 335 323
6. Physignathus lesueuri 320 327 312 297 322 317 328 333 320
7. Lophognathus longirostris 379 380 356 364 375 351 370 368 378
8. Amphibolurus muricatus 310 316 281 294 303 299 299 315 313
9. Chlamydosaurus kingii 302 318 273 292 302 292 302 321 300

10. Caimanops amphiboluroides 324 314 282 286 293 284 297 303 314
11. Diporiphora bilineata 334 317 281 295 308 293 294 309 312
12. Pogona barbata 309 307 281 285 301 292 302 327 298
13. Rankinia diemensis 317 325 281 279 298 293 293 310 331
14. Tympanocryptis lineata 327 315 279 296 305 288 293 306 317
15. Ctenophorus clayi 267 288 260 242 283 272 284 300 283
16. Ctenophorus maculosus 296 296 255 262 288 279 281 319 277
17. Rankinia adelaidensis 270 263 212 242 246 227 239 263 246
18. Ctenophorus cristatus 248 256 201 198 218 200 202 244 217
19. Ctenophorus caudicinctus 275 274 230 239 268 253 251 281 270
20. Ctenophorus ornatus 273 278 221 246 263 237 236 263 258
21. Ctenophorus gibba 279 295 244 235 250 236 239 260 238
22. Ctenophorus fordi 259 263 187 229 240 215 221 259 225
23. Ctenophorus femoralis 254 271 200 232 255 228 230 265 222
24. Ctenophorus maculatus 254 253 187 215 236 211 220 253 211
25. Ctenophorus isolepis 284 272 221 231 265 241 242 272 240
26. Ctenophorus rubens 304 281 224 260 268 248 255 292 238
27. Ctenophorus mckenziei 259 283 206 237 246 236 242 277 233
28. Ctenophorus scutulatus 275 283 231 254 262 234 250 284 245
29. Ctenophorus nuchalis 262 273 264 285 275 293 311 276
30. Ctenophorus reticulatus 16.1% 266 278 289 275 278 299 301
31. Ctenophorus pictus 16.9% 16.4% 234 238 217 217 249 225
32. Ctenophorus rufescens 16.3% 17.2% 14.4% 205 175 201 224 241
33. Ctenophorus tjantjalka 17.6% 17.8% 14.7% 12.7% 126 153 181 262
34. Ctenophorus decresii 17.0% 17.0% 13.4% 10.8% 7.8% 96 150 247
35. Ctenophorus fionni 18.1% 17.2% 13.4% 12.4% 9.4% 5.9% 154 237
36. Ctenophorus vadnappa 19.2% 18.5% 15.4% 13.8% 11.2% 9.3% 9.5% 284
37. Ctenophorus salinarum 17.0% 18.6% 13.9% 14.9% 16.2% 15.2% 14.6% 17.5%
1Percent sequence divergence is shown below the diagonal, and number of sites differing between haplotypes is shown above the diagonal.

DISCUSSION
Our phylogenetic analyses indicate that the an-

cestral ecology of Ctenophorus featured digging
burrows for shelter, and that rock-sheltering and
shrub/hummock grass-sheltering forms are evo-
lutionarily derived conditions that each evolved
at least once from a burrowing ancestor. Statisti-
cal analyses reject the hypothesis that seven bur-
rowing species of Ctenophorus (C. clayi, C. gibba,
C. maculosus, C. nuchalis, C. pictus, C. reticulatus,
and C. salinarum) form a monophyletic group.
These species are scattered throughout the phy-
logenetic tree of Ctenophorus with only one well-
supported species group: C. reticulatus and C.
nuchalis. Previous studies have suggested a close
relationship between C. reticulatus and C. nu-
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chalis (Storr, ’66; Greer, ’89) based on morphol-
ogy, behavior, and their significantly herbivorous
diet. Our findings reject the hypothesis that simi-
larities in color pattern and arrangement of prea-
nal/femoral pores indicate a close relationship
between C. clayi and C. nuchalis (Greer, ’89). Our
phylogenetic analyses group C. clayi with C.
maculosus, a highly specialized burrower that oc-
curs on dry salt lake beds in northeastern South
Australia (Mitchell, ’73; Cogger, 2000); however, the
large sequence divergence between their haplotypes
(approximately 14%) suggests that they separated
early in the evolutionary history of Ctenophorus,
approximately 11 million years ago.

In contrast to burrowers, rock-dwelling and
shrub/hummock grass species cannot be rejected
by our data as forming monophyletic groups. Rock-
dwelling species cover a huge geographic area, in-
cluding most of arid and semi-arid Australia, and
occur in many different rocky habitats (Cogger,
2000). For example, C. caudicinctus is a widely
distributed species occurring in rocky ranges
throughout central and northern Australia, and
has at least six described races (Wilson and
Knowles, ’88). Similarly, species of the C. decresii
group are closely associated with distinctive rock
types and substrate colors (Gibbons and Lilly-
white, ’81; Wilson and Knowles, ’88).

The C. decresii group, consisting of C. decresii,
C. fionni, and C. vadnappa, has been recognized
in a number of studies (e.g., Wilson and Knowles,
’88; Greer, ’89) based on morphometrics (Houston,
’74) and behavior (Gibbons, ’79). Only these three
species have been observed to coil their tails and
perform hind-leg pushups. However, our study
shows that two more rock-dwelling species, C.
tjantjalka and C. rufescens, can be included within
this group. This result is interesting geographi-
cally because the decresii group, with these two
species included, forms a distinct distributional
arc from the northwest of South Australia to Eyre
Peninsula corresponding to the phylogenetic
branching order obtained from parsimony analy-
sis (Fig. 1). The most basal species, C. rufescens,
occurs in the extreme northwest and the next spe-
cies to diverge, C. tjantjalka, bridges the distribu-
tional gap between C. rufescens and C. vadnappa,
C. fionni and C. decresii (Johnston, ’92; Houston,
’98). A model of ecological speciation, involving di-
vergent pigmentation related to substrate color,
has been proposed in C. decresii, C. fionni, and C.
vadnappa, which occur sympatrically in some re-
gions of southeastern South Australia (Gibbons
and Lillywhite, ’81). Evolutionary divergences

within the C. decresii group estimated from our
data range from approximately 6–9 million years
ago, suggesting that saxicolous ecology arose early
in the history of Ctenophorus.

Species that utilize shrubs/hummock grasses can-
not be rejected as forming a monophyletic group,
although three separate origins of this ecological
condition are indicated in Fig. 3. These long-legged,
cursorial species tend to occur on open spaces be-
tween shrubs, sand flats, and at bases of sand
dunes (Pianka, ’71; Greer, ’89), and have been called
the C. maculatus group (Storr, ’65; Greer, ’89) or
military dragons (Wilson and Knowles, ’88). Our
study indicates that these species may be divided
into four clades: (1) C. cristatus; (2) C. femoralis,
C. fordi, C. maculatus; (3) C. isolepis, C. rubens;
and (4) C. mckenziei, C. scutulatus. Species within
the second group have abutting distributions from
coastal sand dunes to inland dunes but only C.
fordi extends into central Australian deserts
(Cogger, 2000). The third and fourth groups oc-
cupy a variety of arid scrublands and sandy habi-
tats. Ctenophorus isolepis occupies sandy regions
throughout central Australia and extends to
coastal regions in Western Australia, and C.
rubens occurs in the Exmouth Gulf area of West-
ern Australia on sandplains, where it overlaps
with C. femoralis (Storr et al., ’83). Ctenophorus
scutulatus, which has an abutting distribution in
southwestern Western Australia, occurs in arid
and semiarid scrublands (Storr et al., ’83). Cteno-
phorus mckenziei is very similar to C. scutulatus
in habitat and morphology, differing only in adult
size and subtle color modifications (Storr et al.,
’83; Peterson et al., ’94). Thus, within these eco-
logically and morphologically similar species, there
are again differences in substrates and vegeta-
tion preferences of species. Haplotype divergences
within groups 2–4 suggest that the shrub/hum-
mock grass ecology is at least 5–8 million years
old in Ctenophorus and, if shrub/hummock grass
forms do collectively form a monophyletic group
within Ctenophorus, this habit would date to the
early history of the genus.

Our results are consistent with the hypothesis
that the three recognized ecological categories of
Ctenophorus (burrowers, shrub/hummock grass
dwellers, and rock dwellers) represent evolution-
arily stable alternatives that arose early in the
history of Ctenophorus, about 10–12 million years
ago, and that Ctenophorus communities have
formed largely by geographical spread and coex-
istence among members of old, ecologically dis-
tinct clades. This process contrasts with the one
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inferred for Caribbean diversification of the liz-
ard genus Anolis, in which different ecomorpho-
logical forms appear to have evolved repeatedly
in different geographic locations (Losos et al., ’98;
Jackman et al., ’99). Because many deep phyloge-
netic relationships within Ctenophorus are still
unresolved, however, further phylogenetic testing
of this hypothesis is needed and may reveal mul-
tiple, independent origins of rock-dwelling and
shrub/hummock-grass dwelling forms. If numer-
ous phylogenetic divergences occurred within a
relatively short period of evolutionary time (be-
tween 10 and 12 million years ago) in Cteno-
phorus, further phylogenetic resolution in this
genus will be difficult; however, our analysis of
four-taxon subsamples following the methods of
Jackman et al. (’99) indicates that dichotomous
branching rather than a “hard polytomy” may
characterize some early divergences within
Ctenophorus.
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