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Abstract — Analysis of allozyme and morphological variation has revealed
that two pygopodid lizard species are presently confused under Delma pax
Kluge, 1974. Delma pax is redescribed and shown to be confined to the Pilbara
region, while a closely related, new species is described from the arid deserts
of western and central Australia. A second new species, endemic to the Cape
Range Peninsula, is also described. Among Western Australian specimens
previously referred to D. borea Kluge, 1974, those from the Pilbara islands are
confirmed; however, all specimens from the Pilbara mainland and arid desert
localities are reallocated to other taxa. Both of the newly described species
belong to an expanded Delma tincta group which displays a complex
biogeographic pattern in northwestern Australia. An updated key to the

Delma spp. of Western Australia is provided.

INTRODUCTION

There are currently 25 described species of
pygopodid lizard known from Western Australia
(Wilson and Swan 2003). Of these, Delma is the
most speciose genus with ten species, five of which
were described in a comprehensive taxonomic
revision by Kluge (1974a). Since this revision,
several additional species and subspecies have been
recognized in Western Australia, including D.
butleri Storr, 1987, D. haroldi Storr, 1987 and D.
fraseri petersoni Shea, 1991. Shea (1991) advocated
synonymy of D. haroldi and D. butleri and this
view is supported in a recent phylogenetic study of
pygopodid lizards by Jennings et al. (2003). These
authors also elevated D. f. petersoni to full species
status and advocated transfer of Aclys concinna
Kluge, 1974 to Delma [as suggested also by Kluge
(1976)]. Aplin and Smith (2001) highlighted further
taxonomic complexity in the widespread D.
australis Kluge, 1974 and in D. butleri, with
preliminary investigations suggesting that both are
composites.

Shea (1991) proposed a Delma tincta group to
include D. tincta, D. borea and D. pax, based on
their similar patterning, the usual presence of a
single large temporal scale bordering each parietal
scale, and their largely allopatric pattern of
geographic distributions. The integrity of this
grouping was strongly supported by Jennings et al.

(2003) analysis of DNA sequence variation among
pygopodid lizards and by their combined
morphological and molecular analysis. However,
neither dataset was able to resolve the relationships
among the three species.

Problems with the taxonomy of the Delma tincta
group were noted by field herpetologists working
in the Pilbara region in Western Australia.
Application of a published key (Storr et al. 1990)
resulted in some Pilbara specimens being identified
as D. borea Kluge, 1974, which is otherwise known
from the Kimberley region, Northern Territory,
western Queensland (Kluge 1974; Shea 1987; Shea
1991) and northwestern South Australia (Ehmann
2005). Similar identification problems were
apparent on the Cape Range Peninsula, where
specimens initially identified as D. pax from the
Exmouth region (Storr and Hanlon 1980) were
subsequently transferred to D. tincta De Vis, 1888
(Storr et al. 1990).

This study presents molecular and morphological
evidence for the recognition of two new species of
Delma in northwestern Australia, both of which
were previously confused with D. pax and/or D.
tincta. The results further reinforce the opinion of
Shea (1987) and others (e.g. Aplin and Smith 2001)
that our knowledge of the taxonomy of the
morphologically conservative genus Delma is far
from complete.
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METHODS

Morphological analysis

This study is based on the examination of material
held in the Western Australian Museum (WAM),
Northern Territory Museum (NTM), Australian
Museum (AM) and South Australian Museum
(SAM). The “R” prefix has been omitted for all
WAM, NTM, AM and SAM specimens and, unless
otherwise indicated, specimen registration numbers
refer to the herpetological collection of the Western
Australian Museum. Sex of individuals was
determined by dissection and inspection of gonads;
some immature or poorly preserved individuals
were left unsexed. Head scale terminology,
methods of scale counting and morphometric
measurements follow those used by Shea (1987),
except that all scales between postnasal and
circumocular granules are counted as loreals (after
Storr et al. 1990). Bilateral loreal counts were
averaged if different.

For the purpose of this study the following
morphometrics data were taken with digital vernier
calipers and plastic ruler: snout-vent length (SVL),
tail length (Tail L), head depth immediately behind
eye (Head D), head length from tip of snout to
posterior margin of ear (Head L), head width
between ear (Head W), hindlimb length from
junction of limb flap with body to distal tip of flap
(Hindlimb L), mouth length from tip of snout to
oral rictus (Mouth L), rostral depth between dorsal
and ventral extremes of scale (Rostral D), rostral
width between lateral extremes of scale (Rostral W),
snout length from tip of snout to anterior margin of
eye (Snout L) and eye width between anterior and
posterior extremes of transparent cornea (Eye W).
All measurements are reported in millimeters (mm)
and characters recorded from the right side only.
Specimens preserved in a circular or twisted
position were straightened on a flat surface when
measured for snout-vent and tail length. Tails were
not measured if they were recently broken or
obviously regenerated, as suggested by a clear
break in colouration or patterning. However, x-rays
are necessary to reliably distinguishable original
and fully regenerated tails and these were not taken
during this study. Accordingly, tail measurements
are not used in any taxonomic sense and statistical
data are provided for descriptive purposes only.

For each species, the possibility of sexual
dimorphism in body measurements and scale
counts were explored by Analysis of Variance
(ANOVA), following tests for normality and
homogeneity of variance. Pairwise interspecific
statistical comparisons were similarly conducted,
using pooled-sex or single sex samples as
appropriate. Contrasts are regarded as statistically
significant if p values were less than 0.05.

Because significant sexual dimorphism was
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observed in SVL for most species, variation in the
size and proportions of the head was further
examined by Analysis of Covariance (ANCOVA).
For each taxon, Head L was first regressed against
SVL for each sex and ANCOVA used to test for
equality of the slopes and intercepts. All other
dimensions were then regressed against Head L to
test for differences in head proportions between the
sexes.

Interspecific differences were explored by first
preparing bivariate plots of all dimensions against
SVL, separately for each sex. The head dimensions
were then combined using Principal Component
Analyses (PCA; based on covariance matrices) to
produce a simplified representation of the
morphometric variation. All analyses were
performed on untransformed data after bivariate
plots showed essentially linear patterns of relative
growth among the various measures and no
significant growth-related increase in variance in
any dimension. Statistical analyses were
performed with MINITAB Release 14.20 or
GenStat Release 6.1.

All WAM specimens of D. borea and D. tincta
collected subsequent to Kluge (1974) were assessed
for three characters; supranasal scale division,
midbody scale row count and the identity of the
supralabial scale positioned beneath the eye to
quantify the intraspecific variation and determine
the effectiveness of these characters for
identification. Due to their geographic proximity to
the new species described herein, all specimens
from the Western Australian Pilbara islands plus all
available D. borea from the southern sector of the
Northern Territory were also examined (see
Appendix 1).

Allozyme analysis

Frozen liver or heart tissues for allozyme
electrophoresis were obtained from the frozen
tissue collections of the Western Australian and
South Australian Museums for 12 specimens of
typical D. pax, six specimens of the ‘desert’
morphotype, four specimens of the ‘Cape Range’
morphotype, and three specimens of each of D,
tincta and D. borea from localities in northwestern
Australia. We also included samples identified as
D. butleri (n =9) and D, haroldi (n = 4), drawn from
across the geographic range of this sibling pair (or
geographically variable taxon; Shea 1991). A total of
41 specimens were represented in the study (see
Appendix 2 for voucher details). We used allozyme
electrophoresis to test the hypothesis that each of
the identified morphotypes within the Delma tincta
group represents a distinct evolutionary species.
The samples of D. butleri and D. haroldi were
included as members of a second species group to
provide a perspective on genetic diversity within
the D. tincta group.
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Allozyme electrophoresis was carried out on
cellulose acetate gels (Cellogel©®) using the
principles and procedures detailed in Richardson et
al. (1986). The following enzymes or non-enzymatic
proteins displayed sufficient activity and resolution
to allow allozymic interpretation:— aconitase
hydratase (ACON, EC 4.2.1.3), acid phosphatase
(ACP, EC 3.1.3.2), aminoacylase (ACYC, EC
3.5.1.14), adenosine deaminase (ADA, EC 3.5.4.4),
alcohol dehydrogenase (ADH, EC 1.1.1.1),
carbonate dehydratase (CA, EC 4.2.1.1), diaphorase
(DIA, EC 1.6.99), enolase (ENOL, EC 4.2.1.11),
esterase (EST, EC 3.1.1), fructose-bisphosphatase
(FDP, EC 3.1.3.11), fumarate hydratase (FUM, EC
4.2.1.2), glyceraldehyde-3-phospate dehydrogenase
(GAPD, EC 1.2.1.12), guanine deaminase (GDA, EC
3.5.4.3), lactoylglutathione lyase (GLO, EC 4.4.1.5),
aspartate aminotransferase (GOT, EC 2.6.1.1),
glycerol-3-phosphate dehydrogenase (GPD, EC
1.1.1.8), glucose-6-phosphate isomerase (GPI, EC
5.3.1.9), guanylate kinase (GUK, EC 2.7.4.8),
isocitrate dehydrogenase (IDH, EC 1.1.1.42), cytosol
aminopeptidase (LAP, EC 3.4.11.1), L-lactate
dehydrogenase (LDH, EC 1.1.1.27), malate
dehydrogenase (MDH, EC 1.1.1.37), “malic”
enzyme (ME, EC 1.1.1.40), mannose-6-phosphate
isomerase (MPI, EC 5.3.1.8), nucleoside-
diphosphate kinase (NDPK, EC 2.7.4.6), dipeptidase
(PEPA, EC 3.4.13), tripeptide aminopeptidase (PEP-
B, EC 3.4.11), proline dipeptidase (PEPD, EC 3.4.13),
phosphogluconate dehydrogenase (6PGD, EC
1.1.1.44), phosphoglucomutase (PGM, EC 5.4.2.2),
pyruvate kinase (PK, EC 2.7.1.40), superoxide
dismutase (SOD, EC 1.15.1.1), L-iditol
dehydrogenase (SRDH, EC 1.1.1.14) and triose-
phosphate isomerase (TPI, EC 5.3.1.1). The
nomenclature used to refer to loci and allozymes
follows Adams et al. (1987).

The allozyme data were analysed in several ways.
In the first instance, Principal Co-ordinates Analysis
(PCoA) was employed to assess the genetic
affinities of individuals, independently of any a
priori grouping based on morphology. Following
an initial PCoA on all 41 specimens analysed,
subsequent PCoAs were then undertaken on each
of the three subsets of specimens which clustered
together and comprised more than one
morphotypic form. The rationale underlying this
‘stepwise’ use of multiple PCoAs to identify genetic
groups from first principles, plus the
methodological details involved, are presented in
Smith and Adams (2006).

Having defined the major genetic groupings
using PCoA, the phylogenetic relationships among
these groups were explored by constructing a
Neighbor Joining tree from pairwise Nei’s genetic
distances. This analysis was undertaken using the
NEIGHBOR computer program contained with
PHYLIP 3.5¢ (Felsenstein 1993), and the resultant
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tree drawn using TREEVIEW (Page 1996). A
measure of the robustness of clades was obtained
by bootstrapping the allele frequency data for 100
pseudoreplicates, using a BASIC program written
by M. Adams.

A second measure of genetic divergence was
obtained by calculating the percentage fixed
differences (% FDs) among groups. As argued by
Richardson et al. (1986), the number of “fixed” or
diagnostic differences between populations is more
biologically relevant when determining species
boundaries than are Nei D values, which may be
quite large even in the absence of any genuinely
diagnostic loci.

RESULTS

Morphological analysis

Initial recognition of the potential new species
emerged during a careful examination of all D. pax
specimens and of D. borea specimens from the
southern Kimberley in Western Australia and from
southern Northern Territory. During this
morphological survey, special attention was paid to
the identity of the supralabial scale positioned
beneath the eye and the detail and intensity of head
patterning at various stages of maturity. Using these
characters in combination, it was possible to detect
subtle but consistent differences between three
morphologically diagnosable geographic entities.
These were: (i) true D. pax from the Pilbara with
strong juvenile head pattern that fades early in
ontogeny, (ii) a distinctive, inornate ‘Cape Range’
morphotype with similarities to each of D. pax and
D. borea and (iii) a widespread ‘desert’ morphotype
with a persistent well-developed head pattern. Each
of these taxa appeared to be quite distinct from each
of D. borea and D. tincta.

Before undertaking any morphometric
comparisons, we examined the linear
measurements and scale counts from each of the
putative taxa and geographically proximate
samples of D. borea and D. tincta for evidence of
sexual dimorphism. Statistically significant sexual
dimorphism was observed in each species but with
contrasting expression in each (Tables 1 and 2).

In all putative taxa, females are significantly
longer bodied (SVL) than males. In typical D. pax
and the ’desert’” morphotype the mean SVL of
females is 109% and 112% larger than that of
conspecific males (Table 1). This value is slightly
lower in D. borea (107%). The small sample of the
‘Cape Range’ morphotype gives an estimate of
dimorphism of 112%. These observations are
consistent with Kluge’s (1974: 34) observation for
pygopodids that “the female of a given species
almost always attains a larger size than the male.”

In each of D. pax, the ‘desert’ morphotype and D.
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Table1 Summary of mensural and meristic data gathered in this study, presented
‘desert’ and ‘Cape Range’ morphotypes are listed in this and all subsequent tables as D. desmosa .and D.
tealei, respectively, reflecting the ultimate taxonomic arrangement. Also shown are data for the redefined D.
; tincta. Values are mean # one standard

pax and for geographically proximate samples of D. borea and D.

deviation, range and sample size (n).

separately for each sex. The

D. tealei D. desmosa D. pax D. borea D. tincta
SVL 737 +£1.49 70.0 £ 1.47 741+ 142 70.0 +1.10 66.6 + 1.72
<) 70-77 60-80 55-93 54-88 58-72
4) (24) (42) (42) ©)
82.2 +2.56 784 £2.53 81.0+1.46 74.8 +1.18 79.4 +4.62
? 77-88 56-90 58-98 54-95 66-92
4) (13) (39) (30) ®)
Tail L 146.3 £33.0 198.2 +10.7 184.4 +7.67 172.9 + 6.86 189.3 + 17.61
) 107-212 85-275 109-271 57-240 102-263
@) (24) (32) (35) )
1422 +29.7 1875 +13.0 198.5 £ 6.31 176.5 £9.21 228.6 £11.87
@ 87-210 80-257 117-257 EE=25) 200-260
4) (14) (33) (42) ()
Ventrals 50.5+0.5 51.8 +0.30 54.2 +£0.30 53.7 £ 0.46 48.7 +0.78
3 50-52 48-56 50-58 47-62 44-52
) (24) (43) (42) )
51.5£0.5 52.9 + 0.45 56.0 +0.32 543 +0.34 52.4 +0.68
# 50-52 50-58 52-60 50-58 50-58
(4) (15) (39) (50) (5)
Head L 8.50 +0.09 8.04 +£0.13 8.51 £0.10 8.13 +0.09 7.58 £0.16
é 8.36-8.77 7.08-9.28 6.96-9.88 (6.79=6)21) 6.96-8.22
(4) (24) (43) (42) )
8.81+0.27 8.52+0.16 8.72 +0.10 834 +0.10 8.20+0.35
? 8.18-9.39 7.21-9.65 7.45-9.78 6.68-9.89 7.16-9.02
“4) (15) 39 (50) )
Head W 5.55 +0.09 4.76 +£0.08 5.11 +£0.08 4.82+0.08 452+0.16
3 5.35-5.75 3.91-5.54 3.96-6.48 S5 3.88-5.24
4) (24) (43) (42) ©)
5.53+0.23 5.11 +0.15 534 £0.10 5.01 +0.07 477 +0.32
? 5.11-6.16 3.85-6.06 BYIELVE 3.69-6.06 =515
) (15) (39) (50) ®)
Head D 449 +0.27 4.39 £ 0.08 4.52+£0.07 3.91 +£0.07 3.79+0.10
<) 3.85-5.04 3.60-5.13 SBI=E2 3.16-5.04 SIS B
4) (24) (43) (42) ©)
444013 470 £0.15 4.68+0.12 4.07 +0.07 3.94+022
Q 4.11-4.73 3.61-5.65 3:33=6:25 3.06-5.45 3.44-452
4 (14) (39) (49) )
Mouth L 5.89 +0.14 5.83 £0.12 6.29 +0.12 5.65 +0.08 6.23 £ 0.21
<) 5.51-6.18 4.88-6.84 5.24-8.40 4.63-6.79 4.87-6.99
) (24) (43) (42) ©)
5.85+0.11 6.19+0.14 6.49 +0.10 5.80 + 0.07 6.71 £0.34
Q 5.59-6.13 4.99-6.93 B02=7.5%) 4.51-6.82 5.76-7.89
4) (15) (39) (50) ©)

tincta the number of enlarged ventral scales is
significantly higher in females than males (Table 2),
with mean ventral scale counts in females being 1.8,
1.1 and 3.7 (scales) greater than the conspecific male

values, respectively (Table 1). In contrast, D. borea
and the ‘Cape Range’ morphotype do not show
significant sexual dimorphism in this feature,
although in each case the mean value for females is
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Table1 (cont.)
D. tealei D. desmosa D. pax D. borea D. tincta
Snout L 3.53+0.11 3.19 £ 0.06 3.46 + 0.05 328 +0.04 3.06 +0.10
3 3.32-3.78 2.33-3.86 2.74-4.76 2.69-4.07 2.76-3.76
4) (24) (43) (42) 9
3.51+0.11 3.39 + 0.09 3.52 +0.05 3.40+0.04 3.39+0.21
Q 3.35-3.84 2.61-3.93 2.96-4.29 2.63—4.09 2.76-4.00
4) (15) (39) (50) (5)
Rostral W 1.88 +0.05 1.62+0.04 1.66 +0.02 1.54 +0.02 1.44 +0.03
3 1.77-2.01 0.93-1.88 1.26-2.06 1.23-1.84 1.28-1.66
4) (24) (43) (42) )
1.85 +0.08 1.79 +0.04 1.78 £ 0.03 1.58 +0.02 1.61 £ 0.06
? 1.63-2.06 1.51-2.27 1.40-2.19 1.17-1.98 1.48-1.87
(4) (15) (38) (50) ©)
Rostral D 0.92 +0.07 0.95 £0.02 1.03 £0.02 0.87 £ 0.01 1.00 +0.03
3 0.76-1.10 0.52-1.24 0.81-1.25 0.71-1.16 0.81-1.14
(4) (24) (43) (42) 9)
1.09 + 0.06 1.00 + 0.03 1.06 + 0.01 0.89 + 0.01 0.98 + 0.06
? 0.93-1.25 0.67-1.18 0.84-1.33 0.64-1.21 0.73-1.06
4) (15) (38) (50) (5)
Eye W 173 +0.13 1.46 +0.04 1.56 + 0.02 1.50 + 0.02 1.55 + 0.07
é 1.48-2.04 0.83-1.74 1.23-1.84 1.34-1.79 1.16-1.88
4) (24) (42) (42) %)
1.97 +0.14 1.54 +0.04 1.56 +0.02 1.49 + 0.02 1.60 + 0.08
Q 1.56-2.13 1.16-1.79 1.28-1.93 1.19-1.81 1.39-1.79
(4) (15) (39) (50) (5)
Hindlimb L 3.20+0.21 3.63 +0.10 3.60 £ 0.09 2.61 £ 0.05 2.63 +0.14
3 2.91-3.81 2.59-4.42 1.70-4.92 1.73-3.43 1.73-3.16
4) (24) (43) (41) )
2.89 £0.27 2.89+0.13 2.62 +0.06 2.10 + 0.04 238 £0.16
Q 2.08-3.31 1.95-3.53 1.95-3.80 1.46-2.95 1.99-2.95
4) (15) (39) (49) (5)
Loreals 7.25 + 0.66 6.85 +0.22 7.37 £0.18 750+ 0.19 496 +0.20
3 6-9 5-9 5-10 4-9 4-6
“4) (24) (43) (40) 9)
6.25 + 0.48 6.87 +0.29 7.54 +0.19 7.24 +0.19 5.30 + 0.46
Q 5-7 5-8 5-10 4-11 4.5-7
4) (15) (39) (50) (5)
Hindlimb 8 +0.00 8+ 0.00 8.51+0.88 8.00 +1.25 5+ 0.00
scales 3 8 8 8-10 5-10 5
(4) (24) (43) (41) 9
8+ 0.00 8 +0.00 8.56 +0.91 7.66 £1.17 5+0.00
Q 8 8 8-10 5-9 5
(4) (13) (39) (50) (5)

higher than that for males. Kluge (1974) reported
significant sexual dimorphism in mean ventral
counts (always greater in females than males) in
four species of Delma [D. australis, D. impar
(Fischer, 1882), D. nasuta Kluge, 1974, and D.
tincta], with means differing by 3-5 scales in each
case. Species that Kluge (1974) found to be non-
dimorphic in this attribute include D. borea, D.

fraseri Gray, 1831, D. grayii Smith, 1849, D. inornata
Kluge, 1974, D. molleri Liitken, 1863 and D. plebeia
De Vis, 1888. Kluge's (1974) samples of D. nasuta
and D. inornata were both composites as they both
included specimens subsequently referred to D.
butleri (Storr 1987; Shea 1991).

Sexual dimorphism in hindlimb length is
expressed in each of D. pax, the ‘desert’
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Statistical analysis (ANOVA) of intraspecific sexual dimorphism in selected mensural and meristic characters

for each of D. tealei, D. desmosa, D. pax, D. borea, and D. tincta.

D. tealei D. desmosa D. pax D. borea D. tincta
SVL F=8218 F =9.600 F =11.380 F =8.311 F=9.753
d.f.=17 d.f. =138 d.f.=1,80 df. =191 d.f.=1,13
P =0.029 P =0.004 P = 0.001 P =0.005 P =0.009
Tail L F=0.008 F =0.387 F =2.027 F=0.093 F=2364
d.f.=16 d.f. =137 d.f. =164 d.f.=1,76 d.f.=1,13
P=0931 P =0.538 P=0.160 P=0.761 P =0.150
Ventrals F=2.000 F=5.231 F =17.595 F=1.175 F =10.105
df.=17 d.f.=1,38 d.f.=181 d.f.=1,91 d.f.=1,13
> =0.207 P =0.028 P <0.001 P =0.281 P =0.008
Head L F=1.108 F=4933 F=199 F=2274 F =3.407
df =17 d.f.=1,38 d.f.=1,81 d.f.=191 d.f.=1,13
P =0.330 P=0.033 P=0.162 P=0.135 P =0.090
Head W F=0.008 F=4.464 F=2.967 F =2.839 F =0.576
d.f.=17 d.f.=1,38 d.f.=1,81 d.f.=1,91 d.f.=1,13
P=0.931 P =0.041 P =0.089 P =0.096 P =0.463
Head D F =0.0296 F=3.741 F=1.246 F=2591 F=0.498
d.f. =17 d.f.=1,37 d.f. =181 d.f. = 1,90 d.f. =112
P=0.869 P =0.061 P =0.268 P=0.111 P=0.495
Mouth L F =0.047 F =3.296 F = 1.508 F =1.706 F=1.543
df.=17 d.f. =138 d.f.=1,81 d.f.=1,91 d.f.=1,13
P =0.835 P =0.078 P=0.223 P=0.19 P=0.238
Snout L F=0.016 F=3.044 F =0.536 F =2.955 F=2513
d.f.=17 d.f.=1,38 d.f.=1,81 d.f.=1,91 d.f.=1,13
P =0.904 P=0.089 P =0.466 P =0.089 P=0.139
Rostral W F=0.084 F =5.659 F=7.498 F =1.582 F=6.231
d.f.=17 d.f.=1,38 d.f.=1,80 d.f.=191 d.f.=1,13
P=0.781 P=0.023 P =0.008 P=0212 P =0.028
Rostral D F =289 F=1.354 F=1.320 F=0.837 F=0.101
d.f.=17 d.f.=1,38 d.f.=1,80 d.f.=1,91 d.f.=1,13
P =0.140 P=0.252 P=0254 P=0.363 P=0.756
Eye W F =1.555 F=1.622 F =0.001 F=0.149 F=0.208
d.f.=17 d.f.=1,38 d.f.=1,80 d.f. =191 d.f.=1,13
P=0259 P=0.211 P=0979 P =0.700 P=0.657
Hindlimb L F =0.839 F=18.702 F = 65.496 F =49.009 F=1.103
d.f.=17 d.f.=1,38 d.f.=1,81 d.f.=1,89 d.f.=1,13
P =0.395 P <0.001 P <0.001 P <0.001 P=0.314
Loreals F =1.500 F=0.001 F =0.405 F=0.887 F =0.641
df.=17 d.f.=1,38 d.f.=1,81 d.f.=1,89 d.f.=1,13
P=0.267 P=0973 P=0.526 P =0.349 P=0.439

morphotype and D. borea, with males having
longer hindlimb flaps in each taxon (Table 1).
Bivariate plots of this measurement against SVL for
each of these taxa (Figure 1A-C) show that variance
in hindlimb length is low at early growth stages
(low SVL) and that sexual dimorphism emerges
through life as a result of more rapid growth of the
hindlimb, relative to SVL, in males than females.
The different relative growth trajectory of each sex
is confirmed by results of ANCOVA for each of D.

pax and D. borea (Table 3). Results for the ‘desert’
morphotype are not statistically significant but this
may be due to the lack of smaller females in the
sample. Too few individuals of the ‘Cape Range’
morphotype were available and too few specimens
of D. tincta were examined to determine the extent
of hindlimb sexual dimorphism in each of these
taxa. Somewhat surprisingly, the number of
hindlimb scales is not sexually dimorphic in any of
the studied species (Table 1). Kluge (1974) did not
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Figure 1 Bivariate plots of Hindlimb L against SVL for

each of D. pax (A); D. borea (B) and the
‘desert’” morphotype (C). In each plot, males
(diamonds) are distinguished from females
(squares) and unsexed individuals (circles).
The plots demonstrate that male-biased
sexual dimorphism in hindlimb length in
each species arises through more rapid
growth of this appendage in males than in
females.
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present hindlimb lengths but did report a lack of
sexual dimorphism in hindlimb scale counts in all
Delma species.

For head dimensions, only a few statistically
significant or near significant contrasts (Table 2) are
observed between the sexes in each of D. pax (Head
W, Rostral W), D. borea (Head W, Snout L), with
mean values for females exceeding those of males
in all cases. In contrast, the ‘desert’ morphotype
shows female-biased sexual dimorphism in most
head dimensions. Examination of bivariate plots of
each head dimension against SVL (Figure 2A-C)
indicate a clear lack of sexual dimorphism in D.
borea, with no differences in the slopes or intercepts
of regression lines, but a more complex situation in
each of D. paxand the ‘desert’ morphotype. In these
taxa, regression slopes are slightly higher in males
than females, indicating a more rapid growth of the
head relative to SVL in males than in females.
However, for both taxa ANCOVA-s were not
significant for any head dimension against SVL
(Table 3). Bivariate plots of all other head
dimensions against Head L for each taxon failed to
reveal any sexual dimorphism in head proportions
(Figure 2D-F for Head W against Head L) and this
was also confirmed by non-significant results from
ANCOVA (not shown). Males in each of these
species of Delma thus develop a slightly larger head
than females through life, but without any obvious
proportional changes.

No sexual dimorphism was observed in loreal
counts. This finding is consistent with that of Kluge
(1974) for other Delma species and for pygopodids
generally. Uniquely among pygopodids, Lialis
burtonis Gray, 1835 is sexually dimorphic in the
number of supralabial scales (Kluge 1974: 132).

Table 4 gives a summary of pairwise statistical
comparisons among D. pax, D. desmosa and D.
borea for various measurements and scale counts,
with separate comparisons for each sex. Comments
on statistically significant contrasts are provided
under the individual species accounts.

For head dimensions, interspecific contrasts were
examined separately for each sex by bivariate plots
and then by PCA (results not shown). No clear
interspecific differences were found. Instead, the
head appears to be remarkably conservative in
proportions among all of the species examined.

Allozyme analysis

We were able to score a total of 43 presumptive
allozyme loci. Nine loci (Estl, Gapd, Idhl, Lap,
Ldhi, Ldh2, Mdh, Pk, and Tpi) were invariant and
hence uninformative for assessing genetic
relationships among individuals. Appendix 2
presents the allozyme profiles of the 41 specimens
examined at the 34 variable loci.

The initial PCoA on all specimens revealed the
presence of four discrete clusters, labeled A-D on
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and the “desert’ morphotype (C, F). In each plot, males (squares) are distinguished from females (circles). The
plots demonstrate slightly more rapid growth of the head relative to SVL in each of D. pax and the ‘desert’
morphotype, and a lack of differentiation between the sexes in head proportions.

Figure 3. As shown, only group D comprised
specimens of a single a priori taxon (i.e. D. tincta).
All other groups were composites: group A
comprised specimens displaying either the pax or
‘desert’ morphotype, group B contained specimens
referable to the ‘Cape Range’ morphotype or D.
borea, and group C was a mix of both D. butleri
and D. haroldi.

In order to determine whether all taxa were

independently diagnosable by their allozyme
profiles, a second round of PCoAs was undertaken
on individuals within each of the composite groups
A, B, and C (Figure 4). Unequivocal discrimination
was indeed obtained between D. pax and the
‘desert’” morphotype (Figure 4A) and between D.
borea and the ‘Cape Range’ morphotype (Figure
4B). The outcome was more complex for group C,
since while haroldi was distinguishable from
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Table 3 Statistical analysis (ANCOVA) of intraspecific sexual dimorphism for hindlimb and selected head dimensions
for each of D. borea, D. desmosa and D. pax. Regression values are slope (a) + s.e. and intercept (i). All
regressions are highly significant and all contrasts passed tests of homogeneity of variance.

Comparison | SEX Hindlimb L Head L Head L vs Loreals

vs SVL vs SVL Head W
D. borea ) a=0.052 £0.007 | F=5.67 a=0.073 £0.006 | F=2.06 a=0.565 + 0.065 F=0.01
i=0.590 df.=192 i=299 | df=194 | = i=0230 | df=194
? a=0.025+0.009 | P=0.019 | a=0.061+0.007 | P=0.155 a=0.554 + 0.086 P=0.921
i=0.30 i=3.88 i=0.310
D. pax 3 a=0.065+0.010 | F=35.93 a=0.082+0009 | F=244 a=0.547 +0.103 F=254
e i=-1.15 [df=179 i=2.41 df=179 | = 1=0443 d.f.=1,80
® a=0.027 +0.005 | P <0.001 a=0.066+0.005| P=0.123 a=0752+0077 | P=0115
i=027 i=333 i=-1.297
D. desmosa 3 a=0.072+0.012 | F=0.24 a=0.085+0.008| F=052 a=0676+0111 F=019
i=-1.83 |df.=136 i=233 | df.=136 ii=-0:699 d.f.=1,36
Q a=0.059+0.023 | P=0.624 a=0073+0.015 | P=0477 a=0572+0.208 P =0.662
i=-2.20 i=287 i=0.450
Table 4 Statistical analysis of pairwise interspecific differences between each of D. desmosa, D. pax, and D. borea for
selected mensural and meristic characters. The available sample of D. tealei is too small to yield significant
results.
Comparison SEX SVL Ventrals Head L Eye W Hindlimb L Loreals
pax vs desmosa 3 F =3.582 F =27.707 F=7.002 F =5.452 F =0.037 F=3.149
d.f.=1,65 d.f.=1,66 d.f.=1,66 d.f.=1,65 d.f.=1,66 d.f.=1,66
P =0.063 P <0.001 P =0.010 P=0.023 P =0.847 P =0.081
Q F =0.817 F=27178 F=1.113 F=0.318 F =3.936 F =3.560
d.f.=1,53 df.=1,53 d.f.=1,53 d.f.=1,53 d.f.=1,53 d.f.=1,53
P=0.370 P <0.001 P =0.296 P=0.575 P =0.053 P =0.065
pax vs borea 3 F=5.118 F =0.612 F =7.084 F =4.618 F=73.475 F =0.237
d.f.=1,83 d.f.=1,84 d.f.=1,84 d.f.=1,83 d.f. =183 d.f. =182
P =0.026 P =0.436 P =0.009 P =0.035 P <0.001 P=0.628
Q F=11.196 F=12.295 F = 6.860 F =6.391 F=45916 F=1.173
d.f.=1,88 d.f. =1,88 d.f.=1,88 d.f.=1,88 d.f.=1,87 d.f.=1,88
P =0.001 P =0.001 P=0.010 P=0.013 P <0.001 P =0.282
desmosa vs borea | & F=1232 F=16.9¢€1 F = 3.264 F=1.015 F =10.466 F =4.551
d.f.=1,107 d.f. =1,108 d.f.=1,108 d.f.=1,65 d.f.=1,107 d.f.=1,63
P=0.270 P <0.001 P =0.074 P=0.318 P =0.002 P =0.037
% F=0.131 F=11.240 F =0.004 F=1.385 F=19.146 F=0.931
d.f.=1,103 d.f.=1,103 d.f.=1,103 d.f.=1,64 d.f.=1,102 d.f. =164
P=0.718 P =0.001 P=0.952 P=0.244 P <0.001 P=0.338

butleri, the latter also displayed considerable
heterogeneity which broadly manifested itself as
three geographically-based clusters herein referred
to as ‘western’, ‘central’, and ‘eastern” (Figure 4C,
Appendix 1). Thus the final outcome of the four
PCoAs was the recognition of nine Operational
Taxonomic Units (OTUs) among the 41 specimens
examined, each diagnosable from all others using

genetic distance (Nei D and % fixed difference)
values.

In general, each of the OTUs is well-differentiated
genetically from all others, with only five of the 36
pairwise comparisons involving fewer than six
fixed differences (equivalent to 12%FD). Regarding
the five exceptions, all but one occurred among the
four OTUs identified within group C (butleri/

stepwise PCoA of the allozyme data. Table 5
compatres allele frequencies for each OTU at the 34
informative loci, while Table 6 presents pairwise

haroldi); indeed, in the case of D. haroldi versus
‘central’ D. butleri the two OTUs shared alleles at
all loci (0 %FD, Table 6).
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Figure 3 Princip.al Co-ordinates [0 D pax | . ‘A ‘
Analysis of the 41 10 D. desmosa [ Aﬁz B
specimens included in |A D, tealei  —
the allozyme study. The ' D. borea [ =
‘desert’ and ‘Cape Range’ '+ D tincta S
morphotypes are listed O D. butleri f S, i
in this and all subsequent W D. haroldi | T
figures as D. desmosa R D
and D. tealei, respect-
ively, reflecting the ulti-
mate taxonomic arrange-
ment. The relative PCoA
scores have been plotted g
for the first (X-axis) and S
second (Y-axis) dimen- £ @ -
sions, which individually oBo A
explained 43% and 14% [ ™ - C ey
respectively of the total e °© o
multivariate variation. o o 0 o
L]
The oply other pairwise comparison not D par °
characterized by multiple fixed differences is that 0 D. desmosa A
between typical pax and the ‘desert’ morphotype. o
These OTUs displayed a single fixed difference (=
29%FD) and a modest Nei D of 0.08 (Table 6). In o
contrast, the ‘Cape Range’ morphotype shows fixed e
differences at 21% of loci to each of D. pax and the
‘desert’ morphotype (Nei D = 0.25-0.27) and a .
closer association with D. borea (12%FD and Nei D ©
= 0.16). Pairwise contrasts within the D. butleri/ L 0 C o *
haroldi group range from 0-14% for fixed : . ¢
differences and 0.04 to 0.21 for Nei D, with a closer .
affinity between D. haroldi and eastern D. butleri b
on the one hand, and between ‘western’ and A
‘central’ populations of D. butleri on the other. N B
The Neighbour-Joining tree constructed from
pairwise Nei D values (Figure 5) shows a deep
division of the OTUs into two groups, one S
containing D. butleri and D. haroldi, and the other all
containing D. tincta, D. pax and D. borea and both -
the “desert’ and ‘Cape Range’ morphotypes. Within
this latter group, D. tincta appears to be the most
divergent, with the remaining four OTUs forming a
common group made up of two pairs of OTUs: pax
+‘desert’ and borea + ‘Cape Range’. A D. tealei
A A D. borea
- o -y,
Figure 4 Principal Co-ordinates Analyses for each of i 0 C
the three groups identified in the initial PCoA
(Figure 3). A) PCoA of group A specimens; B, a)
the first and second dimensions individually o
explained 34% and 13% respectively of the ¢
total variance. B) PCoA of group B specimens; : o
the first and second dimensions individually “western” ., O .- BB
explained 75% and 16% respectively of the central”
total variance. C) PCoA of group C Dm -
specimens; the first and second dimensions .
individually explained 26% and 15%
respectively of the total variance. Codes, “eastern” 0 D, butleri
legends, and general layout as per Figure 3. g 8 D. haroldi
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Table 5 Allele frequencies at 34 variable loci for the nine OTUs identified in the allozyme study. For polymorphic loci,
the frequencies of all but the rarer/rarest alleles are expressed as percentages and shown as superscripts
(allowing the frequency of each rare allele to be calculated by subtraction from 100%). A dash indicates no
genotypes assignable at this locus.

Locus pax  desmosa  tealei borea tincta butleri butleri butleri haroldi

“western” “central” “eastern”

Aconl a a a a a bc a*b b a”b

Acon2  d*b ,d c el b¥,c®a a%b d d*e a*®d¥,c

Acpl a a a b a a a a a

Acp2 b b b b a a a a a

Acyc b%,a b a a a®”b a a a a”,c

Ada b 5”@ b b b¥,d b b b b¥,a

Adhl b b b b b b b¥,a b b

Adh2 d a”’,c c c a c b c c b

Ca a a a a a b b b b
Dia b?l,e b70’a hRR,)' 1166/g17/d glﬂlh g'/S/i CZ5/F5/gIJIi13/h12/]' g -
Enol c c b c c 2 b%,a c c @)y
Est2 d®e d b b%,c b”a b b b®*,c
Fdp @ b a a a a a a a
Fum b b b b b it b*®,d b¥c 157 &l
Gda c © e d d ,a c c b
Glo b ®a c c @ d d d d
Gotl b*a b b b b b b c b
Got2 b®a a b b b c c c °,d
Gpd b b b b b*¥,a b b b b
Gpi b b%,a b b b c @ d [«
Guk b”,a b b a® b a a a a a
Idh2 c @ c c c b¥,a b b b”,ab,d
Mel c ¥,a c © @ b&c b b &7 ]9
Mpi b b b b b a a a a
Ndpkl a a a a a b b b b
Ndpk2 b b*,c b b¥,a b b ! b b
PepA &)y c c c c a @ d c
PepB £5e 2 d e e e b e2b a beeiicre
PepD &gl d¥,c ,a P [ d®,b Q@5 d &gl d®, el
6Pgd 15 & b b¥,a b 65 @ d d e d
Pgml € b e g d & e f f e f
Pgm?2 a a a a®b a a a a a
Sod d*,g d d c d d d”,a d a%® b el f
Srdh b?a b b b d¥b 5@ c c c
Table 6 Genetic distance matrices for the nine OTUs of Delma identified by the Principal Co-ordinates Analyses.
Lower triangle = %FDs; upper triangle = Nei Ds
OTU pax desmosa tealei borea tincta butleri butleri butleri  haroldi
“western”  “central” "eastern”
pax = 0.08 0.25 0.27 0.27 0.55 0.55 0.68 053
desmosa 2 - 0.27 0.30 0.31 0.58 0.61 0.74 0.59
tealei 21 21 - 0.16 0.27 0.48 0.53 0.68 0.49
borea 21 23 12 - 0.17 0.50 0.54 0.67 0.49
tincta 21 21 16 12 - 0.40 0.43 0.56 0.40
butleri ‘western’ 37 40 35 35 28 - 0.07 0.13 0.10
butleri ‘central’ 40 42 37 85 33 5 - 0.15 0.04
butleri’eastern’ 47 49 49 44 42 14 9 = 0.21
haroldi 38 43 36 36 31 7 0 12 _
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—D. pax

NeiD =0.1

—— D. desmosa

78

D. tealei

100

D. borea

——D. tincta

D. butleri - western

D. butleri - eastern

D. butleri - central

D. haroldi

Figure5 Neighbor-joining tree depicting the
phylogenetic affinities of nine OTUs of
Delma, based on Nei distances and rooted at
the midpoint of the longest branch. Bootstrap
proportions of 50% or greater from 100
pseudo-replications are indicated for all
nodes, Scale represents a Nei D of 0.1.

The case for recognition of the ‘Cape Range’
morphotype as a distinct species is strongly
supported by the genetic evidence. Although this
population was historically associated first with D.
pax and then with D. tincta, its genetic affinities
clearly lie with D. borea. Nevertheless, the ‘Cape
Range’ morphotype and D. borea are well-
differentiated genetically, with a total of six fixed
differences and a Nei D of 0.16 between them. This
is equivalent to the observed genetic differentiation
between D. borea and D. tincta (12%FD and Nei D
of 0.17), two species that are broadly sympatric (but
rarely syntopic; Shea 1991) across northern
Australia. Furthermore, the ‘Cape Range’
morphotype is readily distinguished on several
morphological criteria from D. borea (see below).

In contrast, the ‘desert’ morphotype is weakly
differentiated from typical D. pax, with only a
single observed fixed difference in their allozyme
profiles. Despite this, there remains a strong case

B. Maryan, K.P. Aplin, M. Adams

for treating these morphologically distinct
populations as discrete evolutionary lineages. First,
in addition to their single fixed difference at the
Adh2 locus, they also displayed major differences
in allele frequency at a further three loci (Acon2!
DP = 63%, AdhI® DP = 75%, Got2® DP = 83%; Table
5). Second, the spatial distribution of variation in
each of the ‘near fixed” loci within each taxon is not
clustered in specific localities around the periphery
of the Pilbara, as might be expected if regular gene
flow was occurring between the two morphotypes,
nor is it arranged in any geographic pattern that
might be identified as a genetic cline. Last, each of
the D, pax and the ‘desert’ morphotypes have quite
large geographic distributions (see below), which
nevertheless appear to abut around the perimeter of
the Pilbara uplands, involving a total distance of
many hundreds of kilometres. Such a geographic
arrangement ought to facilitate gene flow between
the two forms, yet they appear to maintain their
morphological distinctiveness across their ranges.

In the following section we diagnose two new
species of Delma, redefine D. pax as a taxon
restricted to the Pilbara uplands, and comment on
the distribution and morphology of D. borea
populations in Western Australia.

SYSTEMATICS

Delma tealei sp. nov.
Figures 6-7

Material examined

Holotype

153811 in the Western Australian Museum, an
adult female collected on 12 September 2003 by B.
Maryan and D. Algaba on Charles Knife Road, Cape
Range, Western Australia (22°07'08"S 114°03'44"E).
Liver sample preserved in -75°C ultrafreeze at W.A.
Museum.

Paratypes

Sex indicated in brackets.

Western Australia: 52934-35 (both F) Shothole
Canyon (22°03'S 114°02'E); 82532 (M) 6 km W
Exmouth (21°56'S 114°04'E); 88548 (F) 2 km E Yardie
Creek mouth (22°20'S 113°49'E); 102837 (M) Cape
Range National Park (22°09'01"S 113°59'52"E);
153813 (M) 2 km S Yardie Homestead Caravan Park
(21°53'37"S 114°00'34"E); 153819 (M) Shothole
Canyon (22°03'49"'S 114°00'42"E).

Diagnosis

A moderately small species of Delma (SVL up to
88mm) with modally 14 midbody scales, two pairs
of supranasals and relatively plain colouration apart
from variegated ventrolateral scales on forebody.
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