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ABSTRACT Varanid lizards, which vary considerably in body mass both
interspecifically and intraspecifically, are generally considered to be morpho-
logically similar. However, significant and non-isometric variation in the
relative appendage dimensions for 17 species of Western Australian goannas
suggest that these lizards are not morphologically conservative. The first and
second canonical variates clearly distinguish the two subgeneral Odatria and
Varanus, and species are generally sexually dimorphic. The morphological
variation observed among these 17 species of goanna is associated with
foraging mode and ecology. However, no single or small group of morphological
dimensions discriminates phylogenetic groups, sexes, or ecological groups,
and body size is an important component in these analyses. J. Morphol.

233:127-152,1997.

The morphology of a lizard is largely deter-
mined by its ancestry, ecological niche, body
size, and development (Peters, '83; Calder,
'84; Schmidt-Nielsen, '84). In addition, some
species of reptile are also sexually dimorphic
in body shape or size (Vitt and Cooper, '85;
Shine, '92). The lizard family Varanidae pro-
vides an excellent opportunity to study the
interrelationships of body size and shape
with ecology. Varanidae consists of only a
single extant genus, Varanus, and contains
about 45 species. The mass range of Varanus
is more than three orders of magnitude,
ranging from =20 g (V. brevicauda; personal
observations) to =54 kg (V. komodoensis;
Auffenberg, '81). There are a variety of eco-
logical specializations, including tree climb-
ing, rock scampering, and swimming. Never-
theless, a numbers of authors (Shine, '86;
Greer, '89; King and Green, '93b; Pianka,
'95) have suggested that their body form is
conservative compared with the variation in
other families of lizards.

The genus Varanus is considered to be
monophyletic (Baverstock et al., '93), and
thus comparison of varanid species is not
complicated by higher level phylogenetic dif-
ferences. Baverstock et al. ('93) summarized
the phylogeny of Varanus and suggested four
clades based on immunogenetic and karyo-
typic studies: an Asian clade, an African
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clade, an Australian/S.E. Asian clade of large
goannas (subgenus Varanus), and a clade
of Australian pygmy goanna (subgenus
Odatria). Nearly all of the members of the
Varanus clade (except V. komodoensis and
V. salvadorii) and all of the members of the
Odatria clade are found in Australia; V. er-
emius probably belongs to the Odatria group,
although it was initially placed outside these
clades (Pianka, '95). Morphometric examina-
tion of the 18 species/subspecies of goanna
found in Western Australia allows a compari-
son of the Varanus and Odatria subgenera.
Others (e.g., Snyder, '54; Collette, '61; Ball-
inger, '73; Laerm, '74; Moermond, '79;
Pianka, '86; Losos, '90a—c; Miles, '94) have
suggested that there are morphological char-
acteristics that can be associated with habi-
tat and performance traits. Pianka ('68, '69,
'"70a,b, '71, '82, '86, '94) provides most of the
limited ecological and behavioral data, and
some additional general information on their
ecology is provided by Storr et al. ('83) and
Wilson and Knowles ('92). Greer ('89) groups
all Australian goannas into four broad eco-
logical categories (ground, rocky outcrop, ar-
boreal, and aquatic/arboreal). The only obvi-
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ous morphological adaptation of any of these
groups is the laterally compressed tail and
dorsal placement of the nostrils for the semi-
aquatic species V. mertensi.

Varanus, being a speciose genus of lizard
with a very wide range in body size, provides
an ideal opportunity to explore variation in
body size and shape as these may relate to
differences in phylogeny, ecology, and habi-
tat, although the present lack of a rooted
phylogenetic tree for Varanidae limits our
capacity to account for lower order phyloge-
netic effects. The objectives of this study
were to examine the allometry of Western
Australian goanna morphology and to deter-
mine whether there are size or shape differ-
ences among these goannas which are as-
sociated with species ecology, habitat, or
phylogeny, particularly comparing the sub-
genera Varanus and Odatria.

MATERIALS AND METHODS
Measurements

Various morphological dimensions (width,
depth, and length) were measured for 17
species (including two subspecies of Varanus
panoptes; see Results for a list of species) of
goanna specimens from the Western Austra-
lian Museum (WAM). Unfortunately, the
number of specimens of V. kingorum in the
WAM collection was too small to enable any
meaningful analysis and so this species was
not included in the study. The nomenclature
used for V. gouldii and V. panoptes is that of
Storr ('80). It is our view that the use of the
alternative names as suggested by Bohme
('91) will lead to further confusion until the
taxonomy of both species is further clarified.

Total length (TL), snout-to-vent length
(SVL), tail length (TAIL), head length (HL),
neck length (NECK), head width (HW), head
depth (HD), fore-limb length (FLL), upper
fore-limb length (UFL), lower fore-limb
length (LFL), hind-limb length (HLL), upper
hind-limb length (UHL), lower hind-limb
length (LHL), and thorax-abdomen length
(TA) were measured (Fig. 1). All measure-
ments were made to =1 mm, after position-
ing the body in the approximate shape shown
in Figure 1. The recommendation of Rey-
ment et al. ('84) was adopted in selecting 12
measurements (since 10 is considered opti-
mal). Only dimensions likely to show mini-
mal shrinkage after preservation (i.e., not
soft tissue) were included. The sex of each
goanna was determined by examination of
the gonads.
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Body size

To determine whether SVL, TL, or TA best
characterized “body size,” the ratio of any
particular dimension to either TL, SVL, or
TA was compared by analysis of variance
(ANOVA) for adult specimens, using the
minimum SVL adopted for each species to
account for affects of growth on changing
body proportions, to best discriminate be-
tween species (Bookstein, '91: pp. 83-87).
Both raw and logarithmically transformed
data were analyzed in this fashion.

The overall best separation of species by
TL, SVL, or TA determined that TA was the
best index of “body size.” The highest num-
ber of significant F-ratio values was ob-
tained for the body dimension divided by TL,
when logarithmically transformed (Table 1).
However, during the measurement of goan-
nas, it was apparent for numerous individu-
als that the end of their tail had been bro-
ken. Where the end of the tail had obviously
been broken off the measurement was not
used, but for many individuals it was not
possible to determine if a small tip of the tail
had been broken off. Therefore, as the
F-ratios for values of the logarithmically
transformed appendage length divided by
logarithmically transformed TA were gener-
ally only slightly less than those for TL (when
TL was the higher; Table 1), we chose TA as
the best measure of overall body size to
subsequently discriminate between the rela-
tive appendage dimensions of the various
species, and TA was used to determine the
relative appendage proportion dimension for
each species.

An outline of the body shape was obtained
by scanning a photograph of an adult of each
species. These body outlines were adjusted
to the same relative TA using Corel Draw
(Vv6.0), to enable a visual inspection of rela-
tive body proportions (Fig. 2).

Isometric similarity

The extent of isometric similarity among
goanna species was determined by examin-
ing slopes of the regression lines for the
means of each species of logarithmically
transformed body appendage dimensions
with the logarithmically transformed TA,
i.e., untransformed relationships, append-
age (mm) = aTAP. If the body proportions
are isometrically similar, then b = 1.0 (or,
statistically, b is not significantly different
from 1.0).
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TABLE 1. F-ratio values determined by ANOVA
for relative appendage dimensions of goannas divided
by TL, SVL, or TA*

Denominators

Variables TL SVL TA logTL logSVL logTA
TAIL 102.1 1104 1184 198.0 120.3 108.3
HL 86.8 341 339 1886 188.2 150.3
HW 916 302 243 711 605 716
HD 48.0 137 121 495 424 50.6
FLL 30.1 318 559 1956 1674 1544
UFL 240 435 70.0 199.3 1959 2131
LFL 39.3 37.2 59.6 2604 231.0 2145
HLL 35.2 712 858 2651 2268 1841
UHL 347 684 86.7 256. 2579 2546
LHL 475 90.9 1056 384.7 3354 287.4
NECK 283 543 829 1561 1546 1655

*The highest P-value is underlined.

Sexual dimorphism

Possible morphological differences be-
tween sexes were determined separately for
each species, using discriminant analysis of
the logarithmically transformed data for HL,
HW, NECK, UFL, LFL, UHL, LHL, TAIL,
and TA for each specimen. Stepwise discrim-
inant analysis was then used to determine
which dimensions contributed most to sexual
dimorphism.

Analysis of covariance (ANCOVA) was also
used to determine whether any single vari-
able (logHL, logHW, logFLL, logHLL, or log-
NECK with logTA as the covariate to remove
the effect of size) could be used to separate
sexes, for each species.

Body appendage dimensions

Logarithmically transformed body append-
age dimensions were regressed against the
logarithmically transformed TA for the vari-
ous species, and standardized residual val-
ues were used to examine the extent that
relative appendage dimension was not ex-
plained by size. ANOVA was used to exam-
ine differences between species for these
standardized residuals, and t-tests were used
to determine if the residual appendage di-
mensions of individual species differed sig-
nificantly from zero.

Morphometric analysis

In our analyses to determine the extent to
which morphological characteristics catego-
rized individuals by their correct species or
species by their correct subgenus, we have
been heavily influenced by the view of Book-
stein et al. ('85: p. 27) that size ought not to
be removed from observed measures as it
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often explains meaningful covariance in the
morphological variance, and the comments
of Klingenberg ('96), who reports that Burna-
by’'s ('66: p. 35) procedure to eliminate the
effects of growth only works when all groups
share a common allometric pattern. For
groups that differ in their size vectors, as we
know goannas do (unpublished observa-
tions), removing all size vectors from the
data may leave non-meaningful variation
(Humphries et al., '81). Canonical variate
analysis using the within groups covariance
matrix (SPSS-PC) was used to determine
the interrelationships among all species of
goannas for the logarithmically transformed
data (Reyment et al., '84). Eigenvalues >1.0
were used to indicate which canonical vari-
ate functions were significant; confidence
limits in all tests were P < 0.05.

RESULTS
Body and appendage dimensions

For the 17 species (and 2 subspecies) of
Western Australian goanna that were exam-
ined, there was a predominance of sexually
mature individuals with only a small num-
ber of juveniles and subadults for each spe-
cies. Mean values for the linear dimensions
of each species are given in Table 2 along
with the range in SVL.

Table 3 summarizes the appendage dimen-
sions in proportion to TA, our estimate of
body size, for adult individuals of each of the
17 goanna species. Our estimate of mini-
mum SVL for adults of each species is in-
cluded in Table 3. Table 4 summarizes the
standardized residuals (from regression
analysis of those log-transformed measure-
ments against logTA) for each appendage
measurement for the 17 goanna species. In
general, if a species has one short append-
age (e.g., HL), then the other appendages
are also short (e.g., V. brevicauda); or if one
appendage is long, then the other append-
ages are also long (e.g., V. glauerti). There
are highly significant intercorrelations be-
tween residuals of all length measurements,
except HW and HD, for all individual speci-
mens (Table 5).

Discriminant classification of individuals
by species

Canonical variate analysis, using a within
groups covariance matrix, correctly classi-
fied 81.3% of the 562 individual goannas to
species, using the logarithmically trans-
formed values of HL, HD, HW, NECK, UFL,
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TABLE 2. Number of specimens examined, maximum and minimum SVL, and the mean (=SD) for other body appendage dimensions (mm) for 17 species of goannas

HW HD FLL UFL LFL HLL UHL LHL TA TAIL

NECK

SVL

Mini- Maxi-
mum mum
N SVL SvL

Varanus

66.9 =125 855+ 257

174+ 21

*13

57+x12 156=*1.9 235*3.2 7.3

19.7 £ 2.6

89*+14 62*13

149 * 27

99.1 +16.3 17.1*22

126

51

brevicauda 40

caudo-

G.G. THOMPSON AND P.C. WITHERS

N0 © O~

..... SNOCTHOT OO M0 O
NNOCODBANANAOOI NS HO
ONTOOAdAdAdA AN N®
R AR I B BB SRS IS B IS U UG O Y AR
AN~ HOWANAHONAAMOOY
CHAPODAOCBDM i 0ML T I~
OCHOANDNOODONNN®®© ©
AHANNANOOONM T T IO
T rron~oatHdoNg
CY¥gdoNaNTdOmaddN~Na O m®
NOANLNNNN®®OONT DO
R IR B B B B R IS S UE UE U UG O A A
OMONONNGOO®Q N QNQ©
NOYOOTARNCTMAC N DG
OCRONBOTAAANINN OO AT
A A A A A A A AN N
dd et odn
DNOONVONSH Yoo~ oS LW
NOFTOOUNMNNMNOATONAANT M
FUAL A4
AMNOCQOANMMNMNMOOMN~NNNO
TOTOXNALXDBONNNOD WO D
NNNOOIITOONNOD00 N
@Q © QM
CROANDAMO N m — O
A NTNNOTTNOAAOOD N
FUALFL AL A4
AN~ ONARNOL®N QNGO
CANTHONBOOWTATNON DB O
A A A ARNNNOOTTOIF O
© L OROMNMILTONRR
O YoNdMmOOROND N ©
OO HAOAAAAAT O N NN T
FUALFD A
TNQOUUNNAWNNNOMT
BODNAD NO NGO STINGC N T
AIFTOOODOONNDIO AT N~
A Ao
o N noo—
NS ROAYON G 1Nt C o ©
NANBOCNHLONORNND O N
FUALFL AL A
YTOANTOIT NN DN OMMN @O
CANNOITATOO AN DN L5~
ANNNNOOOIFIIOODNOCOND
- oo
TN AANOND RO NN 15 m
AT ONONNTTAHOWN O A A
RO B B S B U SRS IS BSOS U UG O I AR
NN OUNLOANANNS NNON T
NOONCONMMONMNO DS M
HAAAAAANNO NN
fTnonmomoon
AN OVNGSANMOONdD N
MOFTONONDATMNATHNON O
FUAL A4
CONONORONINONM IO
BLOAONATO N STOND T 00O
NNOOOIITOHONNO~OG
RAINNOARNNOO I~ AN O
SadddaNdN—dNOCWBNT ™G N
R IR I B A I R IR S A IR AR A AR A I AR A I
QAN OONDNMONL T A
CNNNOOCSOD I © O N0
— A A AN A NN
NRONG®OENON N0 MLN
AeHa N NNNO MG N MWW 0o
A A
NONNOQOAHAONNMANHORO
cNNNMIWWLNAN®M®O T O
A A A A AAAA AN NN NN N O
QUoaNaRNo
CNANNAONOR NG SIS QO
MANTN~NONMNOOOOANNAANMM
R IR I B B U SR IS S BE UE U UG O I AR A
QOAOMNINENSMONOTOM-NN
COCTUWWAOG N ONG OIS
SNANNNOOIITOOLDOO NN
o _m_ oo
ROAWONANNO RTINS
NN ATIBONAAOCAD AN
FUA DD
MYOANOOVNINNO—ANOOO
CNNOCOCDAMNNIN D =000 N
HNNNNNMO®O®OS IO SO0
o~ ]
ONAONNORRY GG TN«
CNDddNITOOWANO T 0 MN
AHANONOOOODODAATON A A
FUAL AL
QUNOYITOOMNONOMNMOINOON
OITINDODVMOAOANNNN~NOODOON
OdMMMNNOOOOOLN~NO AN S
AT A A AAAAANNNNON O T
HdYNOWOOMAIOOONNOWD D
NORNDRONONDDHAD DN O M O
AT A NNNNNDD OSSO0
DNONONODORNONNO O D
MNOOCOVWONDHODOTOWWLW
- — A A A
OO ©O©O©MOMNW© DO ML
OANNAOOLONNDANSNMOONAN

@ [4) o 0«
a ‘D S 2 ES_3Ja
= Conwid=s S _T500C3
© _9>5rceot 2=88c=2
o -C525E2850E52ESSE
SEs8ESCcSSES=85E0c
SS=Z988ET2%232355 2
»o0cacEDEocooLESD

LFL, UHL, LHL, TA, and TAIL (Table 6).
The analysis correctly classified 100% of the
individuals of V. glauerti, V. glebopalma, and
V. brevicauda. The order of all 18 species/
subspecies in Table 6 has been arranged
according to morphological affinity using the
misclassification of species from the canoni-
cal variate analysis and the data in Tables 3
and 4. V. acanthurus was the most misclassi-
fied species of the subgenus Odatria, being
miscategorized as six other species (includ-
ing one subgenus Varanus). V. gouldii was
the most misclassified of the subgenus
Varanus, being miscategorized as seven other
species (including three subgenus Odatria).
Although the classification of individuals into
their correct species was not always 100%,
we considered the discrimination sufficient
to justify further examination of the canoni-
cal variate analysis.

The first three canonical variates had eig-
envalues >1.0 and accounted for 89.7% of
the total variance in morphology for all spe-
cies measured, whereas the fourth and sub-
sequent canonical variates had eigenvalues
<1.0 (Table 7). The first and second canoni-
cal variates clearly separated the two sub-
genera, Odatria and Varanus (Fig. 3; this
figure shows males and females separately,
because there is sexual dimorphism). TAIL
was the measurement most highly corre-
lated with the first canonical variate (Table
7), but residual TAIL was significantly corre-
lated with all other variables except HD and
HW (Table 5). The first canonical variate
does not seem to be a pure indicator of size,
although there is a general size effect espe-
cially when considering the subgenera sepa-
rately. That is, the mean TA of each species
does not rank strictly in accordance with the
first canonical variate score, although there
is a general trend for small species to a
negative first canonical variate score and
large species to a positive score. The second
canonical variate correlated best with HD
(Table 7; Fig. 3). The third canonical variate
does not separate the species into the two
subgenera (Fig. 4); it is correlated best with
NECK (Table 7).

Because the first two canonical variates
clearly separated the subgenera Odatria and
Varanus, as proposed by Mertens ('42) and
supported by Baverstock et al. ('93), we ana-
lyze these subgenera separately below.

Subgenus Odatria

TAIL correlated best with the first canoni-
cal variate (Table 7) for the Odatria group.
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0.87, respectively), suggesting that the
length of the hind appendages is the pri-
mary determinant in separating species on
the first canonical variate (Fig. 5). NECK is
the measurement most highly correlated
with the second canonical variate (Table 7).
strictly ranked in accordance with the first

The highest correlation with the first ca-
nonical variate for the subgenus Varanus is
HL (Table 7). However, Tabachnick and Fi-

canonical variate. The third canonical vari-
r = —0.24); it separates V. caudolineatus

from V. gilleni, and V. glebopalma from V.
glauerti (which are closely aligned on the
first and second canonical variates), and V.
mitchelli from V. scalaris and V. tristis (which
are closely associated by the second canoni-
cal variate). There is considerable overlap in
“morphological space” for individuals of most
species of the Odatria clade based on the
first three canonical variates (Figs. 5, 6).
eremius is separated from most of the other

species by the second canonical variate, over-
rus, and to a much lesser extent with V.

The logarithmically transformed residuals
for TAIL are significantly and positively cor-
related with UHL and LHL (r = 0.79 and
The first canonical variate is not a pure size
indicator as the species mean TA is not
ate (Fig. 6) has the strongest negative corre-
lation with TA (although relatively weak,
Nevertheless, V. brevicauda is clearly sepa-
rated from the other species, primarily by
the first canonical variate, while V. glebo-
palma and V. glauerti form an overlapping
group toward the other end of this axis. V.
lapping slightly with V. storri and V. acanthu-
mitchelli (Fig. 5). V. caudolineatus and V.
gilleni form a group located between the
majority of the Odatria species and V. brevi-
cauda, being separated from the other spe-
cies primarily by the first canonical variate.
Subgenus Varanus

dell ('89: p. 539) suggest that correlations
lower than 0.30 cannot be interpreted ad-

dance with the univariate data (Tables 3, 4),

equately, although the interpretation of HL
as the primary discriminator is in accor-
which indicate that V. mertensi and V. gigan-

teus have the smallest and largest relative

HL for this group. The second canonical vari-

ate is most strongly correlated (r = 0.29)
with NECK, indicating that V. giganteus

and V. mertensi have relatively longer necks

than the other species (Fig. 7), a result con-
cordant with data in Tables 3 and 4. Eigen-
values are <1.0 for subsequent functions
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TABLE 5. Correlation coefficients (r) between residual appendage lengths for all specimens*

HW HD NECK FLL UFL LFL HLL UHL LHL TAIL
HL 080 048 060 089 085 091 080 064 086 0.62
HW 0.64 039 075 077 074 071 064 0.0 0.36
HD -0.18 0.25 0.29 0.26 0.33 0.06 0.35 —0.09
NECK 077 075 076 070 076 067 0.74
FLL 095 098 094 083 093 0.73
UFL 093 092 082 089 0.72
LFL 091 075 091 0.73
HLL 080 099 0.82
UHL 0.76 0.71
LHL 0.81

*Values underlined are P < 0.05.

and are therefore not considered to be signifi-
cant. Figure 7 suggests that the morphology
of both V. mertensi and V. giganteus is appre-
ciably different from that of the other spe-
cies in this clade, with both species being
separated from the others primarily by the
first canonical variate. There is considerable
overlap in the morphology of V. rosenbergi,
V. panoptes, and V. gouldii (Fig. 7). V. p. panop-
tes and V. p. rubidus are separated by V.
rosenbergi (Fig. 7).

Sexual dimorphism

The specimens measured in the WAM col-
lection were predominantly male (Table 8).
There was significant sexual dimorphism for
most species in body shape, as determined
by a discriminant analysis for all specimens
of each species (that were able to be sexed)
using a combination of logarithmically trans-
formed appendage dimensions (Table 8). The

combined standardized canonical discrimi-
nant function coefficients that separated the
sexes for all species of goannas are shown in
Table 9.

Stepwise discriminant analysis was subse-
quently used to determine which variable(s)
contributed most to the separation of sexes.
F-values were insufficient to isolate signifi-
cant individual variables for some species.
However, logHL and logTA correctly classi-
fied 82.5% of V. caudolineatus (standardized
canonical discriminant function coefficients
[scdfc] — 1.346logTA + 1.790logHL); log-
NECK correctly classified 69.7% of V. brevi-
cauda; logUFL correctly classified 75.5% of
V. eremius; logUFL correctly classified 73.1%
of V. glauerti; logTAIL, logUFL, and logUHL
correctly classified 100% of V. glebopalma
(scdfc 1.1091logTAIL — 1.396logUFL + 1.665log-
UHL); logHD and logUHL correctly classified
68.1% of V. gouldii (scdfc 3.913logHD -

TABLE 6. Proportion of individuals correctly allocated to species using canonical variate analysis (logarithmically
transformed variables of HL, HW, HD, NECK, UFL, LFL, UHL, LHL, and TA) for Odatria and Varanus subgenera

Predicted species/subspecies

Varanus/ Species %
subspecies no. 2 3 4 5 6 7 8 9 10 11 12|13 14 15 16 17 18 Correct
glauerti 1 24 100.0
glebopalma 2 24 100.0
pilbarensis 3 7 1 1 77.8
mitchelli 4 18 3 1 85.7
tristis 5 2 53 1 2 1 1 76.5
eremius 6 46 3 2 1 88.5
acanthurus 7 3 2 2122 1 7 1 42.9
storri 8 1 115 1 1 1 78.9
scalaris 9 4 36 1 87.8
gilleni 10 1 23 1 92.0
caudolineatus 11 1 9 45 81.8
brevicauda 12 38 100.0
mertensi 13 2 21 1 1 84.0
p. rubidus 14 13 3 1 1 64.3
gouldii 15 1 1 2 2 6 45 5 8 64.3
rosenbergi 16 3 2 271 2 79.4
p. panoptes 17 2 2 6 60.0
giganteus 18 1 18 94.7
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TABLE 7. Pooled within group correlations between discriminant variables and canonical discriminant functions
for all 17 species, and separately for the Odatria and Varanus subgenera

All species Subgenus Odatria Subgenus Varanus
Function Function Function Function Function Function Function Function Function

Variables 1 2 3 1 2 3 1 2 3
logNECK 0.408 0.205 0.332 0.418 0.342 —0.148 0.136 0.286 0.304
logTA 0.289 0.270 0.154 0.258 0.147 -0.239 0.074 0.117 0.236
logUFL 0.449 0.280 0.225 0.424 0.217 0.024 0.170 0.121 0.323
logHW 0.354 0.312 0.157 0.296 0.116 —0.030 0.146 0.122 0.175
logHL 0.463 0.348 0.186 0.423 0.127 —0.203 0.220 0.136 0.232
logTAIL 0.494 0.094 0.101 0.556 0.076 -0.218 0.124 0.115 0.311
logUHL 0.461 0.257 0.172 0.459 0.164 0.034 0.142 0.100 0.310
logHD 0.350 0.389 0.051 0.260 -0.021 —0.064 0.149 0.046 0.213
logLHL 0.482 0.300 0.121 0.487 0.079 —0.122 0.136 0.118 0.340
logLFL 0.422 0.300 0.228 0.410 0.228 —0.183 0.159 0.128 0.288
Eigenvalue 12.977 4.172 1.813 15.14 2.31 1.11 4.15 1.34 0.66
% Variance 61.38 19.73 8.58 74.83 11.41 5.50 63.70 20.59 10.04
Wilks' lambda 0.012 0.061 0.173 0.038 0.13 0.27 0.186 0.436 0.721
Chi-square 2,424 1,525 959 1,226 77 496 279 137 54
df 144 120 98 90 72 56 36 24 14

P <0.0001 <0.0001 <0.0001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

3.140logUHL); logTA, logLHL, and logTAIL
correctly classified 94.4% of V. mertensi (scdfc
9.032logTA — 12.889logLHL + 4.375log-
TAIL); logHD and logTA correctly classified
100% of V. pilbarensis (scdfc — 4.578logTA +
4.784logHD); logLFL, logLHL, logUHL, and
logUHL correctly classified 90.0% of V. p. pan-
optes (scdfc — 30.234logLFL + 12.606log-
LHL — 4.117logLFL + 21.948logUHL); and
logTA, logHL, logLHL, and logTAIL cor-
rectly classified 94.7% of V. storri (scdfc
5.381logTA — 4.833logHL — 2.927logLHL +
2.426logTAIL). No single logarithmically
transformed variable could separate the
sexes for each of the species (Table 10).
Where a significant difference existed be-
tween sexes, males had proportionally longer
appendages or, alternatively, the TA of the
females was proportionally longer than for
males.

Isometry

Although all body appendage dimensions
are significantly and positively correlated
with TA, only HL, HD, and TAIL scaled
isometrically with TA for all species (i.e., the
slope b was not significantly different from
1.0; Table 10). For Odatria, FLL as well as
HL and HD scale isometrically with TA. The
smaller sample size and hence higher stan-
dard error of the slope for the subgenus
Varanus probably account for the higher
number of appendage dimensions that scale
isometrically with TA (Table 10). The re-
sidual body appendage dimensions, other

than HD, are significantly correlated; all of
the significant correlations were positive,
i.e.,, any goanna species with a relatively
long (or short) appendage dimension also
had relatively long (or short) other append-
ages (except HD; Table 4).

Grouping of species based on the relative
length of appendages

Figures 8-11 show the relative appendage
sizes as a proportion of TA for each Varanus
species/subspecies. ANOVA for the standard-
ized residual values (from the regression
with logTA) of appendage dimensions showed
a significant difference between species for
HL (F17,624 = 37.52, P < 0.001), HW (F17624 =
19.74, P < 0001), HD (F17'623 =2357,P <
0.001), NECK (F17624 = 46.49, P < 0.001),
FLL (Fl7,624 = 37.59, P < 0001), UFL
(Fl7y624 = 3473, P < 0001), LFL (F17'524 =
29.03, P < 0.001), HLL (F17624 = 50.25, P <
0.001), UHL (Fi7624 = 43.05, P < 0.001),
LHL (F17624 = 46.27, P < 0.001), and TAIL
(F17545 = 117.51, P < 0.001). Those relative
appendage dimensions for which the residu-
als were significantly different from 0 are
circled in Figures 8-11.

A visual inspection of Figures 8-11 when
interpreted in conjunction with Tables 2—4
indicates the following:

1. V. brevicauda has a relatively shorter
head, neck, fore- and hind-limbs, and tail
than any other species (Tables 3, 4; Figs.
8-11).
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Fig. 3. The first and second canonical variates for morphometrics of Western Australian goannas, based on
logarithmically transformed data for different sexes. The values marked with an F are for females of each species.
The first standardized canonical vector for the data not separated by sex is: —3.505logTA — 0.517logHD + 2.291logHL —
0.277logHW — 0.776logLFL + 1.497log — LHL — 0.182logNECK + 0.285logUFL + 0.187logUHL + 1.414logTAIL.
The second standardized canonical vector is: — 0.004logTA + 1.156logHD + 1.994logHL — 0.638logHW +
0.418logLFL + 1.649logLHL — 0.631logNECK — 0.097logUFL — 0.409logUHL — 3.203logTAIL.
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Fig. 4. The first and third canonical variates for Western Australian goannas based on logarithmically trans-
formed data. See Figure 3 for the first canonical vector. The third canonical vector is: —0.627logTA — 1.496logHD +
0.840logHL + 0.501logHW + 2.253log — LFL — 3.186logLHL + 2.246logNECK + 0.673logUFL + 0.160logUHL —

1.146logTAIL.
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Fig. 5. The first and second canonical variates for morphometrics of the Odatria clade of goannas based on
logarithmically transformed data showing the extreme values for different individuals as a convex polygon. The first
standardized canonical vector is: —2.231logTA — 0.866logHD + 0.947logHL + 0.034logHW — 0.466log — LFL +
0.878logLHL + 0.091logNECK + 1.698logTAIL + 0.139logUFL + 0.195logUHL. The second standardized canonical
vector is: —0.024logTA — 1.419logHD — 0.031logHL + 0.486logHW + 1.875logLFL — 2.430 log — LHL +
1.606logNECK — 0.785logTAIL + 0.659logUFL + 0.319logUHL.
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Fig. 6. The first and third canonical variates for the Odatria clade of goannas based on logarithmically
transformed data showing the extreme values for different individuals as a convex polygon. The first standardized
canonical vector is: —2.231logTA — 0.866logHD + 0.947logHL + 0.034logHW — 0.466logLFL + 0.878log — LHL +
0.091logNECK + 1.698logTAIL + 0.139logUFL + 0.195logUHL. The third standardized canonical vector is:
—1.316logTA + 0.550logHD — 2.618logHL + 1.375logHW — 0.499logLFL + 0.706logLHL + 0.062logNECK —

0.725logTAIL + 1.051logUFL + 1.468logUHL.
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Fig. 7. The first and second canonical variates for the Varanus clade of goannas based on logarithmically
transformed data showing the extreme values for different individuals as a convex polygon. The first standardized
canonical vector is: —5.541logTA — 0.261logHD + 7.390logHL — 1.122logHW + 1.017logLFL — 1.274 — logLHL —
1.044logNECK + 0.413logTAIL + 0.323logUFL + 0.219logUHL. The second standardized canonical vector is:
—0.399l0gTA — 2.160logHD — 0.116logHL + 1.593logHW — 0.473logLFL — 1.514logLHL + 4.873logNECK —

0.7391ogTAIL — 0.345logUFL — 0.600logUHL.

2. V. glebopalma, V. giganteus, V. glauerti,
and V. pilbarensis have an appreciably
longer neck (0.6 SD above the mean) than
other species, whereas V. giganteus, V.
pilbarensis, and V. p. panoptes have an
appreciably longer head (0.6 SD above
the mean). The head length of V. gilleni
and V. mertensi is appreciably shorter
(0.6 SD below the mean) than for all
other species, except V. brevicauda. The
head of V. storri, V. pilbarensis, V. rosen-
bergi, V. giganteus, and V. p. panoptes is
appreciably wider (0.5 SD above the
mean) than for other species, while that
of V. mitchelli and V. scalaris is apprecia-
bly narrower (0.5 SD below the mean)
than for all other species, except V. brevi-
cauda. The head depth for V. storri, V.
rosenbergi, V. p. panoptes, V. giganteus,
and V. eremius is appreciably deeper (0.5
SD above the mean) than for other spe-
cies, while that of V. glauerti, V. mitchelli,
V. gilleni, and V. brevicauda is apprecia-
bly shallower (0.5 SD below the mean) than
that of other species (Tables 3, 4; Fig. 8).

The fore-limb lengths of V. pilbarensis, V.
giganteus, V. glebopalma, and V. glauerti

are appreciably longer (0.6 SD above the
mean) than for other species, while for V.
mertensi and V. gilleni the fore-limb is
generally shorter (0.3 SD below the mean)
than for other species, except V. brevi-
cauda (Tables 3, 4; Fig. 9).

The hind-limbs of V. pilbarensis, V. glebo-
palma, and V. glauerti are appreciably
longer (0.6 SD above the mean) than for
other species, while V. gilleni has appre-
ciably shorter hind-limbs (0.6 SD below
the mean) than other species, except V.
brevicauda (Tables 3, 4; Fig. 10).

The tail length of V. glauerti, V. pilbaren-
sis, and V. glebopalma is appreciably
longer (0.8 SD above the mean) than for
all other species. V. caudolineatus and V.
gilleni have an appreciably shorter tail than
any other species (0.5 SD below the mean),
except V. brevicauda (Tables 3, 4; Fig. 11).

4,

5.

DISCUSSION

Morphometrics is the study of covariances
of biological form. Bookstein ('91) has sug-
gested that, for many biological investiga-
tions, the most effective way to analyze the
form of an organism is to record the geomet-
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TABLE 9. Standardized canonical discriminant function coefficients for distinguishing sex differences in goannas?

Standardized canonical discriminant function coefficients

Varanus logHL logHW logHD logNECK logUFL logLFL logUHL logLHL logTAIL  logTA

brevicauda —0.413  1.753 0.321 0.796  0.282 1578 -0.696 —0.225 -0.313 —2.558
caudolineatus ~ 2.027 —0.420 0.620 —0.098  0.118 -0.454 -0.135 0.157 -0.189 -—1.274
storri 4891 0139 -0.309 -0.452 -0.820 2.244  1.359 2581 -2.657 —6.936
gilleni —6.460 1.092 —1.528 0.564  0.623 0.560 —2.874 3.555  0.328 4.291
pilbarensis —2.900 1.693 —11.818 — — 9.962 — —8.150 — 12.345
eremius 0.792 -0591 -0.270 -0.088 0.312 -0.018 -0.070 2140 -0.920 -—0.763
scalaris —0.989 -1.073 -0.644 —1.406 -—1.686 3.125 0.957 —0.093 -2.796 4.705
acanthurus 0.444  2.300 3452 -0.323 2481 -1715 0.059 -—-1506 1783 —5.880
mitchelli —5.146 -2.763 0.417 2262 1117 1636 -1.716 3.741  0.063 0.721
glauerti —0.434  0.048 2.129 1.740 2428 -0.869 -0.025 —-2553 1755 —3.176
tristis —0.269 0.144 1762  —-0.355 0.241 -0.323 -1.168 1.925 0.762  —2.454
p. panoptes 3.885 —3.773 5498 —13.988 — 22.842 — — — —14.258
gouldii 4.811  0.652 2.116 0.407  0.805 2401 -2.943 -0.629 -0.076 —7.176
glebopalma  —-0.510 0.759 -0.491 —-0.299 -1.972 0.151 2475 —-0.633  1.667 0.299
rosenbergi 0.110 -1.079 1479  -0.296 1.430 1484 0.184 2279 -1.010 -4.162
mertensi -1.277  3.770 1057 -0.109  2.009 —4.147 -2.073 -15.058  7.900 8.664
p. rubidus 4.407 —4.348 3.792 —-3.570 -0.036 8.533 — —12.456  1.616 2.114
giganteus 13.114  1.534 2.654 —15436 —-3.288 -18.469 10.620 -—18.608 23.612 4.721

IMissing values failed the tolerance test.

ric locations of landmark points. Then, the
measurement of shape configurations of
landmark locations can be reduced to mul-
tiple vectors of shape coordinates. There-
fore, the study of covariance of landmark
configurations (triangles) can then be under-
taken independent of size. However, the na-
ture of the available data (measurements for
preserved museum specimens) and the focus
on appendage lengths do not enable use of
this multiple vector approach in this study.
Rather, canonical variate analysis, ratios,
and residuals from regression equations of
appendage dimensions with TA have been

used here to analyze the size shape of goan-
nas. Some authors have been critical of the
use of ratios in the analysis of body shape.
Reyment et al. ('84) criticized the use of
ratios since 1) the ratio will not be constant
for organisms of the same species by virtue
of the almost universal occurrence of differ-
ential growth rates; 2) ratios contain only
two variables and this affords a poor appre-
ciation of contrast between forms with mul-
tidimensionality; and 3) to compound two
characters into a ratio implies that only one
contrast of the form is studied. These criti-
cisms have been addressed here in that mul-

TABLE 10. Slope (b) of the regression line for appendage dimension and logTA using only values of adults
for each of the 18 species/subspecies of goanna*
HL NECK  HW HD FLL UFL LFL HLL UHL LHL TAIL
All Species (n = 18)
Slope 0.98 1.27 0.88 0.99 1.18 1.29 1.19 1.25 1.32 1.27 1.10
+SE  0.048 0.077 0.037 0.047 0.059 0.082 0.049 0.070 0.088 0.066 0.146
P NS <0.05 <0.05 NS <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 NS
r2 0.97 0.94 0.98 0.97 0.97 0.94 0.98 0.97 0.94 0.96 0.77
Odatria (n = 12)
Slope 1.01 1.54 0.84 0.88 1.23 1.38 1.24 1.36 1.48 1.35 1.59
+SE  0.084 0.128 0.069 0.087 0.123 0.178 0.105 0.152 0.191 0.147 0.236
P NS <0.05 <0.05 NS NS <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
r? 0.94 0.94 0.94 0.90 0.90 0.86 0.94 0.88 0.86 0.90 0.81
Varanus (n = 6)
Slope 1.61 1.18 0.97 1.13 1.50 1.54 1.41 1.45 1.46 1.42 1.60
+SE  0.290 0.33 0.228 0.248 0.20 0.24 0.16 0.154 0.162 0.132 0.693
P NS NS NS NS <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 NS
r2 0.88 0.77 0.81 0.85 0.94 0.90 0.94 0.96 0.96 0.96 0.58

*P-values for the t-value testing the difference of the slope from 1.0 (isometry) and the coefficient of determination between the
logarithmically transformed appendage length and logTA are also given. NS, not significant.
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tiple ratios have been used in comparison of
body forms, and they have been used in
conjunction with a suite of other approaches,
most often as collaborating data. Juveniles

residual value from the regression equation with logTA
that is significantly different from the mean for all
species.

and subadult specimens were not included
in the calculation of appendage dimension
ratios, thereby minimizing proportional
variation due to non-isometric growth.
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that is significantly different from the mean for all
species.
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Size, phylogeny, habitat or ecological niche,
growth, and sex are all related to body pro-
portions (Peters, '83; Calder, '84; Schmidt-
Nielsen, '84; Miles, '94). There is no estab-

residual value from the regression equation with logTA
that is significantly different from the mean for all
species.

lished and rooted phylogenetic tree for
varanids (Baverstock et al., '93) and it has
therefore not been possible to properly ac-
count for phylogenetic effects in the analysis
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that is significantly different from the mean for all
species.
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of morphology of these goannas, other than
at the subgeneric level. The basic ecology is
also not known for many Western Austra-
lian goanna species, and so inferences drawn
from this ecomorphological analysis of
Varanus must therefore be considered pre-
liminary.

Phylogenetic patterns of morphology

The first and second canonical variates
clearly separate the two goanna subgenera
Odatria and Varanus, consistent with the
phylogeny of King and King ('75) and Baver-
stock et al. ('93). Our morphological group-
ing of species also provides supporting evi-
dence that those species not included in the
immunogenetic and karyotypic studies of
King and King ('75), Holmes et al. ('75), and
Baverstock et al. ('93) (e.g., V. pilbarensis, V.
storri, V. glebopalma) have been correctly
classified by King and Green ('93a) and Pi-
anka ('95). The present analysis indicates
that the Odatria clade, with generally
smaller species, is nevertheless morphologi-
cally different (in shape) from the Varanus
clade, with generally larger species. The two
variables that are best correlated with the
first and second canonical functions separat-
ing the two clades were logTAIL and logHD,
respectively.

The first canonical variate is often inter-
preted as “size,” but this is not necessarily so
(see Klingenberg, '96). From our morphomet-
ric analysis, it is clear that the first canoni-
cal variate is not just a pure size indicator
for Western Australian goannas. Figure 3
indicates a general size affect (e.g., the small-
est V. brevicauda and largest V. glebopalma
being at either end of the first canonical
variate scale) but V. pilbarensis, V. acanthu-
rus, V. mitchelli, and V. scalaris are all out of
“size” sequence (based on TA) for the subge-
nus Odatria. The overlap of the two subgen-
era Odatria and Varanus on the first canoni-
cal variate is also not “size” related. Similarly,
the first canonical variates for the two sub-
genera when considered separately (Figs. 5,
7) are not a pure size indicator.

Sexual dimorphism

The sex of varanids is reported as being
difficult to determine from external morpho-
metric characteristics or scalation (Green
and King, '78; King and Green, '93b), al-
though Auffenberg ('81), Yadav and Rana
('88), and Auffenberg et al. ("91) report differ-
ences in cloacal scales for sexes of V. benga-
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lensis and V. komodoensis, and Yadav and
Rana ('88) and Auffenberg ('94) report that
body micropores can be used to distinguish
the sexes for V. bengalensis. Adult males are
generally larger than females (Shine, '86;
Auffenberg, '94; Pianka, '94), but this is not
a useful discriminator for juvenile and small-
adult specimens. Using a suite of logarithmi-
cally transformed appendage lengths, it was
possible to correctly determine the sex of a
number of species of Varanus with a rela-
tively high level of accuracy (Tables 8, 9),
although no single character or set of charac-
ters was a useful discriminator for all spe-
cies of the genus. There were significant
differences in logarithmically transformed
appendage lengths between sexes for some
of the dimensions commonly used (HL, HW,
NECK, FLL, and HLL) when the effects of
TA were removed for some species (Table
11). In all cases, the appendage length was
proportionally longer in males than females,
or alternatively, the TA was proportionally
longer in females than males. For most spe-
cies, there was little separation between the
sexes when the first and second canonical
variates were plotted (Fig. 3). The greatest
separation of sexes with the first and second
canonical variates was for V. caudolineatus,
V. gilleni, and V. storri. Generally, the males
were displaced to the more positive value on
the first canonical variate and negatively on
the second canonical variate, suggesting that
males have longer tails and deeper heads. It
might be speculated that fighting between
males (Thompson et al., '92; Horn et al., '94)
may have resulted in the evolution of rela-
tively larger heads and longer limbs or, alter-
natively, females have evolved relatively
longer bodies to maximize fecundity. How-
ever, there appears to be no sexual dimor-
phism in the number of presacral vertebrae
for goannas (Greer, '89; p. 208) and so the
vertebrae are presumably more elongate in
females. Female V. gilleni and V. caudolinea-
tus appear to be morphologically more simi-
lar to each other than to males of their own
species (Fig. 3). If these two species are
closely related and the sexual dimorphism
evolved prior to the evolution of separate
species, then this might explain the close
morphological affinity of the sexes of sister
species. There also appears to be an appre-
ciable difference between male and female
V. storri, which may account for their morpho-
logical overlap with other species (Table 2).
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TABLE 11. F-values and significance levels for sexual
differences for selected body dimensions*

log log log log log

Varanus df HL HW FLL HLL NECK
brevicauda 1,30 4.69 19.87 4.28 9.70 8.20
caudolineatus 1,60 50.69 4.85 21.99 23.20 5.09
storri 1,20 38.04 12.43 8.32 25.38 0.26
gilleni 1,19 32.47 1381 4.04 133 433
pilbarensis 1,6 0.00 3.10 0.37 0.56 0.86
eremius 1,46 6.64 005 5.88 271 0.00
scalaris 144 388 731 126 1.03 501
acanthurus 1,24 13.01 9.68 6.70 849 0.16
mitchelli 1,18 2.09 221 189 200 0.24
glauerti 1,23 347 001 415 062 158
tristis 142 421 206 126 167 0.45
p. panoptes 1,7 753 155 161 040 0.04
gouldii 1,69 23.79 9.63 7.36 0.00 13.11
glebopalma 1,25 1.93 0.01 0.39 0.07 238
rosenbergi 1,30 227 036 233 470 041
mertensi 1,16 040 4.63 287 0.08 209
p. rubidus 1,10 0.00 062 051 040 1.70
giganteus 1,18 0.02 0.04 125 186 124

*Values are F-ratios and P-values. Values underlined are P <
0.05

Isometry and shape

There is considerable conservatism in the
general body morphology of the family Vara-
nidae. King and Green ('93b) describe Austra-
lian goannas as having long and slender
necks, long bodies with strong, muscular
tails, and well-developed, pentadactyl limbs
with a strong claw on each digit. They went
on to indicate that Australian goannas are
medium to large in size. Greer ('89: p. 195)
indicates that, although there is a huge
variation in body size, “all varanids look
more or less alike, differing only in details
such as relative lengths of snouts and tails,
shape and spinyness of the tail, and the
position of the nostrils on the snout.” A simi-
lar view was expressed by Shine ('86). Pi-
anka ('95) suggests that Varanus is morpho-
logically conservative, despite species
varying in mass by five orders of magnitude.
Although we concur with the generaliza-
tions that goannas are morphologically simi-
lar despite their considerable variation in
body size, we address here the quantitative
guestion: Are goanna species isometric?

In the absence of changes in basic body
physiology or mechanics, the shape of an
organism must alter with size to preserve
functional equivalence, both in ontogeny and
phylogeny (Huxley, '32; Gould, '66; Schmidt-
Nielsen, '75, '79; Sweet, '80; McKinney, '90;
Losos, '90a; Swartz and Biewener, '92). There
are, however, several examples in which
shape does not vary among members of a
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size series (Meunier, '59; Sweet, '80), a phe-
nomenon termed “geometric similarity”
(Gould, '69; Gunther, '75). Considering the
comments of other researchers on morpho-
logical conservatism in Varanus (Shine, '86;
Greer, '89; Pianka, '95), with which we con-
cur, varanids might be expected to approach
geometric similarity. To have isometric or
geometric similarity, changes in appendage
lengths of goannas would need to be propor-
tional to changes in body length; i.e., inter-
specific variations in appendage dimensions
would scale with TAL0 since we use TA as a
linear measure of body size. The relation-
ship between appendage dimensions and TA
appears to be generally linear for most mea-
surements (Figs. 12, 13), but the 18 species/
subspecies of gopanna measured are not geo-
metrically similar for all measures; only HL,
HD, and TAIL were consistently isometric
for most species. HL, HD, and FLL were
isometric for the subgenus Odatria, while
HD, NECK, and TAIL were isometric for the
subgenus Varanus (Table 10). Limb dimen-
sions of the larger species are generally pro-
portionally larger than for the smaller spe-
cies, as changes in appendage dimensions
(residuals) are significantly and positively
correlated with changes in TA. The scaling
exponent with TA varies from about 0.88 for
HW to 1.32 for UHL for the combined 18
species/subspecies (Table 10). Even for a
single limb, the upper and lower proportions
vary with TA for different-sized species. This
general lack of isometry, and body propor-
tions which are correlated with size in goan-
nas, are in accord with the generally ac-
cepted dogma of non-isometric body scaling
(Ricklefs et al., '81; McKinney, '90; Losos,
'90a,c; Swartz and Biewener, '92). However,
there are no comparable morphometric ana-
lyzes for other groups of lizards to indicate
whether goannas are nevertheless very mor-
phologically similar (as we and others sug-
gest) or whether goannas are in fact just as
morphologically variable as other families of
lizards.

Habitat and morphology of species based
on relative appendage length

Variations in appendage length of Varanus
that are not correlated with body size or
growth nor found in sister taxa may, as
suggested by King ('91), be related to their
habitat and niche utilization, or perfor-
mance traits. This view is supported by
Laerm ('74) for basilisk lizards (Basiliscus
spp.) and Losos and Sinervo ('89) and Losos
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('90a—c) for Anolis lizards. Consequently,
some morphological attributes of goannas
are likely to correspond to various ecological
and environmental variables, as suggested
by Collette ('61), Moermond ('79), Ricklefs
et al. ('81), Pianka ('86), and Losos ("90a) for

other lizards. With few exceptions (Arnold
and Bennett, '88; Losos, '90a; Miles, '94), the
assumption that similar morphological char-
acteristics among species grouped by habi-
tat or niche are based on common functions
or performance attributes has seldom been

1000 ¢
3 E
£ I A0
\UJ/ L 5\0‘)e
S @& Neck length
% 100 2 //- /{/i:}, Head length
£ r '{i/ A
= I _ - Head width
3 ] ",k/‘ o & Head depth
S L
[} “/W -
< §_-
s 10 ¢ e
C r 3
© N
- B
m L
[}
I
1 . Ly . \ .
10 100 1000

Body length (mm)

Fig. 13. The relationship between the logarithmically transformed dimensions of head and
neck and TA for 17 species of goannas.



WESTERN AUSTRALIAN VARANID MORPHOLOGY

tested. Unfortunately, little is known of the
habitat, foraging areas and retreats, or loco-
motor performance attributes of many West-
ern Australian goannas.

To evaluate possible links between mor-
phological features and habitats, the goan-
nas measured in this study have been classi-
fied into four broad categories (widely
foraging terrestrial, sedentary terrestrial,
arboreal/rock scamperers, and semiaquatic;
Table 12) according to the best available
data for habitat and ecology. Discriminant
analysis of the goanna morphometrics by
habitat and ecology classified 82% of the
individuals into the correct habitat/ecology
group. The first canonical variate had an
eigenvalue of 2.0 and accounted for 74% of
total variance, whereas the second had an
eigenvalue of 0.6 and accounted for a further
22% of the total variance. On the first canoni-
cal variate, the widely foraging goannas of
the subgenus Varanus are clearly separated
as a group from the odatrians (Fig. 14).
However, the widely foraging odatrian V.
eremius was closer to this group than to the
other odatrians. The dimension best corre-
lated with the first canonical variate was
logHD. Many of the odatrians clustered to-
gether, but the second canonical variate sepa-
rated the sedentary V. brevicauda and to a
lesser extent the arboreal/rock scampering
V. glauerti and V. glebopalma, and the semi-
aquatic V. mertensi. The second canonical
variate was best correlated with logNECK.

Widely foraging terrestrial goannas

Varanid lizards are generally considered
to be large, widely foraging, active, terres-
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trial lizards, corresponding to our category
of widely foraging terrestrial goannas. The
species we place in this category are V. pan-
optes, V. gouldii, V. rosenbergi, V. giganteus,
and V. eremius.

Of the goannas in the subgenus Varanus,
V. panoptes, V. gouldii, and V. rosenbergi are
the most similar morphologically, with V.
giganteus and V. mertensi having higher and
lower first canonical variates (Fig. 7). A sur-
prising result of this morphological study is
the considerable difference between the two
subspecies of V. panoptes, although it is noted
that there was appreciable overlap in the
morphological space of V. panoptes, V. goul-
dii, and V. rosenbergi based on the first two
canonical variates (Fig. 7). The V. p. panop-
tes has a head that is longer, wider, and
deeper, and a neck that is longer than V. p.
rubidus; however, limb and tail lengths are
very similar. These two subspecies might
reasonably have been expected to be more
similar in appendage dimensions than when
compared with other species. There is consid-
erable overlap in the morphological shape of
V. gouldii, V. panoptes, and V. rosenbergi
(Tables 3, 4; Fig. 7) as might be expected for
these three species, which are all medium-to-
large-sized, widely foraging, terrestrial, and
carnivorous predators of the subgenus
Varanus (Pianka, '70a, '82; Green and King,
'78; King and Green, '79; Shine, '86) (per-
sonal observations). Perhaps a revision of
the taxonomy of the gouldii/panoptes/rosen-
bergi complex may explain these differences
between the two subspecies of V. panoptes
and the misclassification of V. gouldii (Table
6) for other species. If, e.g., V. gouldii was

TABLE 12. General habitat and foraging groups for Western Australian Varanus?

Habitat type/

foraging mode Varanus Reference
Widely foraging eremius Thomson and Hosmer, '63; Pianka, '68, '82
terrestrial rosenbergi Green and King, '78; King, '80
panoptes Shine, '86
gouldii Zietz, '14; Thomson and Hosmer, '63; Pianka, '70a, '82, '94; Shine, '86
giganteus Zietz, '14; Cogger, '65; Brunn, '80; Pianka, '82, '94; King et al., '89
Sedentary terrestrial  brevicauda Pianka, 70b, '94; James, '94, '96
storri Zietz, '14; Peters, '73; Stirnberg and Horn, '81
acanthurus Thomson and Hosmer, '63; Brunn, '82
Arboreal/rock caudolineatus  Pianka, '69, '94; Thompson, '93
scamperers gilleni Zietz, '14; Thomson and Hosmer, '63; Martin, '75; Delean, '80; Pianka, '82
pilbarensis Pianka, '95; Kendrick (personal communication)
scalaris Pianka, '95
mitchelli Shine, '86
glauerti Sweet (personal communication); Pianka, '95
tristis Pianka, '71, '82, '94; Brunn, '82; Fitzgerald, '83
glebopalma Sweet (personal communication); Horn and Schurer, '78; Swanson, '79
Semiaquatic mertensi Hermes, '81; Shine, '86

1Data from a variety of specific references as listed, plus more general descriptions of habitat type selected as reported in Storr et al.
('83), Greer ('89), Cogger ('92), Wilson and Knowles ('92), and personal observations.
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Fig. 14. The first and second canonical variates for
goannas classified by habitat and ecology: circles, widely
foraging terrestrial; diamonds, sedentary terrestrial;
squares, arboreal/rock scamperers; triangle, semiaquatic.
The first standardized canonical vector is: — 0.280logTA
+ 0.840logHD + 2.961logHL — 0.192logHW — 2.970log-

subsequently divided into more than one
species (it already has two subspecies), this
would alter the basis of the canonical variate
analysis and may reduce the degree of mis-
classification.

V. giganteus, the largest Australia go-
anna, differs appreciably from the other
widely foraging terrestrial species (Tables 3,
4; Fig. 7). Head length is the primary charac-
teristic that separates the five species in this
subgenus (Table 7; Fig. 7), with V. giganteus
having the longest relative head length. In
addition to head length, V. giganteus has a
longer neck, wider head, and longer fore-
limbs than any of the other species in the
Varanus clade (Tables 3, 4). V. giganteus, V.
rosenbergi, and V. p. panoptes have rela-
tively wider and deeper heads than other
goanna species. However, there is no evi-
dence to suggest that their foraging behav-
ior or prey, a possible factor in influencing
head dimensions, differs from those of V.
gouldii or V. p. rubidus, and so differences in
head dimensions in this category are diffi-
cult to interpret from an ecological perspec-
tive.

V. eremius is a small, widely foraging ter-
restrial odatrian goanna (Pianka, '68, '94;

LFL + 5.251logLHL — 2.879logNECK — 1.900logTAIL —
0.471logUFL — 0.072logUHL. The second standardized
canonical vector is: — 0.788logTA — 1.374logHD —
2.321logHL + 0.950logHW — 1.649logLFL — 4.046lo-
gLHL + 2.726logNECK — 0.972logTAIL — 0.591logUFL —
0.454logUHL.

Storr et al., '83) which differs from the other
Odatria (except for V. brevicauda) by its
relatively short neck (Table 4; Fig. 5). In this
respect, V. eremius is morphologically simi-
lar to the widely foraging terrestrials V. goul-
dii, V. rosenbergi, and V. p. rubidus of the
subgenus Varanus, although it clearly falls
within the odatrian group (Fig. 3).

Sedentary terrestrial goannas

We place V. acanthurus, V. storri, and V.
brevicauda in a sedentary terrestrial cat-
egory rather than the widely foraging terres-
trial category, but only for V. brevicauda are
there substantial morphological differences.

V. acanthurus is the most generalized
odatrian species measured here; its body
appendages appear to deviate least from the
regression lines for all body dimensions with
TA (Table 4) for the Odatria group. This is
also supported by the data in Table 6, show-
ing that V. acanthurus is the odatrian most
often incorrectly classified. V. acanthurus is
a ground-dwelling monitor that retreats to
rock crevices or holes under medium-sized
boulders (Storr et al., '83; Dryden et al., '90)
(personal observations). The most morpho-
logically similar species to V. acanthurus is
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V. baritji from the Northern Territory of
Australia (King and Horner, '87), which has
a similar ecological niche (Sweet, personal
communication).

Storr et al. ('83) report V. storri to be very
like, but smaller than, V. acanthurus. How-
ever, our morphological analysis indicates
that V. storri has a relatively longer, wider,
and deeper head than V. acanthurus and
appreciably longer limbs (Table 4). As little
is known of the ecology or the preferred
habitat of V. storri (possibly under rocks and
large objects lying on the ground; Sweet,
personal communication), it is not possible
to infer a relationship between its gross mor-
phology and habitat use.

V. brevicauda is the smallest and most
morphologically different goanna measured
(Table 4; Figs. 3-6, 8-11). This species, rela-
tive to its thorax-abdomen length, has the
shortest head and neck, narrowest head,
shortest fore- and hind-limbs, and shortest
tail. However, Greer ('89: p. 208) reports
that V. brevicauda has more presacral verte-
brae than any of the other goannas mea-
sured and so this might reflect an evolution-
ary pressure for relative elongation of the
body length per se. James ('96) reports that
73% of V. brevicauda movements in a pit-
trapping program were less than 20 m and
that these goannas were very seldom seen
surface-active, a view supported by Pianka
('94). The relatively short limbs and short
head of V. brevicauda, and the evidence of
James ('96), suggest that this terrestrial go-
anna is not widely foraging and may catch
most of its prey by using a sit-and-wait strat-
egy or by searching in burrows located within
arelatively small home range. Vitt and Cong-
don ('78) suggest that widely foraging liz-
ards have a relatively low clutch mass,
whereas the sit-and-wait foragers have a
relatively high relative clutch mass. A rela-
tively high clutch mass can also be associ-
ated with a larger abdominal cavity (Shine,
'92). Although James ('96) concluded that
the absolute clutch size of two eggs for V.
brevicauda was consistent with that pre-
dicted from correlations between SVL and
clutch size in other goannas, a few V. brevi-
cauda were recorded with clutches of 4 and
5. If, however, V. brevicauda had a relatively
large clutch mass for its body size, due to the
size of its eggs, then this goanna’s morphol-
ogy would support the established dogma
that taxa with relatively smaller limbs, tails,
and heads have relatively larger volumes
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available in their body cavity to carry eggs
and are generally sit-and-wait foragers (Vitt
and Congdon, '78; Shine, '92). At a casual
glance, V. primordius appears to be a similar
size and have a similar morphology to V.
brevicauda. A comparative analysis of these
two small goannas’ morphology and ecology
might assist in explaining why the morphol-
ogy of V. brevicauda is appreciably different
from the rest of the genus.

Arboreal/rock scampering goannas

This category includes a continuum of
scampering goannas from typically arboreal
species (V. scalaris, V. gilleni) to typically
saxicolous species (V. pilbarensis, V. glebo-
palma), with V. caudolineatus, V. tristis, V.
mitchelli, and V. glauerti being found in both
trees and rocks. Within this category, mor-
phology seems to be related more to body
size or performance traits than habits. V.
mitchelli, V. tristis, and V. scalaris have a
fairly generalized odatrian morphology, like
V. acanthurus and V. storri, which are gen-
eralized sedentary terrestrial goannas. V.
glebopalma, V. pilbarensis, and V. glauerti
have relatively long appendages and a flat-
tened head. In contrast, V. caudolineatus
and V. gilleni have relatively short append-
ages.

V. scalaris is morphologically very similar
to V. acanthurus, having a relatively similar
length head and neck, head depth and fore-
and hind-limb length. It, however, has a
narrower head and shorter tail. Little is
known of its ecology or behavior other than
it is arboreal (Sweet, personal communica-
tion). The larger species, V. tristis, appears
to be a “stretched” version of V. acanthurus,
with all dimensions being slightly longer,
except it has a shallower head (Table 4).
Pianka ('71) reports V. tristis as moving from
tree to tree as it mostly climbs in search of
prey. Baverstock et al. ("93) report that V.
scalaris and V. tristis are closely related;
this, together with their preference for arbo-
real habitats, would explain their similar
body shape. The high degree of morphologi-
cal similarity between these two arboreal
species and a terrestrial species (V. acanthu-
rus) is unexpected. Baverstock et al. ('93)
indicate that V. acanthurus is more closely
related to V. gilleni and V. brevicauda (and
two goannas not measured in this study, V.
kingorum and V. primordius). The general-
ized body form of V. acanthurus may simply
indicate that it is similar to the ancestral
form of the subgenus Odatria, and this may
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account for the similarity in body shape be-
tween V. acanthurus, V. scalaris, and V. tristis.

V. mitchelli, which is grouped with V.
acanthurus, V. scalaris, and V. tristis on the
first and second canonical variates, differs
markedly on the third canonical variate (Fig.
6). Table 4 indicates that V. mitchelli has a
relatively longer neck but narrower and shal-
lower head, and shorter limbs than V.
acanthurus, or alternatively it has a rela-
tively longer body and similar-sized append-
ages. V. mitchelli’'s relative appendage
lengths are similar to those of V. scalaris,
having proportionally the same head and
neck length, head width, and fore- and hind-
limb length. It differs from V. scalaris in that
it has a much shallower head. V. mitchelli, V.
tristis, and V. scalaris are all known to be
arboreal (Pianka, '71; Storr et al., '83; Shine,
'86), whereas V. acanthurus is a ground moni-
tor retreating to rock crevices or holes under
medium-sized boulders (Storr et al., '83;
Dryden et al., '90) (personal observations).
The most noticeable difference between V.
acanthurus and these three arboreal moni-
tors is that V. acanthurus has an apprecia-
bly shorter neck (Table 4), which might sug-
gest that small-to-medium-sized arboreal
species of goannas have longer necks com-
pared with similar-sized terrestrial species.
The relative neck length of these three arbo-
real species is, however, not as long as those
of the rock scampering/arboreal V. pilbaren-
sis, V. glebopalma, and V. glauerti. Addi-
tional arboreal species (e.g., V. prasinus) need
to be measured before a more conclusive
statement is possible.

V. glebopalma, V. glauerti, and V. pilbaren-
sis, from the Odatria clade, have similarly
long tails, long necks, and long FLL, al-
though V. glebopalma differs from V.
pilbarensis and V. glauerti in having a pro-
portionately longer neck, and V. pilbarensis
has a proportionately longer HLL than V.
glebopalma and V. glauerti (the large V. gi-
ganteus from the Varanus clade also has a
long NECK, HL, FLL, and HLL; see below).
The long heads and necks of V. glebopalma,
V. glauerti, and V. pilbarensis may be associ-
ated with searching for prey in rock or tree
cervices in the medium (and large)-sized go-
annas. The longer hind-limbs of V. glebo-
palmaand V. pilbarensis may be a specializa-
tion that separates these “rock scramblers”
from V. glauerti, which is primarily arboreal
(this suggestion is supported by the longer
HLL of the sometimes rock-dwelling, widely
foraging, but never arboreal, V. giganteus of
the Varanus clade). Losos and Sinervo ('89)

G.G. THOMPSON AND P.C. WITHERS

report that species of Anolis lizards with
longer hind-limbs run faster on thicker rods
and that their speed is more affected on
thinner rods than short-legged lizards. Simi-
larly, very long hind-limbs may be disadvan-
tageous for medium-sized arboreal goannas,
if they impede movement on narrow
branches or in tree hollows.

V. caudolineatus and V. gilleni are two
small, arboreal goannas from central inland
Western Australia. They are, as Pianka ('69)
suggests, morphologically similar with com-
paratively short heads, tails, and hind-
limbs. However, they can be morphologically
separated, with V. gilleni having a shallower
head and slightly shorter fore- and hind-
limbs. The relatively shorter limbs and shal-
lower head may enable V. gilleni, the larger
of the two pygmy goannas, to move more
freely in tree hollows (Pianka, '69) (personal
observations). These two small, arboreal go-
annas, however, do not conform with the
slender body, long tail, long hind-toes pat-
tern suggested by Snyder ('54), Ballinger
('73), Ricklefs et al. ('81), and Pianka ('86) for
arboreal species. Behavioral observations of
V. caudolineatus suggest that this goanna
seldom jumps from a tree to the ground,
even when fleeing a predator, which gener-
ally fits Moermond’s ('79) category of “run-
ners and crawlers” having more equally pro-
portioned fore- and hind-limbs than the
jumpers. Arboreal species may need to be
further subdivided into jumpers (slender
body, long tail, long hind-toes) and runners
and crawlers (shorter fore- and hind-limbs)
before links can be drawn between their
morphology and habitat-performance traits.

Arboreal lizards have been described as
having a slender body, long tail, and long
hind-toes (Snyder, '54; Ballinger, '73; Rick-
lefs et al., '81; Pianka, '86), a hypothesis
supported by the body form of V. glauerti,
although it is not supported by the body
shape of V. caudolineatus, V. gilleni, V. sca-
laris, and V. tristis. Moermond ('79) asserts
that for Anolis lizards, jumpers tend to have
longer tails, a view generally supported by
Pianka ('86). It would be interesting to quan-
tify the extent to which V. glebopalma, V.
glauerti, and V. pilbarensis jump from rock
to rock, tree to tree, or tree to ground com-
pared with other goannas, as this may be
linked with the length of their tail and hind-
limbs and may be a performance trait that
separates these three species from other ar-
boreal species such as V. scalaris and V.
tristis. The total TAof V. tristis and V. glauerti
is similar; they are closely related (Baver-
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stock et al., '93) and from the limited data
available they both are arboreal. It is there-
fore surprising that their relative append-
age lengths are appreciably different (Table
4). This paradox is only likely to be resolved
with a better understanding of their behav-
ior and their microhabitat.

Semiaquatic goannas

V. mertensi has the narrowest and shallow-
est head, and shortest limbs and tail, of
members the Varanus clade. V. mertensi is
the only semiaquatic goanna of this clade
that was measured here. V. mitchelli, of the
subgenus Odatria, is sometimes seen in wa-
ter but is mostly arboreal (Shine, '86); it also
has short limbs. This may suggest a link
between semiaquatic habits and appendage
length. Measurement of other semiaquatic
varanids would obviously assist in the inter-
pretation of these variations in body append-
age length.
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