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* ABSTRACT.—Varanid lizards are difficult to sex in the field because commonly used techniques are not
completely reliable and definitive techniques are not logistically or economically feasible for many field-
based applications. Previous work has shown that variation in morphometric variables can be used ta
determine sex in some species of varanid. Here we build on these previous exploratory analyses by
developing a set of a priori models (containing morphometric variables) to predict the sex of six species of
Australian varanid, and then examining their relative support under the information-theoretic framework.
We then use cross-validation procedures to determine the reliability of the best-supported models’ predictive
ability. Our analysis suggests that a large sample size is required for building models to predict sex in many
species. The most important sexually diagnostic features for many species were a number of head variables
and (to a lesser extent) scaling of limb proportions. This analysis provides some useful statistical tools for the
field-sexing of adult and juvenile Varanus gouldii with a known level of reliability and also serves to
highlight the danger of extrapolating from potentially spurious results when using exploratory methods or

null hypothesis testing.

Many aspects of an animal’s biology are sex
related. Habitat preferences, home- and activity-
range size, behavior and feeding strategies are
some of the ecological parameters affected by
sex differences (Calder, 1984; Shine et al,
1998b). Despite this, little is known about the
influence of sex on varanid life histories,
primarily because it is very difficult to de-
termine their sex in the field (Green and King,
1978; Shine, 1986; Gaulke, 1997; Sweet, 1999).

A variety of methods have been use to
determine sex in varanids (Pianka et al., 2004).
Adults of some species can be sexed ex situ by
the radiographic visualization of hemipenial
bones if present (Shea and Reddacliff, 1986), but
the absence of these bones does not always
guarantee a female, or small ossifications in
some females can be confused with hemipenial
bones. Fiberoptic laparoscopy (Davis and Phil-
lips, 1991) and coelioscopy (Schildger et al.,
1999) can be used for the sexing of individuals
of almost any age, however, logistical and
financial constraints generally prohibit these
techniques being readily available to research-
ers in the field. Adult males of many species in
the Odairiz subgenus can be identified by
scalation differences adjacent to the vent (G.
Husband pers. comm.; Gaulke, 1997), whereas
other species exhibit sexual dimorphism in
snout size (Bennett, 1998) and overall body size
(Shine, 1986; Auffenberg et al., 1991). Manual or
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auto-eversion of hemipenes (Auffenberg et al.,
1991; Thompson, 1992; Weavers, 1993; Thomp-
son et al, 1999) and probing of hemipenial
pockets (Auliya and Erdelen, 1999; Gaulke et al.,
1999) have also been used as sex determining
techniques although females of some species are
known to possess similarly eversible structures
(Bohme, 1991) and ‘conscious wild varanids
actively resist probing and attempts at manual
eversion (Gaulke, 1997). More recently, Mayes
et al. (2005) used a combination of hemipene
eversion and sex hormone ratios with consider-
able success. However, the cost and effort
associated with the hormonal analysis excludes
it as a useful tool in the field.

Although there are numerous techniques for
determining varanid sex, they all have pitfalls.
After reviewing these techniques, Gaulke (1997)
cautioned that no field methods of sex de-
termination in varanids is completely reliable,
including behavioral observations such as com-
bat (once presumed to be only males) and the
visiting of egg-laying sites following egg de-
position. Importantly, the uncertainty inherent
in estimating a varanids’ sex in the field is not
amenable to direct quantification, and as such,
an unmeasured yet implicit level of uncertainty
is always carried forward into further analyses
but hitherto never accounted for. This may be at
least part of the reason why past attempts at
determining sex with statistical methods have
met with mixed success.

Thompson (2002) determined that body-
length to head-length ratios could not be used
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to determine sex in many species of the Varanus
subgenus but could be useful (when combined
with other methods) in assessing sex in some
members of the Odatria. Exploratory analyses
(using stepwise discriminant analysis) of vari-
ous morphological characters in Australian
varanids (of known sex) using museum
specimens suggested that morphological char-
acters could be used to predict sex in 10 of
the 18 Australian varanid species they studied

(Thompson and Withers, 1997). However, they -

found no single morphological variable or suite
of variables that could discriminate reliably
between sexes for this genus.

The aim of this paper is to build on the
exploratory analysis of Thompson and Withers
(1997) by examining the morphometric vari-
ables they noted for sex prediction (among
others derived from the literature and other
fieldworkers) for six species of varanid from the
tropical north of Australia, using the largest
dataset yet assembled for these species. Because
exploratory analysis lacks any basis for strong

- inference, we used an Information-Theoretic
framework (Burnham and Anderson, 2001) with

the goal of developing a suite of morphological
variables that can be measured in the field and
used to predict sex with a known level of
reliability.

MATERIALS AND METHODS
A review of the relevant literature and

, conversations with many varanid field biolo-

gists and captive breeders was carried out to
generate a suite of morphological variables most
likely to enable the determination of sex (Fig. 1).
The only variables chosen were those that were
unlikely to change following preservation of
specimens. These morphological variables were
measured in six species of varanids from the
Museum of the Northern Territory, the Queens-
land Museum and the Western Australian

Measurements Key

HL  Head Length

HW  Head Width

HH  Head Reight

FL  Fore Limb Length

UFL  Upper Fore Limb Length
LFL  Lower Fore Limb Length
HL  Hind Limb Length

UHL  Upper Hind fimb Length
LHL  Lower Hind Limb Length
TA  Thorax-abdomen Length
TL  Tail Length

SVL  Snout Vem Length
TOTL Total Length (SVL + TL)

Fic. 1. Morphometric measurements used in
model construction.

Museum (Table 1). Measurements were made
to = 1 mm with the body of each specimen
placed in the approximate position shown in
Figure 1. For some specimens, where the end of
the tail had obviously broken off, the tail
measurement was not used. The actual sex of
each individual was determined by visual
inspection of the gonads.

Model Development.—Following the recom-
mendations of Burnham and Anderson (2002),
multiple working hypotheses were developed

Taste 1. Number of specimens examined, mean snout-vent lengths (SVL) * SE and subgeneric classification

for six species of varanid measured.

Species Subgenus Sex N SVL
V. gouldii Varanus M 96 310.90 = 0.98
F 59 267.46 = 1.16
V. mertensi -~ Varanus M 30 348.03 * 3.56
: F 21 34738 x 2.74
V. panoptes Varanus M 22 315.55 = 6.92
F 11 324.00 = 7.24
V. eremius Odatria M 40 148.43 = 0.43
. . F 23 134.04 = 1.06
V. glebopalma Odatria M 24 313.79 £ 1.53
) . F 7 251.71 = 3.86
V. mitchelli Odatria M 25 206.04 = 2.31
F 19 214.58 * 1.59
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TabLE 2. Explanation of all derived parameters used in model construction.

Parameter Derivation Explanation

HeadL HL/SVL . Head length divided by SVL

HeadW HW/SVL Head width divided by SVL

HeadH HH/SVL . Head height divided by SVL

AVL ) ((PL'2+HL~2g/ 4)/SVL Average length of all limbs divided by SVL

HV 648.05-exp 0009 SVL) The relationship between head volume {(Head Width - Head
: Length + Head Height)/2) and SVL

HL_FL (HL/FL)/SVL (Hisn\(;lilimb length divided by forelimb length), all divided by

UpperFL UFL/SVL Upper forelimb length divided by SVL

UpperHL UHL/SVL Upper hind-limb length divided by SVL

Tail TL/SVL Tail length divided by SVL

Ta TA/SVL Thorax-abdomen length divided by SVL

LowerHL LHL/SVL Lower hind limb divided by SVL

UpperFL UFL/SVL Upper forelimb divided by SVL

LowerFL LFL/SVL Lower forelimb divided by SVL

a priori in an attempt to explain which
morphometric variables can best predict sex.
These hypotheses were based on a review of the
relevant literature, discussions with fellow
varanid biologists, and the authors’ experience.
Many parameters were derived from relation-
ships between morphometric variables (Ta-
ble 2), and then a set of models (incorporating
single derived variables, multiple variables or
combinations of variables, Table 3) was de-

veloped to represent each hypothesis. In addi-

tion, 4 further model was generated separately
for each species, incorporating the best sup-
ported parameters that Thompson and Withers

(1997) found to predict sex in varanids.

- Consistent with Bumham and Anderson
(2001), the number of models (R) compared to
sample size for each species was kept low R=
9 for all species except Varanus mitchell, where
R = 8, see Table3), by dismissing .some
hypotheses suspected to be unrealistic or un-
informative for this dataset on a priori grounds.
For example, many museum specimens had
broken tails; therefore, the hypothesis that
males have longer tails in some species (Gaulke,
1997; Shine et al., 1998a) could not be examined.
Because very large adults of many species can
be recognised as males (Shine, 1986), the
question of whether the sex of individuals of
similar size can be discerned by morphometrics

is more interesting and applicable to field"

researchers; therefore, the hypothesis of total
size was also excluded. Because the candidate
set for each species had one model that differed
from the other species, the resultant global
models (which incorporate all parameters in
every model) were correspondingly different. A
null ‘model (where no morphological variable
can predict sex, with the prediction based
simply on the observed proportion of male:fe-

male) was also incorporated into each candidate
set, because this is another plausible hypothesis.

Model Fitting—Each model in the candidate
set was analyzed as a binomial generalized
linear model with a logit link function using sex
as the response variable, in the program R (vers,
19.0, R Development Core Team, Vienna,
Austria, 2004). Generalized linear models were
fit firstly to the entire dataset of each species.
Then where sample size allowed, datasets were
split into mature individuals (based on size at
known maturity from the literature) and the
same models were refit to each of the adult
subset and the juvenile subset where sample
sizes allowed (N > 20).

Model Selection.—Model selection was per-
formed using Information-Theoretic model se-
lection methods based on Akaike’s Information
Criterion (AIC, Burnham and Anderson, 2002).
This procedure uses Kullback-Leibler informa-
tion as an objective basis for selecting the model
that explains the most substantial proportion of
variance in the data yet excludes unnecessary
parameters that cannot be justified by the data
(the most “‘parsimonious model,” sensu Burn-
ham and Anderson, 2002). Because the ratio of
sample size to parameters was always low, the
second-order bias corrected form AICc was
used as the basis for model selection (Burnham
and Anderson, 2002). These AICc values were
then rescaled as simple differences (4A;) allowing
a quick comparison for the ranking of candidate
models (Burnham and Anderson 2001). Akaike
weights (w;) were calculated for each species’
candidate set of models, thus providing a mea-
sure of the relative likelihcod of each model,
given each dataset and each candidate set..
Models were deemed to have substantial
support if 4; fell within 1-2 of the best model
(Burnham and Anderson, 2001).
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TasLe 3. Candidate model sets for predicting the sex of each species, the hypothesis examined under each
model and references concerning sexual dimorphism in varanids leading to each.model. The first seven models
were used for every species. An eighth model for each species was developed, incorporating parameters
suggested by Thompson and Withers (1997). Therefore, the global models are model nine (below) with the
addition of the new terms included in model eight for that species. Varanus mitchelli had no new parameters

added; therefore, its global model is model eight.

No. . Model Hypothesis Reference
1 HL Hind-limb length varies in relation to Gaulke (1997)
body size (SVL) between sexes
2 HeadW Head width varies in relation to body This study
size (SVL) between sexes
3 AVL Average limb length varies in relation Gaulke (1997)
to body size (SVL) between sexes
4 HeadV Head volume varies in relation to Bennett (1998)
: bedy size (SVL) between sexes Thompson (2002)
5 HeadV + AVL A combination of average limb length Gaulke (1997) and this
and head volume vary in relation to study
body size (SVL) between sexes
6 HL_FL A ratio of hind-limb length to forelimb Gaulke (1997)
' length, varies in relation to body
size (SVL) between sexes .
7 ~1 null model: no paraimeters measured are able to predict sex

V. glebopalma
8 UpperFL + UpperHL + Tail

A combination of upper forelimb
length, vary in relation to body

Thompson and
Withers (1997)

size (SVL) between sexes

V. gouldii
8 UpperHL + HeadH

A combination of upper hind-limb length ”
and head height, all vary in relation to

body size (SVL) between sexes

A combination of thorax abdomen length, o

lower hind-limb length and tail
length , all vary in relation to body
size (SVL) between sexes

V. mertensi

8 Ta + LowerHL + Tail
V. eremius

8 UpperFL
V. punoﬁtes

8 LowerHL + LowerFL +UpperFL

Upper forelimb length varies in relation to ”
body size (SVL) between sexes’

A combination of upper hind-limb length, ' "

lower forelimb length and upper
forelimb length, all vary in relation to
body size (SVL) between sexes

9 HeadL + AVL + HeadV
+ HeadW + HL_FL

Global model: all parameters together
predict sex. *plus additional parameters

in model 8 (above) for
each species

To examine the utility of each model as
a predictive tool, the K-fold cross-validation
prediction error (Blum et al., 1999) was estimat-
ed for all models in each candidate set with
a substantial level of support. In this procedure
the data are divided randomly into K-groups.
For each group the generalized linear model is
fit to data omitting that group and the pre-
diction error (interpreted as percentages) asso-
ciated with predicting the observed responses
(i.e., those left out of the fitting) in each group
from the mode! fit, is generated. In this case,
leave-one-out cross-validation was used (where
K = the number of individuals), allowing all

possible splits of the data to be examined. These
values were then expressed as levels of pre-
diction reliability (1-prediction error).
Characteristic Body Size—Kratochvil et al.
(2003) recommend cautious inspection of body
scaling parameters before analyses and inter-
pretations of sexual dimorphism are made.
Therefore, to establish which of three highly
correlated variables best characterized the
“body size” of a varanid (for use in model
development), snout-vent length (SVL), total
length (TOTL) and thorax-abdomen length
(TA) were fit as generalized linear models (with
sex as the response variable) separately across
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TabLE 4. Summary of second-order Akaike’s information criterion (AICc) and associated statistics for all
candidate models for the analysis of sex prediction in the adult and juvenile Varanus gouldii subsets. All models
are ranked according to support, thus 4; = 0 for the best model. Akaike weights (w;) and the leave-one-out cross-
validation prediction reliability for all models with substantial support (A; =2) are also shown. Only models
displaying a reasonable level of support (A;<10) are shown.

Model log(L) K  AC A w; cv. reliability (%)
Adults (N = 83)

global —20.7914 6 54,1503 0.0000 ' 0.9093 84

Hv —-26.7820 3 59.7228 5.5725 0.0561

AVL + HV . 263263 4 60.9192 6.7689 0.0308
Juveniles (N =69)

global —33.7063 6 79.9801 0.0000 0.4010 - 71

HV —36.9545 3 80.0680 0.0879 0.3838 67

AVL + HV —36.7216 4 81.7098 1.7297 0.1689 67

HLFL —39.5729 3 85.3047 5.3246 0.0280

all species. All three models had substantial
support, all having A; within 1-2 of the best
model. Therefore, they could not be discerned
from one another (Burnham and Anderson,
2001). SVL is the most widely used in the
literature (Wikelski et al., 1997; Shine et al., 2001;
Webb et al., 2001; Perry and Garland, 2002) and
was, therefore, chosen as the characteristic body
size determinant.

Many physiological variables do not covary
in a linear fashion with body mass, and the
intercept of the regression line between them
does not go through zero (Packard and Board-
man, 1999). To examine this potential bias in our
data, we plotted all variables used against SVL
and fit each intercept through zero. All variables

had r*-values of over 0.8, with the only.

exception being the variable Head Volume
(;V) that was shown to vary exponentially
with SVL. Therefore, each equation for this
relationship was incorporated into all models
containing the HV parameter.

ResuLTs

Combined Adult and Juvenile Varanids—For
three of the six monitors studied (Varanus
panoptes, V., mitchelli, and Varanus mertensi), the
most parsimonious model selected in each

candidate set was the null model, indicating -

that none of those models examined was able to
predict varanid sex substantially better than
chance. All candidate sets that ranked the null
as the most likely mode] also ranked models
containing head variable parameters with sub-
stantial support. Among the most supported
models in most other species, various head
variables, either solely or (less often) in combi-
nation with limb length parameters, were more
prevalent in higher ranked models than models
containing limb length parameters only. For
Varanus eremius, the mode] containing the single

. variable HL_FL was clearly the most supported

in the candidate set, explaining 61.5% of the
total variance. The cross-validation prediction
reliability, however, was 63%, indicating that
using this parameter alone to determine sex is
again not much better than chance (50:50%).

The model set for Varanus gouldii contained
three models that were ranked with substantial
support. None of the models could be easily
distinguished from each other, as indicated by
the Akaike weights (Burnham and Anderson,
2002). The resultant cross-validation prediction
reliability across the three best ranked models
(mean = 57% = 0.05 SD) indicated that these
parameters are of little use for determining sex
in this species. Varanus glebopalma was the only
species for which a model or combination of
other parameters (HV and AVL + HV) were the
best supported models. The global model fit for
this species was 58%, and the resultant cross- -
validation prediction reliability estimations av-
eraged 82%.

Adult Varanids.—For two of the three species
where sample sizes of adults were large enough
for analysis (V. mertensi and V. mitchelli), two
closely ranked best models both contained
elements of head and limb variables, suggesting
that the morphological differences between
males and females in these species is either
very slight or is associated with a change in
overall allometry, rather than one single attri-
bute.

The global model for adult V. gouldii was
ranked as the best model, because it was 18
times better than the next best model in the
candidate set {(based on their evidence ratios,
Anderson and Burnham, 2002). Cross-valida-
tion prediction reliability was very high (84%),
indicating that the global model for this species
could prove useful for predicting sex in adults
(Table 4). Standardized regression coefficients
{as used by Conroy and Brook, 2003) for the
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global model showed that the head volume
parameter (HV) accounted for three times the
variation of the other parameters. :

Juveniles—Only three species had sufficient
sample size (N > 20) of juveniles for this
analysis. In juvenile V. panoptes, the null model
could not be discerned from the other highest
ranked models model set, indicating that no
model could be used to predict sex. The V.
mitchelli juvenile dataset had HL_FL ranked as
the best model, and its evidence ratio indicated
it was 3.4 times better than the next best model.
The V. mitchelli global model explained 41% of
the total variation and the cross-validation
prediction reliability for this model was 70%.
This model is potentially a useful tool for sexing
V. mitchelli. The three best ranked models for
sexing juvenile V. gouldii were the same best
ranked models in the adult and all individuals-
combined datasets. The average cross-valida-
tion prediction reliability for these models
within the juvenile subset was 68.4%.

Previous Hypotheses.—Across all species, in all
of the expanded data sets and adult subsets,
none of the models predicted by Thompson and

" Withers (1997) were ranked within A; = 1-2 of
the best model, and only 5.6% of the time, they
were ranked amongst those models with a rea-
sonable level of support (A; < 10).

Sex Prediction in Varanus gouldii.—Because
the V. gouldii dataset was the largest (N = 155)
and the resultant global models for the adult
subset had a reascnable level of explained
deviance (64%) and high cross-validation pre-
diction reliability (84%), equations were derived
from the global models to predict sex in this
species. Male and female V. gouldii appear to
mature at different sizes (Shine, 1986); therefore,
the utility ‘of the following equation is only
practical when applied to specimens larger than
the size at maturity for males. To solve for sex
(male; y > 0.5 < y; fernale) in an adult (SVL >
320 mm), V. gouldii with 84% reliability:

1
Y = T - (ModeD

where model = 14.9 + (1 - AVL) + (0.0037 - HV)
+ (51259 - HL_FL) + (11.34 - UpperHL), the
terms AVL, HL_FL, and UpperHL are as de-
fined in Table 2 and HV = 648.05 - exp©@%% *SVL),
To solve for sex (y) in a juvenile (SVL <
280 mm) V. gouldii with 71% reliability:

1
Y = T~ ode)

where, model = —6.9 + (19.3 - AVL) + (0.00557 -
HV) + (325 - HL_FL) - (35.7 - UpperHL), the

J. G. SMITH ET AL.

terms AVL, HL_FL and UpperHL are as defined
in Table 2 and HV = 648.05 - exp(®00%3 - SVL),

Discussion

Sexual dimorphism is common in lizard
species (Olsson et al, 2002), with the most
consistently dimorphic traits being head size
(males having larger heads) and trunk length
(the distance between the front and hind legs) is
greater in females. Our analysis also suggests
that numerous head variables (principally head
volume) and (to a lesser extent) scaling of limb
proportions can also be important diagnostic
features for sex prediction in some species of
varanids. Bennett (1998) stated that male Var-
anus salvadorii and Varanus albigularis develop
bulbous snouts with extreme old age. Investi-
gation of sexually mature. individuals of these
and other species may show similar head
volume dissimilarities.

Although sexual dimorphism has been re-
corded among neonate snakes (King et al,
1999), allometric sexual dimorphism may not
be present in varanids until maturation. In this
analysis, the candidate sets fit to adult varanids
showed a higher proportion of models that
could be discerned from the rull models and
higher levels of explained deviance. However,
the degree of precision by which these param-
eters can be used to determine sex, based on our
cross-validation assessment, was in most cases
not high enough to warrant their use as a pre-
dictive tool.

The most effective sex prediction tool was
developed for V. gouldii, where the global model
for adult monitors, which combined several
head and limb proportion variables, was able to
predict sex with a reasonably high level of
accuracy. Given that sex prediction in V. gouldii
appears much more reliable than in other
species, with higher levels of variation ex-
plained by the global model and high percent-
age of correct predictions, it is possible that
either V. gouldii is more sexually dimorphic than
other species or higher sample sizes may be
required for effective sex prediction models to
be developed for other species.

None of the models that Thompson and
Withers (1997) found to be significant using
null hypothesis testing were well supported for
any of the species we analyzed. This striking
difference between the results of the two studies
highlights the limitations of the null hypothesis
approach and shows, as suggested by Anderson
and Bumham (2002), how exploratory analysis
can sometimes produce spurious results. Clear-
ly, although data-driven methods can be useful
in the early stages of analysis, we now have the
benefit of more objective techniques, such as the
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Information-Theoretic paradigm (Burnham and
Anderson, 2002), which allow more powerful
inferences to be made:

Varanid lizards probably recognize the sex of
conspecifics using behavioral cues and pher-
omones. Because varanids can be extremely shy
animals, behavioural observation studies can be
very labor- and time-intensive, and discerning
sex by behavioral observation is not possible for
most research- projects unless definite mating/
copulatory behavior is observed (e.g., King and
Green, 1979; Auffenberg, 1981; Carter, 1990;
McCoid and Hensley, 1991). Long-term studies
of varanids could take advantage of the olfac-
tory sensitivity of a dog trained in recognizing
different sexes of a certain species by their odor.
Other predictive techniques that have been
suggested by various authors, such as exami-
nation of scale rosettes cranial to the vent in
males (Auffenberg, 1981) and more prominent
skin flaps and scale micropores (S. Sweet, pers
comm.; Gaulke, 1997), should be investigated in
more detail for Australian varanids.

The most reliable (albeit expensive and time-
consuming) method of sexing monitor lizards is
by direct examination of the gonads (e.g.
Schildger et al, 1999). However for the field
biologist, sex-specific DNA probes, requiring
a blood sample to be taken from each in-
dividual, would probably be less costly, both
economically and logistically. There is currently
such a probe available for Varanus komodoensis
(Murphy et al., 2002) and Varanus rosenbergii (W.
Smith, pers. comm.); but further work needs to
“be done before it is available for other species.

Creating larger datasets of the morphometrics
of other species and analyzing them using an
a priori multiple working hypothesis approach
could provide more useful sex prediction
models. When used in conjunction with other

methods, these models will help to expand the -
capabilities of researchers and others to predict -

the sex of varanids in the field, quickly, in-
expensively, and with a known level of un-
certainty that can be appropriately propagated
in further statistical analyses.
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