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time, and temperature have accumulated over
the last 20 years, with much information coming
from captive-bred animals. Useful interspeci®c
summaries of available ®eld data are provided
by James et al. (1992) and Pianka (1994). Horn
and Visser (1989, 1997) summarize data onVar-
anus reproduction in captivity.

MATERIALS AND METHODS

Considerable confusion exists over nomencla-
ture for some species (e.g.,gouldii-panoptes), and
future taxonomic revisions will probably divide
several existing species into more species (e.g.,
V. albigularis, V. exanthematicus, V. gouldii, V. pan-
optes, V. scalaris, V. tristis,and V. varius; King and
Green, 1999). We use Storr's (1980) nomencla-
ture for gouldii and panoptes. Although it might
be desirable to analyze reproductive data at the
subspecies level to minimize potential errors,
subspecies have been grouped and dealt with at
species level because most literature data do not
indicate subspecies or speci®c capture location
of specimens, precluding any subspeci®c assign-
ment.

Adult size.ÐBased on an examination of vivipa-
rous and oviparous Lerista bougainvillii, Qualls
and Shine (1995) report reproductive output in
lizards is in¯uenced by maternal body volume.
Data on maternal body volume for Varanusare
not available. Abdomen length would be next
most useful measure because it is likely to be
directly proportional to body volume. However,
these data are also unavailable for most species.
Presuming abdominal length is strongly posi-
tively correlated with SVL, SVL is the next best
measure. For this analysis, we presume thatVar-
anus abdomens (and thus body volumes) are
similar in shape (Thompson and Withers,
1997), making body volume proportional to
body length. Maternal SVL measurements are
not available for most literature data on egg
mass, clutch size and neonate size. Total length
(TL) is not a good measure of body size because
it includes tail length, and ends of tails are often
missing (Thompson and Withers, 1997). An al-
ternative measure of size is body mass. Body
mass is excluded as a suitable measure of size
because it depends on an animal's condition
and reproductive status at the time of measure-
ment and, again, is not available for most data
on Varanusreproductive output. Therefore, we
selected maximum reported SVL for each spe-
cies as the measure of ``size'' for each species
in our allometric analyses. Varanids are gener-
ally sexually dimorphic, with males growing
larger than females (unpubl. reanalyses of data

reported in Thompson and Withers, 1997), but,
in the absence of maternal body volumes, body
length, and maternal SVL data for most species
for which we have accumulated reproductive
output data, maximum SVL for the species is
the best alternative. Greer (1989) lists SVLmax

for 24 species of Australian varanids and
Thompson and Withers (1997) provide SVLmax

for 18 species of Western Australian varanids.
Data from these two lists form the basis for the
SVLmax of Varanus species studied here. Data
from Auffenberg (1981, 1988, 1994), Branch
(1991), Horn and Visser (1991), and personal
records were used to supplement these records.
Where SVLmax for a species was not available, it
is estimated from the interspeci®c regression
equation of total length (TL) with SVL [SVL max

5 0.0187 (SE6 0.0198) 1 0.328 (SE6 0.0173)
TL (m) ( r2 5 0.94, P , 0.001)] based on the
maximum TL reported for the species by De
Lisle (1996) and the longest SVL from either
Greer (1989) or Thompson and Withers (1997;
Appendix).

Data sources.ÐData come from two primary
sources; captive bred varanids and ®eld obser-
vations (wild-caught specimens). These data are
not always comparable, but data from ®eld ob-
servations remain scarce or nonexistent for
many species. Where possible, data from wild-
caught and captive-bred records are analyzed
separately to enable comparisons. Because few
data are available for neonate mass, SVL, and
TL for wild-caught specimens, the mean of the
combined wild-caught and captive-bred data are
presented and used in subsequent analyses. Lit-
erature data are often presented in summarized
form so that individual egg or clutch mass,
clutch size, or neonate size for speci®c maternal
specimens could not be determined. Grand
means for species are reported and used in all
regression equations for individual egg mass,
clutch size and mass, neonate mass, SVL, and
TL. Clutch mass was estimated by multiplying
mean egg mass by mean clutch size for each
species.

Temperature is a major determinant of in-
cubation period (Van Damme et al., 1992; Phil-
lips and Packard, 1994). Incubation tempera-
ture among species bred in captivity ranged
from 26±33 C, except for a single record for V.
brevicauda(Schmida, 1974) deleted from our
analyses. When a range of temperatures is re-
ported for incubation, we used the midpoint.
To facilitate comparisons, all incubation tem-
peratures were adjusted to 30 C. To do this, in-
cubation periods for V. albigularisare combined
for three different water potentials ( 2150,
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2550, 21100 kPa) at each temperature (27, 29,
and 31 C) as provided by Phillips and Packard
(1994) and the regression equation for the
curved line of best ®t through these data cal-
culated. Q10-values between 27 and 30 C and 30
and 33 C were calculated (0.48 and 0.77, re-
spectively) and used to adjust all incubation pe-
riods to the same standard temperature of 30 C.

Intraspeci®c relationships between clutch size
and maternal SVL were determined from ®eld
data for V. brevicauda, V. caudolineatus, V. eremius,
V. gouldii,and V. tristiscollected from live West-
ern Australian varanids captured over the last
33 years (Pianka, 1994; supplemented with data
collected more recently). Other data were ac-
quired for V. spencerifrom Pengilley (1981:®g.
2), for V. olivaceusfrom Auffenberg (1988:®g
8.3), for V. albigularis from Branch (1991:®g.
11), and for V. salvatorfrom Shine et al. (1998).
Egg and clutch volumes for wild-caught V. brev-
icauda, V. eremius, V. tristis,and V. gouldii were
determined by volumetric displacement in grad-
uated cylinders.

Intraspeci®c analyses of clutch mass, clutch
size, and neonate size are undertaken forV. mer-
tensi. These data were provided by B. Eiden-
muÈller (pers. comm.) and EidenmuÈller and
Wicker (1995) from a single pair of V. mertensi.
This analysis provides an indication of variability
among clutch and neonate sizes for captive-bred
varanids.

Statistical analyses.ÐAll data were logarithmically
transformed to the base 10. Regression analyses
are strictly valid only if variance in Y is indepen-
dent of X and if the independent variable has
no measurement error. The X variate is likely
to contain errors because SVLmax for adult var-
anids has in a number of circumstances been
estimated from an interspeci®c regression equa-
tion of the relationship between SVL and total
length and from data accumulated in museums.
Measurement of SVL in live and dead speci-
mens is also subject to minor variation depend-
ing on the extent to which the specimen shrunk
following preservation or was ``stretched'' dur-
ing measurement. Length and mass of neonates
have also been used as independent variables to
predict incubation period and these variables
may also contain measurement error for the
same reasons. Zar (1984) suggests that errors in
X variates are often impossible to eliminate in
biology. Major axis and reduced major axis anal-
yses can reduce error in both variates, although
differences between the three models are small
when the coef®cient of determination is greater
than 0.9 (Harvey and Pagel, 1991). Harvey and
Pagel (1991) indicate that reduced major axis

technique can yield nonsensical results, because
it does not use any information about the co-
variance between the Y and X variates, and as a
consequence recommend against its use, al-
though Christian and Garland (1996) report
major axis exponents in conjunction with linear
regression size exponents. All other studies cit-
ed for comparative purposes (Blueweiss et al.,
1978; Ford and Seigel 1989; James et al., 1992)
used least-squares regression. Therefore, we use
least-squares regression in all data analyses and
comparisons. However, slopes for major axis
and reduced major axis analyses are included in
tables should readers wish to access these data.
Statistical con®dence limits ofP , 0.05 are used
in all analyses.

Linear regression to determine allometric re-
lationships assumes that data points are inde-
pendent. For data examined here, species
means cannot be assumed to be independent
because they have evolved as part of a hierar-
chical phylogeny. Felsenstein's (1985) method
of phylogenetically independent contrasts is of-
ten used in analysis of such datasets to control
for phylogenetic relatedness (Harvey and Pagel,
1991; Christian and Garland, 1996). The Var-
anus phylogeny is not completely resolved and
phylogenetic branch lengths are largely un-
known even for reported phylogenies (Baver-
stock et al., 1993; Fuller et al., 1998). We use
the phylogeny for Varanidae reported by Fuller
et al. (1998), with branch lengths taken from
measurements from their ®gure 4 (D. King,
pers. comm., indicated branch lengths shown
are indicative of those calculated from the anal-
ysis). This phylogeny is supplemented with ad-
ditional species from the phylogenetic infor-
mation reported by Baverstock et al. (1993) and
branch lengths for these data reported in Chris-
tian and Garland (1996). Speci®cally, we have
placed into the proposed phylogeny of Fuller et
al. (1998) and estimated relative branch lengths
for V. storri, V. semiremex, V. glebopalma, V. gilleni,
V. spenceri, V. rosenbergi, V. panoptes,and V. indicus
from Christian and Garland (1996) and V. ¯a-
vescensand V. griseusfrom Baverstock et al.
(1993). We added V. caudolineatuson the bases
of its morphological similarity with V. gilleniand
its distribution. The phylogeny used is shown in
Figure 1. Where a datum for a variable was un-
available for a particular species that branch was
deleted from the phylogeny and from the anal-
ysis. Scaling exponents were estimated using
phylogenetically independent contrasts calculat-
ed by the PDTREE computer program (vers.
5.0) described in Garland et al. (1993).
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Fig. 1. Phylogeny and branch lengths forVaranus
used in the phylogenetic analysis. See text for data
sources.

TABLE 1. THE RELATIONSHIP BETWEEN INCUBATION PERIOD AT 30 C AND NEONATE SVL (m), N EONATE TL (m),
NEONATE BODY MASS(g), M AXIMUM ADULT SVL (m) AND INDIVIDUAL EGG MASS(g).

Variables a 6 SE b 6 SE MA RMA Fdf P r2 n

log10 individual egg mass (g)
log10 neonate body mass (g)
log10 neonate SVL (m)
log10 neonate TL (m)
log10 SVLmax (m)

1.97 (6 0.100)
1.89 (6 0.040)
0.75 (6 0.293)
0.61 (6 0.243)
2.31 (6 0.035)

0.18 (6 0.071)
0.25 (6 0.034)
0.71 (6 0.150)
0.67 (6 0.104)
0.37 (6 0.074)

0.19
0.25
0.94
0.78
0.42

0.31
0.28
0.96
0.81
0.52

6.321,13

52.501,17

22.811,18

41.021,20

25.751,23

,0.05
,0.01
,0.01
,0.01
,0.01

0.33
0.75
0.56
0.67
0.53

15
19
20
22
25

Values are from the regression equation log10 incubation time at 30 C (days) 5 a 1 b log10 X, 6 1 SE, and the slopes of the major axis (MA) and
reduced major axis (RMA) regression equations.

RESULTS

Incubation period.ÐIncubation times (standard-
ized to 30 C) varied widely among species (see
Appendix) and are signi®cantly and positively
correlated with SVLmax ( r2 5 0.53), individual
egg mass (r2 5 0.33), neonate SVL (r2 5 0.56),
and neonate body mass (r2 5 0.75); with re-
gression equations shown in Table 1. Slopes of
regressions to predict incubation time from the
equation log10 incubation time at 30 C (days) 5
a 1 b log10 X are as follows: egg mass 0.18, ne-
onate body mass 0.25, neonate SVL 0.71, neo-
nate TL 0.67, and SVLmax 0.37 (Table 1). With
phylogenetic effects removed, slopes of regres-

sions on SVL are as follows: egg mass 0.13, ne-
onate body mass 0.24, neonate SVL 0.47, neo-
nate TL 0.57, and SVLmax 0.37 (Table 2). Slopes
of phylogenetically corrected and noncorrected
regression equations cannot be evaluated for
statistical differences because the PDTREE pro-
gram forces the regression line through the or-
igin. Inspection of slopes and standard errors
for phylogenetically corrected and noncorrect-
ed exponents suggests that removal of phylo-
genetic effects has little impact on log10-trans-
formed predictors of incubation time. Correla-
tion coef®cients are, however, lower for phylo-
genetically corrected data, implying that there
is some phylogenetic effect.

Egg mass.ÐIndividual egg mass is positively cor-
related (r2 5 0.78, P , 0.05) with SVLmax (Table
3). The slope of the regression of egg mass on
SVLmax is 1.51. Mean volume of oviductal eggs
for V. brevicauda, V. eremius, V. tristis,and V. goul-
dii are 0.92cc (n 5 2), 1.94cc (n 5 3), 3.45cc (n
5 11, SE6 0.176), and 7.21cc (n 5 3), respec-
tively. The slope of the regression of individual
oviductal egg volume on maternal body mass
(based on species means) is 0.51, and the slope
of the regression of individual oviductal egg vol-
ume on maternal SVL is 1.56, indicating that
oviductal egg volumes decrease proportionally
as species maternal mass increases (but the pro-
portional individual oviductal egg volume in-
creases with increases in species maternal SVL).
When phylogenetic effects are removed, the
correlation between SVLmax and egg mass is re-
duced from r2 of 0.78 to 0.43, and the slope of
regressions on SVLmax is reduced from 1.51 to
1.17 (Table 4), suggesting that phylogeny is cor-
related with either the dependent or indepen-
dent variable or both.

Neonate size.ÐMean neonate mass and SVL as
well as individual egg mass for each species are
strongly and signi®cantly positively correlated
(neonate body mass with neonate SVL,r2 5
0.90,P , 0.01; neonate body mass with egg mass
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TABLE 2. THE RELATIONSHIP BETWEEN INCUBATION PERIOD AT 30 C AND NEONATE SVL (m), N EONATE BODY

MASS (g), M AXIMUM ADULT SVL (m) AND INDIVIDUAL EGG MASS (g) U SING PHYLOGENETICALLY INDEPENDENT

CONSTRASTS.

Variables b 6 SE MA RMA Fdf P r2 n

log10 individual egg mass (g)
log10 neonate body mass (g)
log10 neonate SVL (m)
log10 neonate TL (m)
log10 SVLmax (m)

0.12 (6 0.085)
0.24 (6 0.045)
0.47 (6 0.251)
0.57 (6 0.179)
0.37 (6 0.099)

0.11
0.25
1.11
0.85
0.44

0.31
0.29
1.05
0.90
0.56

1.512

28.813

3.514

10.215

13.718

ns
,0.01

ns
,0.05
,0.01

0.11
0.68
0.20
0.41
0.43

13
14
15
16
19

Values are from the regression equation log10 incubation time at 30 C (days) 5 a 1 b log10 X, 6 1 SE, and the slopes of the major axis (MA)
reduced major axis (RMA) regression equations.

r2 5 0.98, P , 0.01; neonate SVL with egg mass
r2 5 0.89, P , 0.01). Mean SVLmax for each spe-
cies is signi®cantly positively correlated with spe-
cies means for neonate mass (r2 5 0.85, P ,
0.01) and neonate SVL (r2 5 0.80, P , 0.01;
Table 3). Without removal of phylogenetic ef-
fects, slopes of regressions on SVLmax for neo-
nate body mass, SVL and TL are 1.57, 0.50 and
0.51, respectively. Neonates of larger species are
longer in absolute size (SVL), however, as a pro-
portion of maximum adult size, neonates of
smaller species are proportionately larger than
those of larger species. Neonates of larger spe-
cies are proportionately heavier than those of
smaller species. With phylogenetic effects re-
moved, slopes of regressions on SVLmax of neo-
nate body mass, SVL and TL are 1.66, 0.55, and
0.60, respectively. These values as well as corre-
lation coef®cients are similar to those when ef-
fects of phylogenetic relatedness are not re-
moved (Tables 3±4).

Clutch size.ÐClutch size varies widely among
species (Appendix 1). Interspeci®c relation-
ships between means of clutch size and means
for maternal SVL for nine wild-caught species
(V. albigularis, V. brevicauda, V. caudolineatus, V.
eremius, V. gouldii, V. olivaceus, V. salvator, V. spen-
ceri, V. tristis) is best expressed by the signi®cant
log-log regression equation log10 clutch size 5
21.58 (SE 6 0.400) 1 log10 1.05 (SE 6 0.164)
SVL (mm)( F1,8 5 40.66, P , 0.001, r2 5 0.85).
When phylogenetically corrected, the regres-
sion equation for the same data is log10 clutch
size5 0 (se 6 0.00) 1 log10 1.02 (SE6 0.384)
SVL (mm) ( F1,7 5 7.01, ns,r2 5 0.50). Although
slopes are similar, the noncorrected regression
equation is a better predictor of clutch size than
the phylogenetically corrected equation which
forces a zero intercept. SVLmax for all species is
signi®cantly positively correlated with species
means for both ®eld and captive bred clutch
sizes (r2 5 0.50; r2 5 0.57, respectively). Slopes
of regressions on SVLmax for clutch size for wild-

caught and captive bred specimens are 0.65 and
0.81, respectively. When phylogenetically cor-
rected, slopes are slightly lower at 0.58 and 0.76,
and correlation coef®cients are also lower (Ta-
bles 3±4).

Slopes of regressions on SVLmax for intraspe-
ci®c relationships for log10 clutch size varied sig-
ni®cantly among species (F8,156 5 3.5, P , 0.05;
Table 5). Shine and Greer (1991) argue that
variance in clutch size should be measured us-
ing the coef®cient of variation ( CV) instead of
the standard deviation. We calculatedCV from
®eld data for nine species. The positive corre-
lation ( r2 5 0.51, P 5 0.16) between mean SVL
for each species andCV for each species is not
statistically signi®cant (Table 5).

The common slope of intraspeci®c regres-
sions of clutch size on maternal SVL is 2.53. The
only signi®cant differences among the nine spe-
cies are betweenV. olivaceusand V. tristis, V. oli-
vaceus,and V. albigularis, and V. olivaceusand V.
eremius. The steep slope (6.11) for V. olivaceus
undoubtedly is responsible for these differences
(Table 5).

Slopes of regressions on SVL are generally
higher within species than between species, in-
dicating that maternal SVL in¯uences clutch
size more than SVLmax. Comparison of slopes of
ellipses estimated to enclose 95% of the distri-
bution of clutch sizes based on maternal SVL
with the interspeci®c regression line based on
all nine species highlights these differences
(Fig. 2). Slopes of regressions of clutch size on
maternal SVL are signi®cant for ®ve of the six
larger species:V. tristis, V. spenceri, V. albigularis,
V. olivaceus,and V. salvator. It is more dif®cult to
determine the relationship between clutch size
and maternal size for smaller species because of
limited variation in both clutch size and mater-
nal SVL (see Table 5).

Clutch mass.ÐClutch mass is signi®cantly corre-
lated with SVLmax for both wild-caught ( r2 5
0.81) and captive bred (r2 5 0.88) varanids.
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Slopes of regressions on SVLmax for clutch mass
are 2.1 and 2.4 for wild-caught and captive spec-
imens, respectively (Table 3). However, removal
of phylogenetic effects reduces these slopes to
1.4 and 1.7; correlation coef®cients for the phy-
logenetically corrected data are also lower (Ta-
ble 4). The slope of the regression of total ovi-
ductal clutch volume on maternal body size is
0.91, and the slope for total oviductal clutch vol-
ume on maternal SVL is 2.85, indicating that
total clutch volume decreases proportionately
with maternal mass, but total clutch volume in-
creases with increasing species SVL (Table 6).

Varanus mertensi.ÐData from a single pair of
captive V. mertensiprovide an indication of var-
iability in clutch, and neonate size and mass.
Standard error of the mean and CV are indica-
tions of variation in reproductive attributes.
Mean size for 19 clutches ofV. mertensiis 7.0 (SE
6 0.23,CV5 14.2%), mean individual egg mass
is 41.3 g (SE 6 1.61, n 5 15, CV 5 15.1%),
mean neonate body mass is 29.6 g (SE6 0.81,
n 5 14, CV 5 10.2%), mean neonate SVL is
125.2 mm (SE6 1.15, n 5 15, CV5 3.6%), and
mean TL is 180.2 mm (SE6 2.03, n 5 9, CV5
3.4%).

Figure 3 summarizes all the data that are ar-
ranged by probable geographically distinct
clades. This ®gure illustrates phylogenetic iner-
tia: close relatives tend to be more similar than
more distantly related pairs of species, as ex-
pected. Moreover, larger species have higher
values for all variates and smaller species tend
to have lower values.

DISCUSSION

Incubation period.ÐPhylogenetic and nonphylo-
genetic analyses indicate similar trends for the
relationship between incubation period with
egg and neonate mass and neonate size (Phil-
lips and Millar, 1998). Because individual egg
mass, neonate body mass, and neonate SVL are
signi®cantly correlated, all three are positively
correlated with incubation period. Larger eggs
take longer to hatch than smaller eggs, but the
allometric relationship is negative. For example,
the 3.1 g egg ofV. caudolineatus(max. body mass
24 g, max. SVL5 0.132 m) is predicted to take
113 days to hatch at 30 C, whereas the much
larger 132 g egg of V. komodoensis(max. body
mass 250 kg, max. SVL5 1.25 m) takes slightly
less than double the incubation period (220
days). This increase in incubation time for larg-
er species that produce larger eggs is also evi-
dent in Horn and Visser (1989, 1997).

Taking into account that specimens from low-
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er latitudes generally oviposit earlier than those
from higher latitudes (James et al., 1992) and
the onset of reproduction may vary with ambi-
ent temperatures (Thompson and Pianka,
1999), our data suggest a difference in incuba-
tion period between two Australian subgenera.
A number of the smaller Odatrian species [e.g.,
V. acanthurus, V. caudolineatus, V. brevicauda, V.
eremius, V. tristis(King and Rhodes, 1982; Pian-
ka, 1994; Thompson and Pianka, 1999)], and
perhaps all, from the semiarid and arid regions
of Australia, lay their eggs at the beginning of
the warmer months (James et al., 1992; Thomp-
son and Pianka, 1999). These eggs incubate
over summer and normally hatch toward the
end of summer. In contrast, the larger Varanus
subgenus species [e.g.,V. gouldii, V. rosenbergi, V.
varius, V. giganteus(King and Green, 1979; Pen-
gilley, 1981; Boylan, 1995; pers. obs.)] with lon-
ger incubation periods lay their eggs later in
summer and eggs incubate over remaining sum-
mer months through the much colder winter
period before hatching in late spring or sum-
mer. This difference in incubation period is ev-
ident in Figure 4, where the slope of the re-
gression for odatrians that lay eggs that hatch
in the consecutive spring to summer seasons is
much ¯atter than for larger species.

Egg and offspring size.ÐPhylogenetic and non-
phylogenetic analyses indicate similar trends for
the relationship between egg mass, clutch size
and mass, and neonate size and mass with max-
imum adult SVL (Tables 3±4). For egg (and ovi-
ductal eggs) and neonate body mass, the re-
gression slope on SVLmax is approximately 1.5±
1.6, whereas for neonate SVL and TL, slopes are
approximately 0.50. Regression slopes for neo-
nate SVL and neonate mass on SVLmax differ
appreciably, as might be expected because the
®rst is a linear-linear relationship and the sec-
ond is a linear-volume relationship. Larger var-
anids have proportionately heavier eggs, and
their neonates weigh more than for smaller spe-
cies. For example, the egg mass ofV. giganteus
(87.7 g) is approximately 28 times that of V. cau-
dolineatus(3.1 g), yet the maximum SVL of
adult V. giganteus(0.795 m) is only six times larg-
er than that of V. caudolineatus(0.132 m). Larg-
er species obviously can accommodate larger
eggs and more of them in their larger abdom-
inal volumes than can smaller species.

SVLs for neonates are considerably longer in
smaller species than for larger species. For ex-
ample, in neonate V. brevicaudaand V. storri
SVLs are between 36% and 39% of adult SVLs,
whereas neonates of larger species, for example,
V. albigularisand V. varius, are approximately
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only 13±17% of adult SVL. Why is this so? Op-
timal offspring size theory (Brockelman, 1975;
Pianka, 1976; Charnov and Downhower, 1995)
suggests a trade-off of offspring size against
clutch size. Most varanid neonates are insectiv-
orous or are general carnivores. A larger body
size and gape for smaller species may provide
them with a better opportunity to catch and de-
vour prey. For example, a 2-g neonateV. brevi-
cauda would have access to a larger range of
prey items than would a 1-g neonate because of
its body size and gape. This increased size in
neonates (and egg size) has possibly been trad-
ed-off against clutch size to increase the num-
ber of neonates that reach sexual maturity
(Madsen and Shine, 1996). For larger species,
neonate size is perhaps not as critical a survival
factor and species increase their ®tness by in-
creasing their clutch sizes. Proportionately larg-
er young for adults of small species is also evi-
dent among snakes (Fitch, 1970; Shine, 1978)
and other lizards (Andrews and Rand, 1974).

Clutch size and mass.ÐClutch size varies within
and among Varanus species (Fig. 2) although
this is not surprising because clutch size can
vary in lizards based on the availability of re-
sources during and just before the reproductive
period (Pianka, 1970; James and Whitford,
1994; Madsen and Shine, 1996). The lowCVs
for clutch size, egg and neonate mass, and ne-
onate size from 19 clutches from a single pair
of mature V. mertensisuggest that reproductive
output among speci®c individual varanids re-
mains relatively constant when maintained un-
der similar conditions. The relationship be-
tween SVLmax and clutch size (log-log) appears
to be generally linear for varanids although
clutch sizes of larger species are certainly more
variable than those of smaller species (Fig. 2).
In this regard, Varanusare similar to many other
lizardsÐlarger reptiles generally have more off-
spring (Congdon and Gibbons, 1985; Seigel and
Ford, 1987; Ford and Seigel, 1989).

Between species, the slope of the regression
of clutch size on maternal SVL for the nine
wild-caught varanid species is 1.05, and for var-
anids, using all available data, the allometric re-
lationship between clutch size and SVLmax is
negative (0.65±0.81). The allometric relation-
ship between SVLmax and clutch mass (2.1±2.4)
is positive, and for oviductal total egg volume,
it is 2.85 using wild-caught data. Volume of the
abdominal cavity is intuitively likely to in¯uence
clutch mass, a view supported by Qualls and
Shine (1995). Therefore, a positive allometric
relationship is expected because it is the rela-
tionship between the linear measure of SVL and
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Fig. 2. The relationship between maternal SVL and clutch size for wild-caught varanids. Clutch sizes are
for individuals of nine species of varanids, with the regression line and 95% con®dence limits drawn from
species means (circles), and with ellipses drawn for individual species 95% con®dence limits.

a volume determined measure of the combined
egg mass. A varanid's abdomen presumably ap-
proximates a cylinder, V 5 pr2 ´ h, where V is a
measure of abdominal body volume and h is a
measure of abdominal length. For all varanid
data, the slope of the regression of clutch mass
on SVLmax is 2.1 (wild-caught) or 2.4 (captive-
bred), suggesting that reproductive output is
determined by body volume, as suggested by
Qualls and Shine (1995).

Clutch size for V. gouldii does not appear to
conform to the pattern of increasing clutch size
corresponding with increases in maternal SVL
(Fig. 2, Table 5). Perhaps clutch size forV. goul-
dii is labile and determined more by fat supplies
than by female size, but why would this be the
situation for V. gouldiibut not for other species
of Varanus? If fat supplies or availability of re-
sources and body volume were two important
factors determining clutch size in varanids, this
might explain why the intraspeci®c slopes differ
from the interspeci®c slope of clutch size on
maternal SVL (Fig. 2). Another possibility is
that data for V. gouldii include several different
taxa (this ``species'' has a very extensive geo-
graphic range and may well be a composite of
several species).

Clutch sizes of smaller varanids are less vari-
able than those of larger species (Fig. 2, Table
1). For example, wild-caught V. brevicaudaand
V. caudolineatuslay clutches of only 2±3 and 3±
6 eggs (respectively) compared with clutches of
11±31 for V. spenceri, 6±51 for V. albigularis, and
5±50 for V. olivaceus. This pattern is similar to
Australian scincids described by Shine and
Greer (1991). Shine and Greer (1991) suggest-

ed low variance in clutch size for small species
could be a result of (1) substantial variation
around the optimum integer of clutch size is
often too small in absolute terms to increase
clutch size, (2) low variance in maternal body
size, and (3) small adult body size. Smaller spe-
cies produce relatively larger eggs and neonates,
and, relative to neonate size, adult body size is
less variable among small species as compared
to larger species. Hence, all three factors sug-
gested by Shine and Greer (1991) probably in-
¯uence low variability in clutch size for smaller
varanids.

Small clutches and low variability in maternal
body mass contribute to nonsigni®cant intraspe-
ci®c relationships between maternal SVL and
clutch size for smaller species. Slopes of regres-
sions of clutch size on SVL within species and
between the nine species (1.05) for which ®eld
data are presented (Fig. 2, Table 5) are not re-
lated in any obvious way. Slopes of intraspeci®c
plots are variable and generally considerably
steeper than in the interspeci®c plot. There-
fore, body size in¯uences clutch size within spe-
cies more than it does between species.

Pianka (1994) reported relative clutch masses
for V. brevicauda(16.7%), V. eremius(15.3%), V.
tristis (16.2%), and V. gouldii (13.9%) to be
smaller than those reported by Auffenberg
(1994) for the generally larger V. bengalensis
(21%), V. olivaceus(19%), V. komodoensis(19%),
and V. salvator(23%), which would indicate that
not only do larger varanids have proportionally
larger eggs they also invest proportionally more
in their clutches.
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Phylogenetic effects.ÐThe varanid phylogeny used
here remains incomplete. Some species are
missing and branch lengths are dubious. More-
over, recent authors disagree on phylogenetic
af®nities of some species (Fuller et al. 1998; Bav-
erstock et al. 1993). In addition, future system-
atic revision of this genus will doubtlessly sub-
divide some currently recognized species [e.g.,
V. albigularis, V. exanthematicus, V. gouldii, V. pan-
optes, V. scalaris, V. tristis,and V. varius(King and
Green, 1999)]. Under such circumstances,
where substantial change is likely in the primary
data used for phylogenetic reconstruction, con-
siderable caution must be exercized in inter-
preting results from any phylogenetic analyses.
In addition, slopes from phylogenetically cor-
rected regression equations where the intercept
is forced through the origin cannot be statisti-
cally evaluated against slopes of least squares lin-
ear regression equations. In the context of these
caveats, analyses of egg mass, neonate size, and
clutch mass and size with both incubation pe-
riod and SVLmax for Varanusprovide correlation
coef®cients for the phylogenetically corrected
data that are generally lower than for the non-
phylogenetically corrected data. These data sug-
gest that phylogeny is correlated with either the
dependent or independent variable or both.
The slopes of the regression lines for phyloge-
netically corrected and noncorrected data are
generally similar indicating that the in¯uence
of phylogeny on the general patterns is small.
This is con®rmed by an inspection of Figure 3.
In Figure 3, species have been grouped accord-
ing to their place in the phylogenetic tree and
their geographic distribution and, within this
constraint, according to SVLmax. There is no ob-
vious pattern for any of the reproductive vari-
ables that re¯ects phylogeny, but it is apparent
that body size is one of the primary determi-
nants of egg mass, incubation period, and ne-
onate size. However, we strongly suggest an en-
tire reanalysis of these data when the systematics
of Varanusis revised and a better phylogeny is
in place.

In summary, body size is a major correlate
with reproductive data for Varanus, whereas phy-
logenetic effects are weak. Higher environmen-
tal temperatures hasten incubation period of
varanid eggs laid in the substrate or termite
mounds (Cowles, 1930; Riley et al., 1985; Eh-
mann et al., 1991). Although incubation period
is generally longer for larger species, the rela-
tionship is not unitary, with smaller species hav-
ing proportionally longer incubation periods.
The timing of oviposition is also linked with in-
cubation period. Egg incubation periods appear
less variable for varanids from habitats that have
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Fig. 3. Relationship between incubation period, egg mass, clutch size, neonate size and mass, and phylo-
genetic placement and body size forVaranusspecies. Species have been grouped according to they place in
the phylogenetic tree (Fig. 1) and their geographic distribution and within this constraint according to SVL max.

Fig. 4. Relationship between incubation period at 30 C and SVLmax for odatrians and all varanids. Regres-
sion lines and 95% con®dence limits are shown for the odatrians and all the data.

considerable seasonal oscillation in ambient
temperature (e.g., central Australia) and lay
their eggs in late spring or early in summer and
hatch before the colder winter period, as com-
pared with species that lay their eggs later in the

warmer months and whose eggs incubate over
a longer period including the colder winter
months. Neonates of smaller species are pro-
portionally longer than those of larger species.
This relative increase in size for neonates of
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smaller species probably provides an important
®tness advantage in their capacity of catch and
devours prey. The relatively smaller size of ne-
onates of larger species could result from trade-
offs between offspring size and increased clutch
size to enhance ®tness. This appears not to be
the case as the slopes for clutch size, and neo-
nate SVL with SVLmax are similar. However, as
the SVL of neonates increases, the rate of in-
crease in neonate body mass is cubed (presum-
ing the shape remains unchanged). This pro-
portionally more rapid increase in egg/neonate
mass with increasing SVL probably prevents a
proportional increase in clutch size for larger
species. The generally larger intraspeci®c clutch
size slopes with maternal SVL compared with
the interspeci®c slopes for SVLmax suggests that
abdominal volume changes are greater within
Varanusspecies than among species across a size
range. Data from other taxa are necessary to
determine whether such patterns are evident in
other squamate lizards.

ACKNOWLEDGMENTS

We thank B. EidenmuÈller, S. Irwin, and H. V.
Andrews for providing unpublished data. The
assistance of P. C. Withers with the phylogenetic
analysis is most appreciated.

LITERATURE CITED

ANDREWS, H. V. 1995. Sexual maturation in Varanus
salvator(Laurenti, 1768), with notes on growth and
reproductive effort. Herpetol. J. 5:189±194.

, AND M. GAULKE. 1990. Observations on the
reproductive biology and growth of the water mon-
itor ( Varanus salvator) at the Madras Crocodile
Bank. Hamadryad 15:1±5.

ANDREWS, R. M., AND A. S. RAND. 1974. Reproductive
effort in anoline lizards. Ecology 55:1317±1327.

ANONYMOUS. 1995. Gazella. News. Zoo Praha. Vol. 22,
Prague, Czech Republic.

AUFFENBERG, W. 1981. The behavioral ecology of the
Komodo monitor. Univ. Presses of Florida, Gaines-
ville.

. 1988. Gray's monitor lizard. Univ. Presses of
Florida, Gainesville.

. 1994. The Bengal monitor. Univ. Presses of
Florida, Gainesville.

, H. RAHMAN , F. IFFAT, AND Z. PERVEEN. 1989.
A study of Varanus ¯avescens(Harwicke & Gray)
(Sauria: Varanidae). J. Bombay Nat. Hist. Soc. 86:
286±307.

BARBOUR, T., AND A. LOVERIDGE. 1928. A comparative
study of the herpetological fauna of the Uluguru
and Usambara mountains, Tanganyika territory,
with descriptions of new species. Mem. Mus. Comp.
Zool., Cambridge, MA, 50:87±265.

BARNETT, B. 1979. Incubation of sand goanna (Var-
anus gouldii) eggs. Herpetofauna 11:21±22.

BARTLETT, R. D. 1982. Initial observations on the cap-
tive reproduction of Varanus storri, Mertens. Ibid.
13(2):6±7.

BAVERSTOCK, P. R., D. KING, M. KING, J. BIRRELL, AND

M. KRIEG. 1993. The evolution of species of the
Varanidae: microcomplement ®xation analysis of
serum albumins. Aust. J. Zool. 41:621±638.

BAYLESS, M. 1992. Notes on the reproductive behav-
ior of the Nile monitor lizard Varanus niloticusLin-
naeus (1766). Varanews 2:5±6.

. 1992. Reproductive notes on the black
roughneck monitor lizard ( Varanus rudicollisGray,
1845). Ibid. 3:3.

. 1994. Zur fortpfanzungsbiologie des step-
penwarans (Varanus exanthematicus). Salamandra
30:109±118.

, AND R. HUFFAKER. 1992. Observations of egg
deposition and hatching of the savannah monitor
(Varanus exanthematicusBocs, 1792) in captivity. Var-
anews 3:5±6.

, AND T. REYNOLDS. 1992. Breeding of the sa-
vannah monitor lizard in captivity ( Varanus exanthe-
maticusBocs, 1972). Herpetology 22:12±14.

, R. HUFFAKER, AND O. MAERCKS. 1994. Notes
on the egg deposition and incubation of the argus
monitor ( Varanus gouldii horni, Gray 1838) in cap-
tivity. Varanews 4:5.

BIRCHARD, G.F., T. WALSH, R. ROSSCOE, AND C. L. REI-
BER. 1995. Oxygen uptake by Komodo dragon
(Varanus komodoensis) eggs: the energetics of pro-
longed development in a reptile. Physiol. Zool. 68:
622±633.

BLUEWEISS, L., H. FOX, V. KUDZMA, D. NAKASHIMA, R.
PETERS, AND S. SAMS. 1978. Relationships between
body size and some life history parameters. Oecol-
ogia 37:257±272.

BOSCH, H. 1999. Successful breeding of the Emerald
monitor ( Varanus p. prasinus) in the Lobbecke Mu-
seum 1 Aquazoo, Dusseldorf (Germany). Merten-
siella 11:225±226.

BOYLAN, T. 1995. Field observations, captive breeding
and growth rates of the Lace monitor, Varanus var-
ius. Herpetofauna 25:10±14.

BOYLE, D. M., AND W. E. LAMOREAUX. 1983(1984).
Captive reproduction in the pygmy mulga monitor
Varanus gilleniat Dallas Zoo. Proc. Rept. Symp.
Capt. Prog. Husbandry 7:59±63.

BRANCH, W. R. 1991. The regenia registers of ``Gog-
ga'' Brown (1869±1909) ``Memoranda on a species
of Monitor or Varan.'' Mertensiella 2:57±110.

, AND H.-G. HORN. 1987. Uber die nachzucht
des australischen risenwaransVaranus giganteus
(Gray, 1845). Salamandra 23:90±96.

BREDL, J.,AND T. D. SCHWANER. 1983. First record of
captive propagation of the lace monitor, Varanus
varius (Sauria: Varanidae). Herpetofauna 15:20±21.

BROCKELMAN, W. Y. 1975. Competition, the ®tness of
offspring, and optimal clutch size. Am. Nat. 109:
677±699.

CALDER, W. A. 1984. Size, function and life history.
Harvard Univ. Press, Cambridge, MA.

CARLZEN, G. 1982. Breeding green tree monitors.
Herpetology 12:4±6.



455THOMPSON AND PIANKAÐVARANID EGG AND NEONATE SIZE

CARTER, D. B. 1999. Reproductive cycle of the lace
monitor Varanus varius. Mertensiella, 11:129±135.

CHARNOV, E. L. 1993. Life-history Invariants. Oxford
Univ. Press, London.

CHARNOV, E. L., AND J. F. DOWNHER. 1995. A trade-
off-invariant life-history rule for optimal offspring
size. Nature 376:418±419.

CHIPPINDALE , P. 1991. Captive breeding of the Timor
monitor ( Varanus timorensis similis). Herpetol. Rev.
22:52±53.

CHRISTIAN, A., AND T. GARLAND. 1996. Scaling of limb
proportions in monitor lizards (Squamata: Varani-
dae). J. Herpetol. 30:219±230.

CHRISTIAN, T. 1981. Varanus tristisÐa variable moni-
tor. Herpetofauna 12:7±12.

CONGDON, J. D., AND J. W. GIBBONS. 1985. Egg com-
ponents and reproductive characteristics of turtles:
relationships to body size. Herpetologica 41:194±
205.

COWLES, R. B. 1930. The life history of Varanus nilo-
ticus(Linnaeus) as observed in Natal South Africa.
J. Entomol. Zool. 22:3±31.

DE LISLE, H. F. 1996. The natural history of monitor
lizards. Krieger, Malabar, FL.

DOLES, M., AND W. CARD. 1995. Delayed fertilization
in the monitor lizard Varanus gouldii. Herpetol. Rev.
26:196.

DWYER, Q., AND M. K. BAYLESS. 1996. Notes on the
husbandry and reproductive behavior of the argus
monitor ( Varanus gouldii horni). Adv. Herpetocul-
ture, p 81±85.

EHMANN , H., G. SWAN, G. SWAN, AND B. SMITH . 1991.
Nesting, egg incubation and hatching by the heath
monitor Varanus rosenbergiin a termite mound. Her-
petofauna 21:17±24.

EIDENMUÈLLER, B. 1986. Beobachtungen bei der p¯e-
ge und nachzucht von Varanus(Odatria) t. timorensis
(Gray, 1831). Salamandra 22:157±161.

. 1989. Beobachtungen bei der haltung und
nachzucht von Varanus(Odatria) tristis orientalisFry,
1913. Ibid. 25:265±271.

. 1985 Captive breeding ofVaranus storri. Ibid.
21:55±61.

. 1994. Bemerkungen zur haltung und zucht
von Varanus acanthurusBoulenger, 1885, V. storri
Mertens, 1966 und V. gilleniLucus and Frost, 1985.
Herpetofauna 16:6±12.

. 1998. Bemerkungen zur haltung und nach-
zucht von Varanus p. prasinus(Schlegel, 1939) und
Varanus p. beccarii(Doria, 1874). Ibid. 20:8±13

, AND H.-G. HORN. 1985. Eigene nachzuchten
und der gegenwartige stand der nachzucht vonVar-
anus(Odatria) storriMertens, 1996. Salamandra 21:
55±61.

, AND R. WICKER. 1991. Einige beobachtungen
bei der p¯ege und nachzucht von Varanus(Odatria)
timorensis similisMertens, 1958. Ibid. 27:187±193.

, AND . 1995. The successful breeding
of Mertens' monitor lizard, Varanus mertensi,
Glauerti 1951. Herpetofauna 25:4±7.

ELLIS, C. 1998. The land of the Komodo dragon.
Times Ed. Singapore.

FELSENSTEIN, J. 1985. Phylogenies and the compara-
tive method. Am. Nat. 125:1±15.

FITCH , H. S. 1970. Reproductive cycles in lizards and
snakes. Univ. Kans. Mus. Nat. Hist. Misc. Publ. 52:
1±247.

. 1985. Variation in clutch and litter size in
New World reptiles. Ibid. 76:1±76.

FORD, N., AND R. A. SEIGEL. 1989. Relationships
among body size, clutch size, and egg size in three
species of oviparous snakes. Herpetologica 45:75±
83.

FULLER, S., P. BAVERSTOCK, AND D. KING. 1998. Bio-
geographic origins of goannas (Varanidae); a mo-
lecular perspective. Mol. Phyl. Evol. 9:294±307.

GARLAND, T., A. W. DICKERMAN, C. M. JANIS, AND J. A.
JONES. 1993. Phylogenetic analysis of covariance by
computer simulation. Syst. Biol. 42:265±292.

GOW, G. F. 1982. Notes on the reproductive biology
of the pygmy mulga goannaVaranus gilleniLucas &
Frost, 1895. Northern Territory Nat. 1:19±20.

GREEN, B., M. MCKELVEY, AND P. RISMILLER. 1999. The
behaviour and energetics of hatchling Varanus ro-
senbergi. Mertensiella 11:105±112.

GREENE, H. W. 1986. Diet and Arboreality in the Em-
erald Monitor, Varanus prasinus, with comments on
the study of adaptation. Fieldiana 31:1±12.

GREER, A. E. 1989. Biology and evolution of Austra-
lian lizards. Surrey Beatty, Sydney, New South
Wales, Australia.

GUPTA, B. K. 1996. A note on reproduction in the
desert monitor ( Varanus griseus). Hamadryad 21:43.

HAIRSTON, C., AND P. BURCHFIELD. 1990. A sustained
captive breeding program for a large varanid lizard
Varanus salvatorat the Gladys Porter Zoo, p. 22±28.
In: AAZPA Regional Conference Proceedings
American Association for Zoological Parks and
Aquariums, Wheeling, WV.

, AND . 1992. The reproduction and
husbandry of the water monitor Varanus salvatorat
the Gladys Porter Zoo, Brownsville. Int. Zoo Yb. 31:
124±130.

HARVEY P. H., AND M. D. PAGEL. 1991. The compar-
ative method in evolutionary biology. Oxford Univ.
Press, Oxford.

HERMANN, H.-W. 1999. Husbandry and captive breed-
ing of the water monitor, Varanus salvator(Reptilia:
Sauria: Varanidae) at the Cologne Aquarium (Co-
logne Zoo). Mertensiella 11:95±103.

HORN, H. G. 1978. Nachzucht von Varanus gilleni
(Reptilia: Sauria: Varanidae). Salamandra 14:29±32.

, AND G. J. VISSER. 1989. Review of reproduc-
tion of monitor lizards Varanusspp. in captivity. Int.
Zoo Yb. 28:140±150.

, AND . 1991. Basic data on the biology
of monitors. Mertensiella 2:176±187.

, . 1997. Review of reproduction of
monitor lizards Varanusspp in captivity II. Int. Zoo
Yb. 35:227±246.

HUSBAND, G. A. 1980. Notes on a nest and hatchlings
of Varanus acanthurus. Herpetofauna (Sydney) 11:
29±30.

. 1989. Captive breeding of the pigmy mulga
monitor at the Australian Reptile Park. Aust. Her-
petol. News 7:10.

IRWIN, B. 1986. Captive breeding of two species of
monitor. Thylacinus 11:4±5.



456 COPEIA, 2001, NO. 2

IRWIN, S. 1996a. Capture, ®eld observations and hus-
bandry of the rare canopy goanna. Ibid. 21:12±19.

. 1996b. Courtship, mating and egg deposi-
tion by the captive perentie Varanus giganteusat
Queensland Reptile and Fauna Park.Ibid. 21:8±11.

JAMES, C. 1996. Ecology of the pygmy goanna (Var-
anus brevicauda) in spinifex grasslands of central
Australia. Aust. J. Zool. 44:177±192.

, AND W. G. WHITFORD. 1994. An experimental
study of phenotypic plasticity in the clutch size of
a lizard. Oikos 70:49±56,

, J. B. LOSOS, AND D. R. KING. 1992. Repro-
ductive biology and diets of goannas (Reptilia: Var-
anidae) from Australia. J. Herpetol. 26:128±136.

KING, D., AND B. GREEN. 1979. Notes on diet and re-
production of the sand goanna Varanus gouldii ro-
senbergi. Copeia 1979:64±70.

, AND . 1999. Goanna: the biology of
Varanid lizards. New South Wales Univ. Press, Syd-
ney, New South Wales, Australia.

, AND L. RHODES. 1982. Sex ratio and breeding
season ofVaranus acanthurus. Copeia 1982:784±787.

, B. GREEN, AND H. BUTLER. 1989. Activity pat-
terns, temperature regulation and diet of Varanus
giganteuson Barrow Island, Western Australia. Aust.
Wildl. Res. 16:41±47.

KLUGE, A. G. 1987. Cladistic relationships in the gek-
konoidae (Squamata, Sauria). Misc. publ. Mus.
Zool. Univ. Mich. 174:1±54.

KREBS, U. 1999. Experimental variation of breeding
season and incubation time in the spiny-tailed mon-
itor ( Varanus acanthurus). Mertensiella 11:227±237.

MADSEN, T., AND R. SHINE . 1996. Determinants of re-
productive output in female water pythons ( Liasis
fuscus: Pythonidea). Herpetologica 52:146±159.

MARKWELL, K. 1983. The arti®cial incubation of Lace
monitor ( Varanus varius) eggs. Herpetogauna 15:
16±17.

MITCHELL , L. A. 1989. Reproduction of Gould's mon-
itor ( Varanus gouldii) at the Dallas Zoo. Bull. Chiago
Herpetol. Soc. 25:8±9.

NABORS, P. 1997. Notes on breeding the argus mon-
itor, Varanus panoptes, in captivity. Dragon News 1:
3±4.

PENGILLEY, R. 1981. Notes on the biology ofVaranus
spenceriand V. gouldii, Barkly Tablelands, Northern
Territory. Aust. J. Herpetol. 1:23±26.

PERRY, G., R. HABANI, AND H. M ENDELSSOHN. 1993.
The ®rst captive reproduction of the desert moni-
tor Varanus griseus griseusat the Research Zoo of Tel
Aviv University. Int. Zoo Yb. 32:188±190.

PETERS, U. W. 1971. The ®rst hatching of Varanus
spenceriin captivity. Bull. Zoo Man. 3:17±18.

PHILLIPS , J. A.,AND R. P. MILLAR. 1998. Reproductive
biology of the white-throated savanna monitor, Var-
anus albigularis. J. Herpetol. 32:366±377.

, AND G. C. PACKARD. 1994. In¯uence of tem-
perature and moisture on eggs and embryos of the
white-throated savanna monitor Varanus albigularis:
implications for conservation. Biol. Conserv. 69:
131±136.

PIANKA, E. R. 1970. Comparative autecology of the
lizard Cnemidophorus tigrisin different parts of its
geographic range. Ecology 51:703±720.

. 1976. Natural selection of optimal reproduc-
tive tactics. Am. Zool. 16:775±784.

. 1994. Comparative ecology ofVaranusin the
Great Victoria Desert. Aust. J. Ecol. 19:395±408.

. 1995. Evolution of body size: Varanid lizards
as a model system. Am. Nat. 146:398±414.

QUALLS, C. P., AND R. SHINE . 1995. Maternal body-
volume as a constraint on reproductive output in
lizards: evidence from the evolution of viviparity.
Oecologia 103:73±78.

RILEY, J., A.F. STIMSON, AND J. M. WINCH . 1985. A re-
view of squamata ovipositing in ant and termite
nests. Herpetol. Rev. 16:38±43.

SCHMIDA , G. 1974. Der kurzschwanzwaran (Varanus
brevicauda). Aquar.-u. Terr. Z. 27:390±394.

SEIGEL, R. A., AND H. S. FITCH . 1984. Ecological pat-
terns of relative clutch mass in snakes. Oecologia
61:293±301.

, AND N. B. FORD. 1987. Reproductive ecology,
p. 210±252. In: Snakes: ecology and evolutionary
biology. R. A. Seigel, J. T. Collins, and S. S. Novak.
(eds.). Macmillan, New York.

SHINE , R. 1978. Growth rates and sexual maturation
in six species of Australian elapid snakes. Herpe-
tologica 34:73±79.

. 1986. Food habits, habitats and reproductive
biology of four sympatric species of varanid lizards
in tropical Australia. Ibid. 42:346±360.

. 1992. Relative clutch mass and body shape
in lizards and snakes: is reproductive investment
constrained or optimized? Evolution 46:828±833.

, AND A. E. GREER. 1991. Why are clutch sizes
more variable in some species than others?Ibid. 45:
1696±1706.

, AND L. SCHWARZKOPF. 1992. The evolution of
reproductive investment in lizards and snakes.Ibid.
46:62±75.

, AMBARIYANTO, P. S. HARLOW, AND MUMPUNI

1998. Ecological traits of commercially harvested
water monitors, Varanus salvator, in northern Su-
matra. Wildl. Res. 25:437±447.

SMITH , H., G. SINELNICK , J. D. FAWCETT, AND R. E.
JONES. 1973. A survey of the chronology of ovula-
tion in anoline lizard genera. Trans. Kans. Acad.
Sci. 75:107±120.

SMITH , L. A. 1988. Notes on clutch of monitor ( Var-
anus caudolineatus) eggs. West. Aust. Nat. 17:96.

STEARNS, S. C. 1992. The evolution of life histories.
Oxford Univ. Press, New York.

STORR, G. M. 1980. The monitor lizards (genus Var-
anus Merrem 1820) of Western Australia. Rec.
West. Aust. Mus. 8:237±293.

THISSEN, R. 1992. Breeding the spiny-tail monitor
(Varanus acanthurusBoulenger). Vivarium 3:32±34.

THOMPSON, G. G. 1996. BreedingVaranus brevicauda.
West. Aust. Nat. 21:119±121.

, AND E. R. PIANKA. 1999. Reproductive ecol-
ogy of Varanus tristis(Squamata: Varanidae). J. R.
Soc. W.A. 82:27±31.

, AND P. C. WITHERS. 1997. Comparative mor-
phology of Western Australian varanid lizards
(Squamata: Varanidae). J. Morphol. 233:127±152.

VAN DAMME, R., D. BAUWENS, F. BRANA, AND R. F. VER-
HEYEN. 1992. Incubation temperature differentially



457THOMPSON AND PIANKAÐVARANID EGG AND NEONATE SIZE

affects hatching time, egg survival, and hatchling
performance in the lizard Podarcis muralis. Herpe-
tologica 48:220±228.

VAN DUINEN , J. J. 1983. Varanenkweek in het noor-
derdierenpark te emmen. Lacerta 42:12±14.

VITT , L. J., AND J. D. CONGDON. 1978. Body shape,
reproductive effort, and relative clutch mass in liz-
ards: resolution of a paradox. Am. Nat. 112:595±
608.

WALSH, T. 1993. Dragon tales, the history, husbandry,
and breeding of Komodo monitors at the National
Zoological Park. Vivarium 4:23±26.

WERNER, Y. L. 1989. Egg size and egg shape in Near-
Eastern gekkonid lizards. Isr. J. Zool. 35:199±213.

WICKER, R., M. GAULKE, H.-G. HORN. 1999. Contri-
butions to the biology, keeping and breeding of the

Mindanao water monitor ( Varanus s. cumingi). Mer-
tensiella 11:213±148.

ZAR, J. H. 1984. Biostatistical analysis. Prentice Hall,
London.

(GGT) C ENTRE FOR ECOSYSTEM MANAGEMENT,
EDITH COWAN UNIVERSITY, 100 JOONDALUP

DRIVE, JOONDALUP , WESTERN AUSTRALIA, AUS-
TRALIA, 6027; AND (ERP) INTEGRATIVE BIOLO -
GY C0930, UNIVERSITY OF TEXAS, AUSTIN, TEX-
AS 78712-1064. E-mail: (GGT) g.thompson@
cowan.edu.au; and pianka@mail.zo.utexas.
edu. Send reprint requests to GGT. Submit-
ted: 10 March 1999. Accepted: 16 Sept. 2000.
Section editor: J. D. McEachran.



458 COPEIA, 2001, NO. 2

APPENDIX. MAXIMUM SNOUT ±VENT LENGTH FOR SPECIES, MEAN CLUTCH MASS, MEAN EGG MASS, MEAN CLUTCH

SIZE, INCUBATION TIME CORRECTED TO 30 C, MEAN NEONATE BODY MASS, AND MEAN NEONATE SIZE FOR 33
SPECIES OFVaranus.

Varanus
species

Max.
SVL
(mm)

Clutch
mass
(g)

Egg
mass
(g)

Field
caught
mean

clutch size

Captive
mean
clutch
size

Incubation
days at
30 C

Neonate
mass
(g)

Neonate
SVL
(mm)

Neonate
TL (mm) Source

acanthurus
albigularis
beccarii
bengalensis
brevicauda

237
850

(314)
750
126

230.31 11.41

7.59

24.540

2.58

9.228

24.33

4.02

19.34

3.52

108.524

126.35

178.22

210.43

100.42

3.911

20.33

12.32

1.92

62.911

114.42

94.32

46.45

151.913

272.51

238.52

95.25

1
2
3
4
5

caudolineatus
eremius
exanthematicus
¯avescens
giganteus

132
185

(347)
(281)
795

254.36

1092.23

3.11

10.86

84.13

4.37

3.614

9.65

9.01

3.02

20.112

8.51

9.58

152.21

155.01

223.74

3.54

46.74

89.51

150.21

167.01

393.04

6
7
8
9

10
gilleni
glebopalma
gouldii
griseus
indicus
keithhornei

186
397
655

(511)
530
285

15.23

79.76

462.61

4.211

15.46

25.71

7.18

5.254

7.01

6.2518

5.01

3.37

7.314

18.01

5.73

3.28

91.76

224.85

121.01

142.52

178.01

2.93

19.31

10.01

63.75

106.33

109.11

98.01

133.66

280.55

132.22

240.71

11
12
13
14
15
16

komodoensis
mertensi
mitchelli
niloticus
olivaceus

1250
475
346

(675)
730

335.020

320.07

131.93

41.019

30.62

44.27

18.717

8.1513

9.85

23.81

6.77

25.33

8.927

23.01

220.23

226.05

95.21

29.117 125.719

357.02

301.912

294.01

17
18
19
20
21

panoptes
prasinus
rosenbergi
rudicollis
salvator
scalaris

535
288
422
580

(839)
268

682.012

45.33

9.91

31.61

62.112

11.03

6.06

12.438

6.69

4.19

10.45

10.923

4.03

181.55

99.08

169.21

209.96

111.71

40.19

9.23

19.91

20.51

45.211

3.63

111.02

84.22

128.95

63.02

243.02

212.03

259.01

354.312

157.01

22
23
24
25
26
27

semiremex
spenceri
storri
timorensis
tristis
varius

282
500
139

(216)
290
765

202.21

455.01

36.71

5.02

5.91

19.915

10.021

8.027

12.02

2.713

6.912

6.07

5.47

107.21

94.29

117.88

107.34

176.33

2.856

4.82

4.45

24.929

124.01

54.29

65.82

70.86

130.730

222.01

128.68

129.11

188.52

326.830

28
29
30
31
32
33

The superscripts indicate the number of clutches from which the data were taken. Maximum SVL values in parentheses indicate that they have
been estimated from an inter-speci®c regression equation based on the relationship between SVL and tail length (see text for details). Data sources:
1 EidenmuÈller (1994), King and Rhodes (1982), Thissen (1992), Husband (1980), Endfekler (1984, cited in Horn and Visser, 1989), EidenmuÈller
(cited in Horn and Visser, 1989), Thompson (unpubl.), Krebs (1999); 2 Phillips and Packard (1994), Branch (1991), Haagner (cited in Branch
1991), Staedeli (1962, cited in Horn and Visser (1989), Shaw (1963, cited in Horn and Visser, 1989), Visser (1981, cited in Horn and Visser, 1989);
3 EidenmuÈller (1998); 4 Auffenberg (1994), Koop (cited in Horn and Visser, 1989), Klag and Kantz (cited in Horn and Visser, 1989); 5 James (1996),
Pianka (1994), Schmida (1974, cited in Horn and Visser, 1989), Thompson (1996, unpubl.); 6 Pianka (1994), Smith (1988), Thompson (unpubl.);
7 Pianka (1994), Thompson (unpubl.); 8 van Duinen (1983), Bayless (1994), Bayless and Reynolds (1992), Bayless and Huffaker (1992), MacInnes
(cited in Bayless and Huffaker, 1992); 9 Auffenberg et al. (1989), Visser (1985, cited in Horn and Visser, 1989); 10 King et al. (1989), Irwin (1996b),
Irwin (pers. comm.), Bredl and Horn (1987); 11 Gow (1982), Husband (1989), Horn and Visser (1989), Boyle and Lamoreaux (1983), Horn (1978),
Broer and Horn (1985, cited in Horn and Visser 1989), Thompson (unpubl.), Eidenmu Èller (1994); 12 Christian (1977, cited in Greer, 1989); 13 Pianka
(1994), Mitchell (1989), Irwin (1986, pers. comm.), Horn and Visser (1989), Doles and Card (1995), Barnett (1979), Thompson (unpubl.), Shine
(1986), Brooker and Wombey, (1978, cited in Greer, 1989); 14 Perry et al., (1993), Gupta (1996); 15 Irwin (pers. comm.), Anonymous (1995); 16 Irwin
(1996a, pers. comm.); 17 Birchard et al. (1995), Atmosoedirdjo et al. (cited in Horn and Visser, 1989), Auffenberg (1981), Walsh (1993); 18 Eiden-
muÈller (pers. comm.), Irwin (1986, pers. comm.), Horn and Visser (1989), Brotzler (1965 cited in Horn and Visser, 1989), Anonymous (cited in
Horn and Visser, 1989), Shine (1986), Bustard (1970, cited in Greer, 1989), EidenmuÈller and Wicker (1995), EidenmuÈller (pers. comm.); 19 Shine
(1986); 20 Cowles (1930), Barbour and Loveridge (1928), Bayless (1992);21 Auffenberg (1988); 22 Horn and Visser (1989), Shine (1986), Nabors
(1997), EidenmuÈller (pers. comm.), Dwyer and Bayless (1996), Bayless et al., (1994);23 Horn and Visser (1989), Carlzen (1982), Barker (1985, cited
in Horn and Visser, 1989), Greene (1986), EidenmuÈller (1998), Bosch (1999);24 Ehmann et al. (1991), King and Green (1979), Green et al. (1999);
25 Horn and Visser (1989), Horn and Peters (1982, cited in Horn and Visser 1989), Bayless (1992b);26 Andrews (1995), Hairston and Burch®eld
(1990, 1992), Horn and Visser (1989), Andrews and Gaulke (1990), Kratzer (1973, cited in Horn and Visser, 1989), Auffenberg (1985), Shine et al.
(1998), Hermann (1999), Wicker et al. (1999), Hoegger (1997, cited in Horn and Visser, 1997) Bowers (1981, cited in Hermann, 1999), Ettling
(1992, cited in Hermann 1999), Ott (1997, cited in Hermann 1999), Schmitz (1994, cited in Hermann 1999); 27 EidenmuÈller (pers. comm.),
EidenmuÈller and Wicker (1991); 28 Horn and Visser (1989); 29 Peters (1971), Christian (1979, cited in Greer, 1989), Horn and Visser (1991), Pengilley
(1981); 30 EidenmuÈller (pers. comm.), Bartlett (1982), EidenmuÈller and Horn (1985), Broer and Horn (1985, cited in Horn and Visser, 1989),
EidenmuÈller (1985, 1994);31 Horn and Visser (1989), EidenmuÈller (pers. comm.), Behrmann (1981, cited in Horn and Visser, 1989), anonymous
(1981, cited in Horn and Visser, 1989), Belcher (cited in Horn and Visser, 1989), EidenmuÈller (1986), Ruegg (1973, 1974, cited in Horn and Visser,
1989), Broer and Horn (1985, cited in Horn and Visser, 1989), Chippendale (1991); 32 Thompson (unpubl.), Pianka (1994), Broer and Horn (cited
in Horn and Visser, 1989), EidenmuÈller (1989), EidenmuÈller (cited in Horn and Visser, 1989), Christian (1981), EidenmuÈller (pers. comm.);
33 Markewell (1983), Horn and Visser (1989), Bredl and Schwaner (1983), Horn and Visser (1989), Boylan (1995), Carter (1999).


