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Life history theory seeks to explain patterns of varia-
tion among geographically widespread populations of
same species to understand their ecology and adaptations.
To date, very few attempts have been made to review
and compare life history traits of tropical reptiles, es-
pecially those that inhabit the Asian continent. Among
tropical reptiles, the agamid lizard Calotes versicolor
is widespread, extensively studied and thus ‘tailor
made’ to understand geographic variation if any.
Therefore, in this review, life history traits of C. versi-
color are compared to understand variation in life his-
tory with reference to their geographical distribution.
The examination of C. versicolor populations across its
geographic range demonstrates considerable variation
in some of the life history traits but not in all. For ex-
ample, there is no sexual size dimorphism at hatching
in one population but it is apparent in another. Body
size, mass, reproductive output, influence of incuba-
tion thermal regimes on eggs and embryos differ bet-
ween the populations. There is a trade-off between
clutch size and egg size in one population but egg size
is optimised in another. Lizards that belong to one
population mature at a smaller size but at the same age
compared to another population. Also, embryos exhibit
high thermal tolerance in one population compared to
another. These emergent life history patterns from the
comparisons are discussed in light of traditional as
well as recent views and theories of life history in rep-
tiles.
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EVERY organism can be truly represented only by its
whole life history. An organism’s life history is its lifetime
pattern of growth, differentiation, development, storage
and, especially, reproduction’. Life history tactics are a
series of co-adapted traits designed by natural selection to
solve ecological problems. The life history of an organism
is not immutable and fixed within the limits of the indi-
vidual’s genotype. However, life history traits can be
modified by the environment an individual experiences
during its life>. Therefore, the observed life history of a
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given organism represents the result of long-term evolu-
tionary forces and also of the more immediate response of
an organism to the environment it is and has been living'.
It is necessary to consider geographic differences among
populations to understand the source of variation in life
history traits because difference in life history character-
istics of populations may provide insights into the ecology
and adaptive value of particular traits”.

The typical approach of evaluating variation in life history
is to compare two or more populations (or species or
groups) and understand the differences between them with
reference to their environments. Thus, not surprisingly, as
in many animal taxa, reptiles have been the subjects of
series of long-term field-based studies for such a purpose.
These studies have explicitly demonstrated geographic
variation in morphological, reproductive, behavioural and
ecological characteristics among populations of different
localities or habitats’'®. Such studies not only provide
strong experimental support to many of the life history
views and predictions proposed by Begon er al' and
Stearns” but also enable us to understand the diversity of
reptilian life histories.

Importance of understanding tropical reptilian
life histories

Our understanding of reptilian life histories is based on
the numerous medium and/or long-term field-based studies
and a series of careful recent experimental approaches™®'" .
But, by and large the above studies suggest that there is a
high degree of phylogenetic conservatism and strong bias
in our understanding of lizards” life histories™***°. This is
because conclusions are based on studies conducted on a
few selected groups of lizards, particularly new world
lizards (iguanids) and Australian skinks®”'>. However,
their old world equivalents, the agamids, have rarely been
the subject of such comparative studies. Remarkably, the
greatest gap in our knowledge of geographical variation
in reptilian life history patterns stems from the lack of
data on tropical species — especially those that inhabit the
Asian continent. Thus, independent datasets from species
belonging to such lizard taxa are necessary to understand
general patterns of co-variation among life histories.
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Calotes versicolor: ‘Cinderella’ for life history
comparisons

The agamid lizard, Calotes versicolor is one among the
few geographically widespread tropical lizards. French
naturalist Francois M. Daudin first described this lizard in
1802. In earlier literature it is referred as Agama versicolor.
It ranges from South-eastern Iran to Afghanistan and Nepal,
India to Sri Lanka, Myanmar to Indo-China, Southern
China to Peninsular Malaysia and Sumatra®® >’ Recent
field surveys confirm its distribution stretching from
Oman to the West34’35, across Southern and South-east
Asia to Indo-China to the East, the Maldives, Réunion,
Mauritius, Seychelles and more recently it has been intro-
duced to Florida in the United States of America™®*. D
to its wide geographic distribution naturalist Pat Matyot
recently referred to C. versicolor as a strong candidate for
the status of most widespread non-gekkonid lizard in the
world"'. C. versicolor has several common names in its
different geographic locations; ‘blood-sucker’ (India,
Florida, US), ‘garden or garden fence lizard’ (Southern
India), ‘garden girgit® or ‘bush lizard” (Punjab, India),
‘oriental lizard’ (China), ‘crested tree lizard’ (Seychelles)
and ‘changeable lizard’ (Malaysia). Most of these common
names have been derived from its morphology and habitat.
In fact, the Latin-specific name ‘versicolor’ means vari-
able colour since it changes colour rapidly to blend with
its surroundings and hence known as ‘changeable’ lizard
in Malaysia“. However, a few of these common names
are inappropriate and misleading. For instance, it is re-
ferred as ‘blood-sucker’ in several parts of India. But this
lizard cannot suck anything, let alone blood.

Calotes versicolor belongs to genus Calotes, which is
one of the most species-rich groups in Asia (represented
by twenty species) and considered as an ecological equiva-
lent of the iguanid Anolis with reference to its species
richness**°. Thus, not surprisingly, among tropical aga-
mids, C. versicolor has gained importance as a laboratory
model system. To date C. versicolor is subject of >470
published research articles on a broad-spectrum bio-
logical studies (source: ISI Science Citation Index)
making C. versicolor as a ‘Cinderella’ of tropical reptilian
research.

Therefore, the main purpose of this article is to review
and provide a comparative account of the life history of
C. versicolor occupying different geographical regions in
Asia. In the following sections, published information on
life history traits is reviewed to examine variation if any,
in (1) morphology and growth (i.e. body size and sexual
size dimorphism with respect to ontogeny), (2) reproduc-
tion (clutch, egg and offspring traits and factors control-
ling clutch and offspring sizes), (3) development (factors
influencing eggs and embryos during development), and
(4) response of eggs and embryos to different incubation
thermal regimes.
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Methods adopted for comparison

Life history data for C. versicolor from the populations
inhabiting different geographical regions were obtained
and screened for suitability of comparisons. For compara-
tive purpose, I have selected only published data sets that
represent and include complete information regarding all
life history stages (i.e. from eggs (embryos) to adult stage
of life) for a given population. There are several studies
reporting information on some of the selected life history
traits in one or other stages of life history for C. versi-
color¥*"*  However, these represent either only part
of the life history or information is not emanating from a
single population. Hence, data and information from such
studies were not used for comparison in order to avoid
any misinterpretation that could arise due to confounding
effects related to population or ontogenetic changes.

Life history of two exclusive C. versicolor populations
has been studied in detail during last decade in India® >
and China®*. The Indian population is from the surround-
ing areas of Dharwad (15°17'N and 75°3’E), Karnataka
State, India. While the China population is from the sur-
rounding areas of Tongshi (18°47’N, 109°30’E), Hainan,
Southern China. The published life history data from the
above studies were used for the present comparisons.
Henceforth, these populations are referred to as ‘Dharwad’
and ‘Tongshi’ population for convenience. Information
for some of the traits/indices is not available in the original
publications and was derived using the available data.
The derived traits are male—female Snout-vent length
(SVL) ratio (commonly known as MFR), egg volume and
developmental rate for the Tongshi population, and relative
head size for the Dharwad population. The MFR for the
Tongshi population was derived by calculating the ratio of
average SVL of males divided by average SVL of females.
The egg volume was derived by a formula for prolate
spheroid 4/3 m (length/2) (width/2)* using egg length and
width data. The embryonic developmental rate at various
incubation thermal regimes for the Tongshi population
was calculated by dividing the observed incubation pe-
riod at different incubation regimes by the shortest ob-
served incubation period and taking the inverse of this
value following the procedure described for the species’.
The relative head size for the Dharwad population was
derived by using the formula (head length/SVL) x 100
and (head width/SVL) x 100 respectively.

Life history comparison is restricted to qualitative
rather than quantitative methods for the following reasons:
(a) the data is secondary — gathered from published litera-
ture representing large unequal sample sizes with respect
to each population and (b) comparisons are based on
many derived ratios and indices. However, the emerging
life history differences are strong enough to allow inter-
pretations and there is little chance of making misinter-
pretations for generalization due to the qualitative methods
adopted.
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Variation in morphology and ontogeny of sexual
size dimorphism

At hatching

The difference in body mass at birth (hatching) is least
between the two populations (Table 1). However, both
male and female hatchlings of the Tongshi population are
on an average 8% slower in linear growth (SVL) than
those from the Dharwad population (Table 1). A difference
of 0.03 units in MFR is evident between these populations
(Table 1). The relative head length is comparable bet-
ween the populations. But relative head width is less in
the Tongshi population compared to that of the Dharwad
population (Table 2). There is no sexual size dimorphism
in majority of the morphological traits (i.e. SVL, head
length and width) in the Dharwad population. Interestingly,
despite reports of sexual dimorphism in head size for the
Tongshi population®, the average head length of males
and females overlaps in the Tongshi population (Table 2).

During sub-adult stage of life

The above two populations differ greatly in MFR (Table 1).
The MFR of the Tongshi population is higher (1.0 unit)
than that of the Dharwad population. Lizards belonging to
the Dharwad population are twice as heavy as those from
the Tongshi population (Table 1). Sexual size dimorphism
is not apparent in recorded morphological traits (i.e. SVL,
body mass, head length and width) within a population,
but there are differences in head length, width and rela-
tive head size between these two populations. The Dhar-
wad population exhibits higher average values for head
size parameters (Table 2). The average difference for
head length and width is 5.02 mm and 4.07 mm respecti-
vely (Table 2). As a result, HL/SVL% and HW/SVL%
are also greater for the Dharwad population by a unit of
7.41 and 5.77 respectively. Overall, these trends indicate

Table 1.

that lizards from the Dharwad population have larger
heads than those from the Tongshi population.

During adult stage

Interestingly, MFR of adults is similar for both popula-
tions (Table 1). However, lizards from the Dharwad
population are 14% larger in size (SVL) than those from
the Tongshi population (Table 1). As a result, average
body mass of the Dharwad population is greater than that
of the Tongshi population (Table 1). Sexual size dimor-
phism in head size is evident in both the populations.
However, both absolute and relative head size is greater
for the Dharwad population (Table 2). Average relative
head length (HL/SVL%) varies by 6.33 and 3.98 units for
males and females respectively. Similarly relative head
width (HW/SVL%) varies by a factor of 6.77 and 0.69
units between the Dharwad and Tongshi populations for
males and females respectively.

Variation in reproductive traits

Female C. versicolor in the Dharwad population attains
sexual maturity at ~85 mm SVL, while those in the Tongshi
population mature at ~79 mm SVL. The maximum body
size of gravid females recorded is 136 mm and 103 mm
for the Dharwad and Tongshi population respectively
(Table 3). The average body mass of gravid females from
Dharwad is twice heavier than that of the Tongshi popula-
tion (Table 3). Clutch size (eggs/reproductive episode)
exhibits a marked difference between these two popula-
tions. C. versicolor in Dharwad have average 17.26
0.40 eggs/clutch, while those of the Tongshi population
produce an average of 9.0+0.3 eggs per reproductive
episode (Figure 1 a). Apparently, the Dharwad population
exhibits a greater range (26 eggs) for clutch size during a
reproductive episode. But the range for the Tongshi popu-

Summary (mean = SE) of morphological traits of C. versicolor from two geographic localities

Dharwad population*

Tongshi population**

Life history stage n SVL Body mass Tail length MFR n SVL Body mass Tail length MFR
Hatchlings
Male 22 265102 0.59 £ 0.06 50.6 £ 0.6 1.01 40 24.0x02 0.58£0.01 46.2+1.0 0.98
Female 16 262102 0.56 £0.02 49.81+ 0.6 33 246102 0.57£0.01 449+ 1.0
Sub-adults
Male 17 719+1.2 13.62 £ 0.91 182.3 £ 3.9 0.99 16 75.6+0.7 7.8+0.4 232.1+33 1.09
Female 14 720+ 1.8 14.03 £ 1.12 168.1+7.2 14 69.6+2.0 5.8+0.5 207.0£8.0
Adults
Male 48 106.6£1.7 43.94 £ 1.63 238.3+£3.9 1.02 117 90.1+0.5 16.0+ 0.4 272.8+1.7 1.01
Female 42 104.1£19 35.52+1.45 226.5+4.7 76 89.8+0.8 15.1£0.6 259.1+2.4

Sources: *ref. 50, **ref. 53.

SVL = Snout-vent length, MFR = Male to female ratio. All length units are in millimeters and mass units are in grams. n = sample size.
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Table 2. Comparative account of (mean + SE) head size in C. versicolor belonging to the Dharwad and Tongshi populations. All length units are
in millimeters

Dharwad population*

Tongshi population**

Life history stage Head length Head width HL/SVL (%) HW/SVL (%) Head length Head width HL/SVL (%) HW/SVL (%)
Hatchlings
Male 7.81£0.08 4.91 1+ 0.05 29.47 18.52 7.1 £0.07 5.6 £0.04 29.5 23.02
Female 7.62+0.12 4.76 £0.10 29.08 18.16 7.1 £0.05 5.5+ 0.004 28.7 22.5
Sub-adults
Male 22.15+£0.37 15.62 £ 0.54 30.81 21.72 17.3£0.2 11.8+0.2 22.9 15.6
Female 21.75+0.41 15.42 £ 0.47 30.21 21.41 16.21+0.4 11.1+0.3 23.3 16.0
Adults
Male 32.12+£0.75 24.70 £ 0.77 29.19 23.17 20.5+0.1 14.8%£0.1 22.8 16.4
Females 26.94+0.53 16.86 £ 0.56 25.88 16.19 19.6 £ 0.2 13.9+0.1 21.9 15.5

Sources: *ref. 50, **ref. 53.

Table 3.

Comparative account of habitat, reproductive and morphological traits in female C. versicolor (length

units are in millimeters and weight units are in grams, for SVL and body mass mean + SE, n = sample size)

Variable Dharwad population* Tongshi population**
SVL (n =236) 102.8+0.8 (n=065) 90.4 £09

Size at maturity 86.00 78.9
Maximum adult size 136.00 103.8

Body mass (n =236) 35.17 £0.81 (n=20) 15.0£0.9
Mass at maturity 16.30 9.9
Maximum body mass 65.00 25.9

Habitat Arboreal Arboreal
Breeding timing May—-October April-July

Reproductive mode
Breeding pattern
Age at maturity

Oviparous/multi-clutched
Seasonal
<12 Months

Oviparous/multi-clutched

Seasonal
< 12 Months

Sources: *refs 49-52, **refs 53, 54.

lation is comparatively less (11 eggs/reproductive episode).
As a result, clutch mass (reproductive output) is greater
for the Dharwad population compared to that of the Tong-
shi population (Figure 15). Interestingly, though clutch
size varies between these populations, there is not much
variation in the egg size (especially in parameters like
egg length, width or volume, Figure 2 a—c). The range for
above egg traits largely overlaps between the populations
(Figure 2 a—c). Further, average egg mass of the Tongshi
population is greater than that of the Dharwad population
(Figure 1 ¢). The Dharwad population exhibits higher range
(490 mg) with respect to average egg mass among
clutches. While egg mass for the Tongshi population exhi-
bits comparatively less variation (170 mg, Figure 1 ¢).

Variation in factors influencing clutch and egg
sizes

In both populations, clutch size and mass are positively
related to female body size (SVL), and no relationship is
evident between egg mass and maternal SVL. The body
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condition is positively related to clutch size in the Dharwad
population but not in the Tongshi population. Average
egg mass is not related to clutch size in the Tongshi
population. But it is negatively related with clutch size in
the Dharwad population. Further, average egg length,
width and clutch size are not correlated in the Tongshi
population but egg length and egg volume are negatively
related with clutch size in the Dharwad population. Thus,
there is no trade-off between clutch size and egg size in
the Tongshi population indicating an egg size optimization.
But trade-off between clutch size and egg size is evident
in the Dharwad population.

Variation in the embryonic responses to
incubation thermal regimes

The embryonic responses to incubation temperature regimes
vary between populations as evident by the differences in
developmental rates, duration of incubation, survival
(hatching percentage) and other related traits (Figure 3,
Table 4). In both populations, higher incubation tempera-
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tures accelerate embryonic growth but there is temporal
variation. For instance, eggs from the Tongshi population
hatch 10 days earlier than those from the Dharwad popu-
lation at 27 +2°C. While, incubation duration largely

@™
7.0-33.0
T
16 A
w
[72]
+
S 12
% 3.0 -14.0
N T
5 8-
K=
£ =
<T:} n =131 n =65
4 -
0 T )
Dharwad Tongshi
® 87 3.10 -13.84
T
a
+ 87
H 1.58 - 6.47
2 T
£
34
o
s
E n=131 n =20
2
527
o
0 T )
Dharwad Tongshi
© os;
0.41 -0.61
o -
u 0.22 -0.71
+H
S 044
o
£
8
0
S 02-
g n =131 n=20
o
o
w
0 T |
Dharwad Tongshi
Population
Figure 1. Summary of reproductive output in two populations of C.

versicolor. Number inside the bars indicates sample size and those
above the bar indicate range for respective population. Represented
traits are: @, Number of eggs/reproductive episode (clutch size); b, Re-
productive investment/episode (clutch mass); ¢, Partition of the repro-
ductive investment (egg mass). Note a large difference (mean and
range) in clutch size and mass, and an overlapping average egg mass
between the populations (refs 49, 52, 53).
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overlaps at 30°C for both the populations (Table 4, Figure
3). Further, at 33°C incubation regimes eggs from the
Dharwad population hatch 6 days earlier compared to the
Tongshi population (Table 4, Figure 3). Hatching success
decreases with an increase in incubation temperature in
both the populations (Table 4). However, hatching success
reduces drastically (3.4% survival) at 33°C in the Tongshi
population (Table 4). At similar thermal regimes, ~59%
hatching success can be observed in the Dharwad popula-
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Figure 2. Summary of comparison of egg traits in two populations of
C. versicolor. Represented traits are: a, egg length; b, egg width and ¢,
egg volume. Note large range for all the traits in the Dharwad popula-
tion indicating complex trade-offs. Small ranges for the Tongshi popu-
lation indicate egg size optimisation (n = 131 and n = 20 clutches for
the Dharwad and Tongshi population respectively, refs 49, 52, 53).
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Table 4. Comparative account (mean + SE) of embryonic responses to incubation temperature regimes in two populations of Calotes versicolor.
Number in parenthesis indicates number of eggs hatched/total eggs used for incubation

Dharwad population*

Tongshi population**

Incubation temperature (°C)

Incubation temperature (°C)

Variables 272 30£1 33+1 35+ 1 272 301 33+1
Incubation duration (days) 70.33+0.49  50.6+£0.92  44.40+1.02 38.40£024  60.5+04 51.4£0.05 50.3
Hatching success (%) 93% 89% 59% 53% 80.6% 67.9% 3.4%
(138/148) (49/55) (36/61) (33/59) (25/31) (19/28) (1/29)
Offspring SVL (mm) 26.2+0.2 247+ 0.6 26.0x0.5 24.81+0.1 246102 243102 23.4%0.5
Offspring body mass (mg)  563.0 £ 17 466 + 32 495 £ 89 481 + 30 553.3+£14.0 555.3+17.3 630.4+29.8
Tail length (mm) 48.810.5 46.2+12 458t 1.6 448+ 1.4 47.0+1.3 46.511.3 41.6+1.4
Sources: *refs 51, 52; **ref. 54.
@ 33°C incubation temperature yields small-sized hatch-
. il Dharwad lings in the Tongshl.populatlon (Table 4).
® 75 1 O Tongshi Several embryonic responses are comparable between
-E the populations. For example, the optimal egg incubation
-S temperature range is 25-30°C. The eggs from both popu-
B 50 - lations gain mass as incubation progresses due to the ab-
s sorption of water. However, the timing of mass gain in
': response to incubation temperature varies between these
) two populations. The small size of hatchlings at high ther-
S 25 mal incubation regimes is due to increase in the amount
§ of un-utilized yolk left behind in the eggshells. Incuba-
- tion temperatures do not have any significant effect on
sex determination in both the populations. Thus, all incu-
0 04 ' 7 ' ' bation regimes yield approximately equal sex ratios.
® Patterns emerging from the comparison of life
0.9 - history traits
Generally, life history traits differ considerably between
Q . .
B geographically well-separated populations. The present
T 0.6 - ] comparison between two C. versicolor populations, with
é no continuous distribution between them, also revealed
2 considerable variation in some of the life history traits
S but not in all. The following patterns can be recognized
Q 03+ by the comparisons. There is no sexual size dimorphism
at birth (hatching) in C. versicolor population of Dharwad,
but between sex differences in head size is apparent in the
Tongshi population. Surprisingly, though the average
0 ' ' ' SVL, head length and width of the offspring overlaps bet-
24 z ween sexes in the Tongshi population, sexual size dimor-
Incubation temperature (°C) phism in head size is documented in previous report>.
Figure 3. Summary of geographic difference in embryonic responses Further, this pattern does not persist during ontogeny in

to incubation temperature regimes in C. versicolor. Note the variation
in incubation duration («¢) and developmental rate (b) between the
populations (sample size is as in Table 4, refs 51, 54).

tion and indicates a high thermal tolerance. In the Dhar-
wad population, eggs incubated at 35°C usually produce
small-sized hatchlings (SVL and tail length), whereas the

CURRENT SCIENCE, VOL. 91, NO. 10, 25 NOVEMBER 2006

the Tongshi population, as SSD is not apparent in sub-
adults. However, in both the populations, SSD in head
size is reported once the lizards attain sexual maturity and
persist throughout life. In many reptiles, the larger head
of males has been suggested to play a role in intrasexual
competition, territory defence, mate choice and intersex-
val dietary differences®. In addition, it is suggested that
the rate of increase in female body size after attaining
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maturity is greater than the rate of increase in head size as
a mechanism for increase in fecundity™. Yet according to
another prediction, head size may be phylogenetically
conserved in certain taxa with no significant present func-
tions”’. At this juncture, ecological advantage(s) of head
size dimorphism is unclear for both the populations and
warrant further investigations.

Calotes versicolor from the Dharwad and Tongshi
populations differ in body size as well as mass. These dif-
ferences are evident at hatching and become more pro-
nounced during ontogeny. For instance, the average adult
size in the Dharwad population is greater than that of the
largest recorded individual from the Tongshi population.
Also, there is a difference in body size at sexual maturation
between the populations. Such differences may be attri-
butable to several proximate factors/selective pressures
acting on each population. Majority of the empirical studies
on reptiles address the role of temperature as a proximate
source for the variation in life histories™”**. Based on
such studies, Adolph and Porter” developed a model in
which age and size at first reproduction can be predicted
for lizards living in different thermal environments. In
this model, they proposed that individuals of the species
from the warmer populations mature early at relatively
smaller sizes. Whereas, those from the cooler environments
delay maturity due to reduced opportunity for growth,
and hence mature at relatively larger size and older age.
Thus, delay in maturity lead to large differences in body
size between populations living at different climatic con-
ditions. Majority of the empirical data on reptiles support
this model-delay in maturity with the resultant larger size,
a common pattern of cool-climate populations of geogra-
phically widespread species®**®. However, one caveat
of this model is that other proximal factors should be
considered when applying it to a wide variety of taxa in
order to explain delays in maturity, size and age®.

The present observations on C. versicolor do not fit in
toto with predictions of Adolph and Porter’s model. The
annual average temperature in surrounding areas of Tongshi
hovers around 23°C>>** and is comparatively cooler than
that of the Dharwad region (average annual temperature
29°C). Interestingly, C. versicolor from the cooler climate
(Tongshi) matures at a smaller size, but at the same age
compared to the warmer (Dharwad) population. In such
cases an alternative explanation to the predictions of Adolph
and Porter’s model is lizards may mature at the same age
but at a smaller size than conspecifics from milder habi-
tat°%” since delaying maturity can be costly to individual
fitness">®. In such scenarios, the ultimate factors governing
maturation are likely to be future fecundity gains as a result
of a delay in maturation. These views seem to hold true
for C. versicolor.

The reproductive output varies between the Dharwad
and Tongshi populations. This is may be due to body size
differences between the sites. However, the large difference
in fecundity does not result in equally large difference in
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egg size between the populations (i.e. in traits like egg
length, width or volume). Traditionally, in squamate rep-
tiles, variation in reproductive output in intra-specific
comparison is attributed to variation in maternal size’*’".
In C. versicolor differences in clutch size can be attributable
to longer maternal body size (SVL) in the Dharwad popu-
lation. However, average egg sizes are comparable bet-
ween these two populations. This surprising observation
is contrary to traditional views. Recent observations in
reptiles suggest that differences in some of the reproductive
traits are not a simple direct consequence of body size,
but are due to the variation in reproductive investment
and resource limitation, etc.¥*>% n such cases, females
from the cool sites are known to exhibit relatively higher
reproductive investments compared to those from warm
climatic conditions. However, deriving such conclusions
based on the present observation is difficult for C. versi-
color because of large variation associated with reproduc-
tive frequency (as it exhibits polyautochronic multi-
clutched breeding pattern). Detailed empirical studies
may clarify some of these issues in future.

The evolution of offspring size has received consider-
able attention in reptiles’’®. It is often proposed that
large offspring are associated with cooler climates and
higher altitude in species occupying a wide geographic
range® """ However, this is not always the case™. It is
believed that in cold climate such a response may occur
when potential for growth is low or when there is strong
selection on offspring survival. In the present comparisons,
large offspring (in terms of body mass and conditions)
are from the warm climate. This supports the non-tradi-
tional view of Sinervo®” rather than above general trend
in reptiles. One should note here that life history theory is
primarily based on the assumption that organisms aim to
maximize fitness within their lifetime. At the most basic
level, the primary goal of any organism is to reproduce
and maximum fitness is achieved when that organism
produces the greatest number of successful offspring
within its lifetime’. Lifetime reproductive success, how-
ever, is limited by the physiology of the organism and the
resources that are available in a given ecological setting.

The thermal regimes during incubation differentially
influence some of the life history traits between the popu-
lations. For instance, embryos from the Dharwad population
exhibit much higher thermal tolerance than those from
the Tongshi population. The upper threshold of critical
constant incubation temperature seems to be close to
33°C in the Tongshi population as hatching success is ex-
tremely low (only 3.4%) at this incubation temperature.
In contrast, >50% hatching success was recorded at 35°C
incubation temperature for the Dharwad population.
Thus, 35°C is close to upper range of tolerance but not
critical upper limit for the Dharwad population. The average
maximum temperature recorded in surrounding areas of
Dharwad over the past 8 years during breeding and egg
incubation periods (May-January; 1996-2004) of C. ver-
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sicolor i3 37.2°C. It is 33°C at the Tongshi regions during
the breeding period. Such differences in maximum ambient
temperatures experienced by these two populations over
generations may be a possible selective force responsible
for the geographic differences in the upper thermal toler-
ance level of embryos. Interestingly, most of the previous
work on geographic variation in lizard phenotypes is spe-
cifically focussed on post-hatching life. Only a few studies
have addressed plastic responses acting during embryonic
development’. However, developmental plasticity mani-
fested during embryogenesis may contribute significantly
to the observed patterns of geographic variations in phe-
notypic traits, since events early in development (especially
during differentiation) potentially can have more impact
on the final (adult) phenotype than the later events’. In
general, the observations on embryonic responses in C.
versicolor populations are consistent with long-term field
studies that reveal geographic differences in developmental
characteristics among population due to local environ-
mental conditions®’".

Conclusion

The exclusive and detailed studies conducted at various
life history stages of C. versicolor in the Dharwad and
Tongshi regions provided a unique opportunity to compare
and understand the geographic variation in life history
traits of poorly studied tropical lizards. Species like C.
versicolor that occupies a wide range of thermal environ-
ments over broad geographic regions can demonstrate
variation in life history traits. The present observations
and other circumstantial evidences in C. versicolor support
this. For instance, in parts of North and South India females
breed seasonally, while females in more Southern popula-
tions (i.e. in Sri Lanka) breed continuously™, suggesting
an extreme variation in this important life history mode.
Theoretical discussions generally partition contributions
to geographic variation into genetic and environmental
components. Geographic variation in life history between
the populations is often assumed to reflect genetic diver-
gence caused by natural selection. However, a significant
proportion of the variation is attributed to proximate en-
vironmental conditions also’” %, Then, is it right to refer
this variation as ‘phenotypic plasticity’? According to the
classical definition, phenotypic plasticity is ‘the property
of a genotype to produce different phenotypes in response
to different environmental conditions’®. A recent study
on acrodont lizard molecular phylogenetics (representing
many species of genus Calotes, including Calotes versi-
color) suggests that the most agamid lizards belong to
three distinct clades®. One clade is composed of all taxa
occurring in Australia and New Guinea. A second clade is
composed of taxa occurring from Tibet and Indian Sub-
continent east through South and East Asia. A third clade
is composed of taxa occurring from Africa east through
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Arabia and West Asia to Tibet and the Indian Subconti-
nent. These three clades contain all agamid lizards except
Uromastyx, Leiolepis and Hydrosaurus. A hypothesis of
agamid lizards rafting with Gondwanan plates is tested in
the above study and reveals that African/West Asian
clade is of African or Indian origin, and the South Asian
clade is either of Indian or Southeast Asian origin®’. At
present, this is the available information for relatedness
between the Tongshi and Dharwad populations. Further-
more, while the distinction between genotype and pheno-
type is in principle very clear, several complicating
factors immediately ensue. For example, genotype can be
modified by environmental action as in the case of DNA
methylation patterns®’. More intuitively, since environ-
ments are constantly changed by the organisms that live
in them, the genetic constitution of a population influ-
ences the environment itself*'. Thus, at this stage, I prepare
to call it ‘geographic variation’ rather than phenotypic
plasticity. Perhaps common garden or transplant experi-
ments are necessary to gain a better understanding of the
relative contributions of genotype versus environment to
the observed geographic variation.
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