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Abstract

Changes in mean plasma concentrations of progesterone (P4), estrogen (E) and testosterone (T) in

a captive population of female viviparous skinks, Tiliqua nigrolutea were examined.

Reproductively active and quiescent individuals were present in the population concurrently,

allowing a comparison between these two conditions. Mean plasma progesterone concentrations

were basal (1 – 2 ng ml-1) until the start of gestation and peaked in the second trimester (12.7 ±

1.27 ng ml-1), before falling significantly prior to parturition. An increase in mean plasma

estrogen concentrations occurred coincident with the vitellogenic period; mean plasma estrogen

concentration peaked at 715.1 ± 106.68 pg ml -1 shortly before ovulation. Mean plasma

testosterone concentrations in reproductively active females peaked in the periovulatory period

(6.3 ± 0.63 ng ml -1) and had returned to basal concentrations (< 1 ng ml -1) two weeks later.

Changes in mean plasma steroid concentrations were correlated with reproductive condition, and

are discussed in terms of potential in vivo steroid interactions and the multihormone control of

reproduction.

Key Words: estrogen, progesterone, multihormone  control, reproduction, skink, steroid,

testosterone, Tiliqua nigrolutea
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In females of seasonally cycling squamate reptiles plasma concentrations of progesterone (P4)

and 17-estradiol (E2) vary throughout the year, suggesting roles for each steroid in the

regulation of various stages of the annual reproductive cycle. Traditionally, a third primary

gonadal steroid, testosterone (T), is often overlooked, but T is also likely t o have important

functions in the regulation of reptilian reproduction (Owens, 1997; Staub and De Beer, 1997).

There are, however, few comprehensive published descriptions of the annual profiles of all three

primary steroids in the plasma of female vivipar ous reptiles.

Progesterone plays two important roles in the maintenance of gestation in viviparous reptiles

(Highfill and Mead, 1975a; Naulleau and Fleury, 1990). One of these may be an indirect role

through the antigonadal properties ascribed to P4 (Cal lard et al., 1972a): elevated P4 is thought to

inhibit E2-induced follicular growth during pregnancy (Callard et al., 1972b; Guillette et al.,

1981; Ho, 1987), ensuring that vitellogenesis and gestation are mutually exclusive (Callard et al.,

1992). This is particularly important in viviparous temperate zone reptiles, which usually produce

only a single clutch each year (Dunham et al., 1988). Progesterone also has a role in the

maintenance of gestation in viviparous reptiles (Highfill and Mead, 1975a; Naull eau and Fleury,

1990), acting to inhibit oviductal contractility (Guillette et al., 1981; Guillette and Jones, 1985)

and delay parturition (Callard et al., 1972a, b; Highfill and Mead, 1975b).

In most squamates, elevated plasma E2 concentrations are asso ciated with the vitellogenic phase

of the reproductive cycle (Bona-Gallo et al., 1980; Joss, 1985; Moore and Crews, 1986; Van

Wyk, 1994; Jones et al., 1997). 17-Estradiol is almost exclusively the hormone responsible for

the stimulation of hepatic vitellogenesis in reptiles (Callard et al., 1972b; Callard and Ho, 1987;
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Ho, 1987; Kime, 1987; Diaz et al., 1994). It may also have a role in the uptake of vitellogeni n by

the follicle, as it is known to induce cellular endocytosis (Callard and Ho, 1987). 17 -Estradiol is

synthesised by the growing follicles (McNicol and Crews, 1979; Etches and Petitte, 1990) and

plasma concentrations fall rapidly at or around the time of ovulation (Callard et al., 1978; Bona-

Gallo et al., 1980; Yokoyama and Yoshida, 1994). As with circulating P4 concentrations, annual

patterns of circulating E2 concentrations vary among viviparous squamates.

Little is known about the functional signifi cance of T in reproduction in female reptiles beyond its

importance as a precursor in the synthesis of estrogens (Staub and De Beer, 1997). Published

studies focus on oviparous species, in which a cyclic pattern of plasma T concentrations is

apparent (Arslan et al., 1978; Callard et al., 1978; Bona-Gallo et al., 1980; Callard and Kleis,

1987; Whittier et al., 1987; Cree et al., 1992; Saint Girons et al., 1993; Rostal et al., 1998). The T

in the plasma is likely to be of both ovarian and adrenal origin (Stau b and De Beer, 1997; Wade,

1997). Testosterone may be involved in the stimulation of vitellogenesis in the snakes

Thamnophis sirtalis parietalis  (Whittier et al., 1987) and Naja naja (Bona-Gallo et al., 1980), and

in the hypertrophy of the oviduct in the l izards Anolis carolinensis (Jones and Guillette, 1982)

and Hemidactylus flaviviridis  (Prasad and Sanyal, 1969). Plasma T concentrations are

significantly elevated above basal concentrations in the periovulatory period in T. s. parietalis

(Whittier et al., 1987), N. naja (Bona-Gallo et al., 1980) and in the lizard Uromastix hardwicki

(Arslan et al., 1978). Mean plasma T also rises during the mating period in the turtles

Lepidochelys kempi (Rostal et al., 1998) and Geochelone nigra (Schramm et al., 1999), the

tuatara Sphenodon punctatus (Cree et al., 1992), the viviparous snake Vipera aspis (Saint Girons

et al., 1993) and occurs coincident with late vitellogenesis and the courtship/mating period in
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female alligators, Alligator mississippiensis  (Guillette et al., 1997). In addition, T is known to

work synergistically with P4 to inhibit E2 -induced vitellogenesis in reptiles (Ho et al., 1982; Ho,

1987), such that increased plasma T concentrations may cause the cessation of vitellogenesis

immediately prior to ovulation (Ho et al., 1981) However, plasma T concentrations are not

routinely measured in the examination of the female reproductive cycle in reptiles and the role of

T is yet to be fully understood.

The present study examined the reproductive cycle of female s of the viviparous lizard, Tiliqua

nigrolutea. Individual females of this species do not produce a clutch every year (Edwards, 1999)

allowing simultaneous comparison between reproductively active and quiescent females

throughout the reproductive cycle. Th e timing of reproductive events was correlated with changes

in mean plasma concentrations of P4, estrogen (E) and T throughout the annual cycle.

MATERIALS AND METHODS

Animals

Lizards were captured opportunistically by hand throughout southeastern Tasmani a, Australia.

Animals were housed at the University of Tasmania, Hobart (42°53’S, 147°19’E), in roofed

outdoor enclosures 1.9 x 3.4 x 2.1 m; these were wire -fronted, allowing access to UV light and a

natural photoperiod. The direct sunlight and a 120 W flo odlight globe as an additional heat source

at the front of each cage provided a temperature gradient across which the lizards could

thermoregulate during their active season of the austral spring to mid -autumn (Sept - Apr). Bark

and leaf litter were provided, in which the animals could hide. Mixed -sex groups of

approximately five animals (one male per group) were maintained in these cages. Lizards were
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maintained on a varied diet of fresh fruits, live snails and tinned catfood, provided two to three

times weekly.  Water was available ad libitum. Animals were observed hourly each day during

the potential mating period (Oct – Nov) and when parturition was expected (Mar – Apr).

Blood sampling

A captive population of female T. nigrolutea was used for this stud y. All females were sampled as

described; data for analyses were selected from reproductively active (N = 8) and quiescent (N =

8) females for which full data sets were obtained. The lizards were brought into the laboratory

prior to sampling, and weight and snout-vent length (SVL) recorded. Blood samples were taken

routinely between 0930 and 1230. Blood was collected from the caudal artery (without

anaesthesia) using a heparinised syringe, and held on ice until centrifuging at 6400 rpm. Plasma

was stored frozen at -20 C until analysis. Up to 1 ml of blood was taken from each animal.

During vitellogenesis, mating and ovulation, blood samples were collected fortnightly from all

females, at the start of the first (A) and third (B) weeks of each month (Sept 199 7 - Dec 1997).

Monthly sampling of all individuals continued until the end of the active season (Jan 1998 - Apr

1998): animals hibernated from May – Aug. An additional blood sample was collected from each

reproductively active female within 24 hr of partur ition, and clutch number recorded. All

hormone concentrations reported are means  one standard error (1 SE).

Radioimmunoassays

Analytical reagent grade isooctane, hexane and ethanol were purchased from Biolab Scientific

Pty. Ltd. (Victoria, Aust.). Scin tillation fluid (Ecolite +) came from ICN (Costa Mesa, CA.).

[1,2,6,7-3H]-Testosterone (spec. act. 2.6-3.9 TBq mmol-1) and [1,2,6,7-3H]-P4 (spec. act. 3.0-4.1
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TBq mmol-1) were purchased from Amersham Life Sciences (UK). Testosterone antiserum was a

gift from A. J. Bradley (details in Bradley, 1990). Plasma T concentrations were assayed by a

modification to the radioimmunoassay of Castro et al. (1974) which has been published elsewhere

(Swain and Jones, 1994). Intra - and interassay coefficients of variation for the testosterone assay

were 6% and < 10%, respectively (Swain and Jones, 1994). Progesterone antiserum was from J.

Malecki (details published in McDonald et al., 1988). The P4 radioimmunoassay method was

described in Jones and Rose (1992) with a minor modification for this study: P4 was eluted from

the columns in 3 ml isooctane. Intra - and interassay coefficients of variation for the P4 assay were

8.4% and 12.1% respectively. All T and P4 assay samples were measured as outlined in Jones and

Rose (1992). Plasma E was measured using Spectria coated -tube radioimmunoassay kits as in

Jones and Swain (1996). Cross -reactivities for the E2 antiserum are: E2, 100%; estrone (E1),

1.16%; estriol (E3), 0.45%; T and P4, <0.001%. Intra - and interassay coefficients of variation for

this assay were 8% and 13%, respectively. The limit of detection for all three assays was 10 pg

authentic steroid. Assays were validated using T. nigrolutea plasma (T and E assays) or pooled

skink plasma (P4 assay): in all cases serial diluti ons of plasma ran parallel to the standard curves.

Statistics

All statistical analyses were performed using SYSTAT 5.2 for the Macintosh (Wilkinson et al,

1992). A significance level of  = 0.05 was used throughout. All data points were initially log -

transformed to satisfy the assumptions of normality and homogeneity of variance. Occasional

missing individual data were assigned the mean value for animals of like reproductive status in

the same sample period, although no more than one such value was assigne d to any sample set or

any individual animal (Mundry, 1999; D. Ratkowsky, pers. comm.). Data from the initial
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sampling period (Sept A) was not included in analyses as some animals had not yet emerged from

hibernation at that time. Annual patterns of mean p lasma steroid concentrations were examined in

both pregnant and quiescent female T. nigrolutea by two-way repeated measures Analysis of

Variance ((M)ANOVA). The multivariate output of these analyses (Pillai trace statistic) tested

both for changes in mean plasma steroid concentration through time and for time -state

interactions, where “state” was the reproductively active or quiescent condition of the lizards.

Multivariate analysis was used because the univariate output from the SYSTAT programme is

unsuitable due to a lack of independence of the data through time (C. Johnson, pers. comm.). The

precise timing of ovulation and the mating period was unknown before blood samples were

collected; therefore, a posteriori unpaired Student t tests were conducted to c ompare mean values

for pregnant and quiescent animals for each steroid hormone profile (C. Johnson, pers. comm.).

Visual examination of completed hormone profiles and behavioral observations of the captive

population concurrent with blood sampling were use d to identify relevant successive pairs of

sample sets.

RESULTS

Progesterone

A seasonal pattern of variations in plasma P4 concentrations was evident. A comparison of mean

plasma P4 concentrations in reproductively active and quiescent female T. nigrolutea throughout

the reproductive season (spring (Sept) 1997 - autumn (Apr) 1998) is shown in Figure 1. In

quiescent females, mean plasma P4 concentration was low (1.1  0.20 ng ml-1) at emergence in

early spring (Sept B) and remained basal (1 - 2 ng ml-1) throughout the active season. In

reproductively active females, mean plasma P4 concentration became significantly elevated in
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mid spring (Nov A), corresponding to the late vitellogenic/early mating and ovulatory period

((M)ANOVA: F(7,7) = 52.600, P = 0.000) and remained high, peaking in the second trimester

(Jan) of gestation (12.7  1.27 ng ml-1). Mean plasma P4 concentrations fell (4.4  0.88 ng ml-1)

by late summer (Feb), but prior to parturition and returned to basal concentrations by early

autumn, during the parturition period (Mar – Apr).

Multivariate analysis also revealed a significant interaction effect between time and condition of

females (reproductive or quiescent) ((M)ANOVA: F (1,7) = 11.634, P = 0.007). A paired Student t

test revealed no significant change in mean plasma P4 concentration between late pregnancy

(Feb) and within 24 hr of parturition. There was no correlation between peak (mid summer (Jan))

mean plasma P4 concentration of reproductively active females and female snout -vent length

(SVL), the number of offspring produced, or the number of CLs present (extrapolated from the

number of offspring plus unfertilised ova produced).

Estrogen

Mean plasma E concentration varied significantly throughout the active season ((M)ANOVA:

F(1,15) = 354.117, P = 0.000) (Figure 2). There was a significant interaction effect between time of

year and reproductive condition of females ((M)ANOVA: F (1,7) = 5.903, P = 0.032). While mean

plasma E concentrations in quiescent females did fluctuate throughout the a ctive season, there

were no significant changes with time. In contrast, mean plasma E concentration in reproductively

active females was low (275.2  36.87 pg ml-1) at spring emergence (early spring (Sept B)) and

increased during the mid spring vitellogeni c period (Oct A and B), peaking later in spring,

immediately prior to ovulation (Nov A) at 715.1  106.68 pg ml-1. A posteriori unpaired Student t
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tests demonstrated that mean plasma E concentrations in reproductively active females were

elevated significantly above those of quiescent females at times corresponding to late

vitellogenesis (mid spring (Oct B)) (t test: t = -2.337, df = 14, P = 0.035) and mating/ovulation

(late spring (Nov A)) (t test: t = -3.032, df = 14, P = 0.009). A paired Student t test s howed no

significant change in mean plasma E concentration between late gestation (Feb) and within 24 hr

of parturition, and there was no correlation between peak (late spring (Nov A)) mean plasma E

concentration of reproductively active females and their SVL or the number of offspring

produced.

Testosterone

Significant variations in mean plasma T concentrations in reproductive females were observed

through the active season ((M)ANOVA: F (1, 7) = 46.339, P = 0.000) and a similar pattern was

observed in quiescent females (Figure 3). The cycle was characterised by a peak in plasma T

concentrations in late spring, during the mating/ovulation period (Nov B) (reproductive: 6.3 

0.63 ng ml-1, quiescent: 4.7  0.31 ng ml-1) and a marked decline to < 1 ng ml -1 by early summer

(the start of gestation in pregnant lizards) (Dec A) in all individuals. An a posteriori unpaired t

test showed a significant elevation in mean plasma T concentration in reproductively active

females above that of quiescent individuals in late spring (Nov B) (t test: t = -2.415, df = 14, P =

0.030); this corresponded to the mating and ovulatory period in reproductively active females.

There was no significant change (paired Student t test) in mean plasma T concentration between

late gestation and within 24 hr of parturition, and there was no correlation between peak (late

spring (Nov B)) mean plasma T concentration of reproductively active females and their SVL or

the number of offspring produced.
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DISCUSSION

The changes in mean plasma P4 concent ration described for female T. nigrolutea throughout the

active season are typical of those observed in many other temperate zone viviparous squamates

(Chan et al., 1973; Bourne et al., 1986; Kleis-San Francisco and Callard, 1986; Fergusson and

Bradshaw, 1991; Van Wyk, 1994; Jones and Swain, 1996; Jones et al., 1997). The magnitude of

peak mean plasma P4 concentration shows little variation between species with similar plasma P4

profiles (Cordylus giganteus: 5 ng ml-1 (Van Wyk, 1994), Niveoscincus ocellatus: 6.5 ng ml-1

(Jones et al., 1997), Nerodia sp.: 10 ng ml-1 (Kleis-San Francisco and Callard, 1986),

Niveoscincus metallicus: 11.5 ng ml-1 (Jones and Swain, 1996) and all are comparable with T.

nigrolutea (12.7 ± 1.27 ng ml -1).

The specific role of P4 in gestation remains unclear. Progesterone may function to slow the rate of

ovarian development, delaying the next ovulation and gestation, so that young are born into

conditions optimal for their survival (Callard et al., 1992); it may influence the rate of

development (Gemmell, 1995), or delay parturition by reducing oviductal contractility (Guillette

et al., 1991). It has been proposed that the evolution of viviparity as a response to cold climates

was facilitated by the effects of P4 on uterine motility (G uillette et al., 1981; Guillette and Jones,

1985), gestation length (Callard et al., 1972a, b; Highfill and Mead, 1975b) and oviductal

hypertrophy (Guillette and Jones, 1985), resulting in more prolonged gestation (Callard et al.,

1972a, b; Shine and Guillette, 1988). Elevated plasma P4 concentrations during gestation also

inhibit E2-stimulated follicular growth (Yaron and Widzer, 1978), so that vitellogenesis is not

initiated during pregnancy (Callard et al., 1992). This effect of P4 on follicular growth i s termed
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“antigonadal” (Callard et al., 1972a; Guillette et al., 1981; Ho, 1987) and is important for

temperate zone viviparous reptiles which are usually constrained by a limited active season to a

single reproductive effort each year (Shine, 1985; Dunham et al., 1988). The decline in mean

plasma P4 seen well before parturition in T. nigrolutea is likely to be related to the antigonadal

actions of this hormone, and to reflect the multihormone control of gestation and parturition.

In reproductively active female T. nigrolutea, annual changes in mean plasma E concentrations

reflect important physiological events in the reproductive cycle, rising during vitellogenesis and

ovulation. A similar plasma E profile is displayed in many other viviparous squamates ( Callard et

al., 1972c; Kleis-San Francisco and Callard, 1986; Callard and Kleis, 1987; Bonnet et al., 1994;

Van Wyk, 1994; Jones and Swain, 1996; Jones et al., 1997), although there is considerable

variation in the magnitude of peak mean plasma E2 concentr ations between species. Among

viviparous squamates, peak E concentrations at ovulation range from 700 -1300 pg ml-1 in T.

nigrolutea (this study), N. metallicus (Jones and Swain, 1996), N. ocellatus (Jones et al., 1997)

and Nerodia sp. (Kleis-San Francisco and Callard, 1986), to 4 ng ml -1 in V. aspis (Saint Girons et

al., 1993; Bonnet et al., 1994), but rarely as high as concentrations seen in C. giganteus, in which

plasma E2 peaks above 600 ng ml -1 (Van Wyk, 1994). However, regardless of the differences in

the magnitude of plasma E peaks between species, the patterns of change throughout the

reproductive cycle remain the same. In reproductively active female T. nigrolutea mean plasma E

rises again at parturition, although it does not become significantly ele vated above concentrations

detected in quiescent females. A similar trend has been reported in two other viviparous

squamates, the lizard C. giganteus (Van Wyk, 1994) and the snake Nerodia sp. (Kleis-San

Francisco and Callard, 1986).
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Although only examined in females of a few, usually oviparous, reptile species, T appears to be

an important secretory product of the ovary (Arslan et al., 1978; Callard et al., 1978; Owens,

1997; Staub and De Beer, 1997). Both reproductively active and quiescent female T. nigrolutea

display variation in mean plasma T concentrations throughout the active season. The changes

observed in reproductively active females are also apparent, but at lower concentrations, in

quiescent individuals. This phenomenon has also been reported in the viviparous snake T. s.

parietalis (Whittier et al., 1987). In reproductively active female T. nigrolutea mean plasma T

increases through late vitellogenesis, peaking at 6.3 ± 0.63 ng ml -1 at ovulation and then declining

rapidly. The magnitude of thi s T peak is relatively high for a female reptile. By comparison,

plasma T in females peaks between 300 and 400 pg ml -1 in the oviparous snake N. naja (Bona-

Gallo et al., 1980) and the turtles Caretta caretta (Wibbels et al., 1990) and L. kempi (Rostal et

al., 1998). Peak plasma T is higher in female Alligator mississippiensis  (1.12 ng ml-1) (Guillette

et al., 1997), T. s. parietalis (2 ng ml-1) (Whittier et al., 1987) and the turtle Chrysemys picta (4.5

ng ml-1) (Callard et al., 1978). Only the tuatara S. punctatus (11.4 ng ml-1) (Cree et al., 1992) is

reported to have a higher peak plasma concentration of T in females than T. nigrolutea. Such

differences may reflect species -specific variation in the specificity or capacity of sex steroid

binding proteins (Paolucci et al., 1992).

The pattern of seasonal changes in mean plasma T concentrations in T. nigrolutea is very similar

to that seen in some other female reptiles (Bona -Gallo et al., 1980; Callard and Kleis, 1987;

Whittier et al., 1987; Saint Girons et al., 1993). Although the majority of published studies have

examined non-squamate species, a correlation between elevated plasma T concentrations and
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vitellogenesis and ovulation or mating is reported (Callard et al., 1978; Moore, 1986; Wibbels et

al., 1990; Cree et al., 1992; Guillette et al., 1997; Rostal et al., 1998). Testosterone is also known

to stimulate oviductal hypertrophy (Jones and Guillette, 1982) and uterine development in

ovariectomised lizards (Yaron, 1972b). However, few studies of plasma T c oncentrations in

female viviparous squamates are available for comparison.

The presence of T at physiologically relevant concentrations in plasma implies a biological

function for this hormone beyond its role as a precursor for the synthesis of estrogen (Staub and

De Beer, 1997). The profile of mean plasma testosterone in female T. nigrolutea provides

circumstantial evidence that T may be involved in the regulation of vitellogenesis and ovulation

in this species. However, while a temporal correlation betw een elevated plasma T and

vitellogenesis and ovulation has been demonstrated in a number of female reptiles, a causal

relationship is yet to be proven for any species.

In addition to their individual actions, the combined effects of gonadal steroids in t he regulation

of reproductive physiology must be considered. Plasma profiles of P4, E and T in reproductively

active female T. nigrolutea suggest that the key reproductive events of vitellogenesis, ovulation,

gestation and parturition are under multihormon e control. To facilitate discussion, the seasonal

profiles of plasma P4, E and T in female T. nigrolutea are shown overlaid in Figure 4.

In T. nigrolutea, mean plasma E, T and P4 concentrations rise during the late vitellogenic period.

In other reptiles, E2 and T are synthesised by growing follicles: plasma concentrations increase as

follicles enlarge (Wade 1997; Staub and De Beer, 1997) and then fall in the periovulatory period



15

(Callard and Kleis, 1987; Wibbels et al., 1990; Guillette et al., 1997; Rostal et al., 1998).

Estrogens and progestins secreted by the ovary in the pre -ovulatory period act synergistically to

stimulate maturation of the genital tract in female reptiles (Yaron, 1972a). The release of the

ovum is thought to deactivate the enzyme syste ms responsible for the further conversion of P4 to

E2 (Yaron, 1972a). Correspondingly, at ovulation in T. nigrolutea, plasma E and T concentrations

decrease and mean plasma P4 concentration rises. Progesterone and T have marked antagonistic

effects on E2-induced vitellogenin synthesis in reptiles (Giannoukos and Callard, 1995) and may

function to terminate vitellogenesis after ovulation (Ho et al., 1982; Callard et al., 1992). This is

accomplished at two levels; the liver is the site of one such antigonadal  effect, where T regulates

the stimulatory action of E2 (Callard and Ho, 1987). Simultaneously, at the follicular level P4

inhibits the incorporation of vitellogenin into oocytes (Yaron and Widzer, 1978). In T. nigrolutea,

mating occurs immediately prior t o ovulation, coincident with peak plasma E, and a small peak in

plasma P4.

During gestation in T. nigrolutea, elevated plasma P4 and T (presumably of ovarian origin) may

inhibit E production and prevent further follicular development, as described in oth er reptiles

(Callard et al., 1972a; Ho et al., 1982; Callard et al., 1992). Alternatively, inhibition may be

accomplished at the receptor level; P4 causes downregulation of E2 receptors in the brain of the

lizards Cnemidophorus inornatus and Cnemidophorus uniparens (Godwin et al., 1996). The rise

in plasma E concentration seen near the end of gestation in T. nigrolutea has been associated with

the onset of parturition in the related species T. rugosa (Fergusson and Bradshaw, 1992) and

occurs coincident with falling P4 and low T concentrations in the plasma.
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Although experimental evidence is still required to support this hypothesis, the plasma steroid

profiles of P4, E and T in reproductively active female T. nigrolutea (Figure 4) suggest the

multihormonal control of reproduction in females of this species. This highlights the importance

of considering,  not only the direct actions of reproductive steroid hormones, but also their

potential interaction with other steroids and the regulation of receptor numbe rs, in the

interpretation of results from castration or hormone manipulation studies, or when characterising

reptilian reproductive cycles.



17

ACKNOWLEDGEMENTS

We thank A. Bradley and J. Malecki for the generous gifts of antisera, the School of Zoology,

University of Tasmania, for financial and infrastructure support, and two anonymous reviewers

for their comments on the manuscript. This work was conducted under University of Tasmania

Animal Ethics Approval numbers 95046 and 98015.

REFERENCES

Arslan M., Zaidi P., Lobo J., Zaidi A. A., and Qazi M. H. (1978). Steroid levels in preovulatory

and gravid lizards (Uromastix hardwicki). Gen. Comp. Endocrinol . 34, 300-303.

Bona-Gallo A., Licht P., MacKenzie D. S. and Lofts B. (1980). Annual cycles in levels of

pituitary and plasma gonadotropin, gonadal steroid, and thyroid activity in the Chinese

cobra (Naja naja). Gen. Comp. Endocrinol . 42, 477-493.

Bonnet X., Naulleau G. and Mauget R. (1994). The influence of body condition on 17 -estradiol

levels in relation to vitellogenesis in female Vipera aspis (Reptilia, Viperidae). Gen. Comp.

Endocrinol. 93, 424-437.

Bourne A. R. and Seamark R. F. (1972). Progestins in the plasma of a viviparous lizard, Tiliqua

rugosa (Gray). J. Reprod. Fert. 28, 156-157.

Bourne A. R., Stewart B. J. and Watson T. G. (1986). Changes in blood progesterone

concentration during pregnancy in the lizard Tiliqua (Trachydosaurus) rugosa. Comp.

Biochem. Physiol. 84A, 581-583.

Bradley A. J. (1990). Failure of glucocorticoid feedback during breedin g in the male redtailed

phascogale Phascogale calura (Marsupialia: Dasyuridae). J. Steroid Biochem. 37, 155-163.



18

Callard I. P. and Ho S-m. (1987). Vitellogenesis and viviparity. In “Fundamentals of Comparative

Vertebrate Endocrinology”. (I. Chester -Jones, P. M. Ingleton and J. G. Philips, Eds), pp.

257-282. Plenum Press, New York.

Callard I. P. and Kleis S. M. (1987). Reproduction in reptiles. In “Fundamentals of Comparative

Vertebrate Endocrinology”. (I. Chester -Jones, P. M. Ingleton and J. G. Philips,  Eds), pp.

187-205. Plenum Press, New York.

Callard I. P., Doolittle J., Banks Jr. W. L. and Chan S. W. (1972a). Recent studies on the control

of the reptilian ovarian cycle. Gen. Comp. Endocrinol. Suppl . 3, 65-75.

Callard I. P., Chan S. W. C. and Pott s, M. A. (1972b). The control of the reptilian gonad. Amer.

Zool. 12, 273-287.

Callard I. P., Bayne C. G. and McConnell W. F. (1972c). Hormones and reproduction in the

female lizard Sceloporus cyanogenys . Gen. Comp. Endocrinol . 18, 175-194.

Callard I. P., Lance V., Salhanick A. R. and Barad D. (1978). The annual ovarian cycle of

Chrysemys picta: correlated changes in plasma steroids and parameters of vitellogenesis.

Gen. Comp. Endocrinol . 35, 245-257.

Callard I. P., Fileti L. A., Perez L. E., Sorbera L. A., Giannoukos G., Klosterman L. K., Tsang P.

and McCracken J. A. (1992). Role of the corpus luteum and progesterone in the evolution

of vertebrate viviparity. Amer. Zool. 32, 264-275.

Castro A., Shih H. H. W. and Chung A. (1974). A simple radioimmunoas say of testosterone

without column chromatography. Steroids 23, 625-638.

Chan S. W. C., Ziegel S. and Callard I. P. (1973). Plasma progesterone in snakes. Comp.

Biochem. Physiol. 44A, 631-637.



19

Cree A., Cockrem J. F. and Guillette L. J. Jr. (1992). Repr oductive cycles of male and female

tuatara (Sphenodon punctatus) on Stephens Island, New Zealand. J. Zool., Lond. 226, 199-

217.

Dauphin-Villemant C. and Xavier E. (1985). In vitro steroid biosynthesis by the adrenal gland of

the female Lacerta vivipara Jacquin: the metabolism of exogenous precursors. Gen. Comp.

Endocrinol. 58, 1-9.

Diaz J. A., Alonso-Gomez A. L. and Delgado M. J. (1994). Seasonal variation of gonadal

development, sexual steroids, and lipid reserves in a population of the lizard

Psammodromus algirus. J. Herpetol. 28, 199-205.

Dunham A. E., Miles D. B. and Reznick D. N. (1988). Life history patterns in squamate reptiles.

In ”Biology of the Reptilia” Ecology B, Vol 16. (C. Gans and R. B. Huey, Eds), pp. 421 -

515. Alan R. Liss Inc, New York .

Edwards A. (1999). Steroids and reproduction in Tiliqua nigrolutea. Unpublished Ph.D thesis,

University of Tasmania, Hobart, Tasmania.

Etches R. J. and Petitte J. N. (1990). Reptilian and avian follicular hierarchies: models for the

study of ovarian development. J. Exp. Zool. Suppl . 4, 112-122.

Fergusson B. and Bradshaw S. D. (1992). In vitro uterine contractions in the viviparous lizard

Tiliqua rugosa: effects of gestation and steroid pretreatment in vivo. Gen. Comp.

Endocrinol. 86, 203-210.

 Fergusson B. and Bradshaw S. D. (1991). Plasma arginine vasotocin, progesterone, and luteal

development during pregnancy in the viviparous lizard Tiliqua rugosa. Gen. Comp.

Endocrinol. 82 140-151.



20

Gemmell R. T. (1995). A comparative study of the corpus luteum. Reprod. Fertil. Dev. 7, 303-

312.

Giannoukos G. and Callard I. P. (1995). Reptilian ( Chrysemys picta) hepatic progesterone-

receptors: relationship to plasma steroids and the vitellogenic cycle. J. Steroid. Biochem.

Molec. Biol. 55, 93-106.

Godwin J., Hartman V. M., Grammer M. and Crews D. (1996). Progesterone inhibits female -

typical receptive behaviour and decreases hypothalamic estrogen and progesterone receptor

messenger ribonucleic acid levels in whiptail lizards (Genus Cnemidophorus). Horm.

Behav. 30, 138-144.

Guarino F. G., Paulesu L., Cardone A., Bellini L., Ghiara G. and Angelini F. (1998). Endocrine

activity of the corpus luteum and placenta during pregnancy in Chalcides chalcides

(Reptilia, Squamata). Gen. Comp. Endocrinol . 111, 261-270.

Guillette L. J. Jr. and Jones R. E. (1985). Ovarian, oviducal, and placental morphology of the

reproductively bimodal lizard, Sceloporus aeneus. J. Morphol. 184, 85-98.

Guillette L. J. Jr., Spielvogel S. and Moore F. L. (1981). Luteal development, placentatio n, and

plasma progesterone concentration in the viviparous lizard Sceloporus jarrovi. Gen. Comp.

Endocrinol. 43, 20-29.

Guillette L. J. Jr., Demarco V. and Palmer B. D. (1991). Exogenous progesterone or indo -

methacin delays parturition in the viviparous lizard Sceloporus jarrovi. Gen. Comp.

Endocrinol. 81, 105-112.

Guillette L. J. Jr., Woodward A. R., Crain D. A., Masson G. R., Palmer B. D., Cox S. M., You -

Xiang Q. and Orlando E. F. (1997). The reproductive cycle of the female American alligator

(Alligator mississippiensis). Gen. Comp. Endocrinol . 108, 87-101



21

Highfill D. R. and Mead R. A. (1975a). Sources and levels of progesterone during pregnancy in

the garter snake, Thamnophis elegans. Gen. Comp. Endocrinol . 27, 389-400.

Highfill D. R. and Mead R.  A. (1975b). Function of corpora lutea in the viviparous garter snake,

Thamnophis elegans. Gen. Comp. Endocrinol . 27, 401-407.

Ho S.-m. (1987). Endocrinology of vitellogenesis. In “Hormones and Reproduction in Fishes,

Amphibians and Reptiles” (D. O. Norr is and R. E. Jones, Eds). pp. 145 -169. Plenum Press,

New York.

Ho. S.-m., Kleis S., McPherson R., Heisermann G. J. and Callard I. P. (1982). Regulation of

vitellogenesis in reptiles. Herpetologica 38, 40-50.

Ho. S.-m., Danko D. and Callard I. P. (1981) . Effects of exogenous estradiol -17 on plasma

vitellogenin levels in male and female Chrysemys and its modulation by testosterone and

progesterone. Gen. Comp. Endocrinol. 43, 413-421.

Jones R. E. and Guillette L. J. Jr. (1982). Hormonal control of oviposi tion and parturition in

lizards. Herpetologica 38, 80-93.

Jones S. M. and Rose R. W. (1992). Plasma progesterone levels in the pregnant female rat

kangaroo (Bettongia gaimardi). Gen. Comp. Endocrinol . 87, 178-182.

Jones S. M. and Swain R. (1996). Annua l reproductive cycle and annual cycles of reproductive

hormones in plasma of female Niveoscincus metallicus (Scincidae) from Tasmania. J.

Herpetol. 30, 140-146.

Jones S. M., Wapstra E. and Swain R. (1997). Asynchronous male and female gonadal cycles and

plasma steroid concentrations in a viviparous lizard, Niveoscincus ocellatus (Scincidae)

from Tasmania. Gen. Comp. Endocrinol . 108, 271-281.



22

Joss J. M. P. (1985). Ovarian steroid production in oviparous lizards of the genus Lampropholis

(Scincidae). In “The Biology of Australasian Frogs and Reptiles” (G Grigg, R Shine and H

Ehmann, Eds). pp. 319-326. Royal Zoological Society of New South Wales, Australia.

Kime D. E. (1987). The steroids. In “Fundamentals of Comparative Vertebrate Endocrinology” (I.

Chester-Jones, P. M. Ingleton and J. G. Philips, Eds). pp. 3 -56. Plenum Press, New York.

Kleis-San Francisco S. and Callard I. P. (1986). Progesterone receptors on the oviduct of a

viviparous snake (Nerodia): correlations with ovarian function and plasma ste roid levels.

Gen. Comp. Endocrinol . 63, 220-229.

McDonald I. R., Lee A. K., Than K. A. and Martin R. W. (1988). Concentration of free

glucocorticoids in plasma and mortality in the Australian bush rat ( Ruttus fuscipes

Waterhouse). J. Mamm. 69, 740-748.

McNicol D. Jr. and Crews D. (1979). Estrogen/progesterone synergy in the control of female

sexual receptivity in the lizard, Anolis carolinensis. Gen. Comp. Endocrinol . 38, 68-74.

Moore M.C. (1986). Elevated testosterone levels during non -breeding season territoriality in a

fall- breeding lizard, Sceloporus jarrovi. J. Comp. Physiol. 158A, 159-163.

Moore M. C. and Crews D. (1986). Sex steroid hormones in natural populations of a sexual

whiptail lizard Cnemidophorus inornatus , a direct evolutionary ancestor of a unisexual

parthenogen. Gen. Comp. Endocrinol . 63, 424-430.

Mundry R. (1999). Testing related samples with missing values: a permutation approach. Anim.

Behav. 58, 1143-1153.

Naulleau G. and Fleury F. (1990). Changes in plasma progesterone in fe male Vipera aspis L.

(Reptilia, Viperidae) during the sexual cycle in pregnant and nonpregnant females. Gen.

Comp. Endocrinol. 78, 433-443.



23

Owens D. W. (1997). Hormones in the life history of sea turtles. In “The Biology of Sea Turtles”

(P. L. Lutz and J. A. Musick, Eds). pp. 315-314. CRC Press, Inc, Boca Raton, New York,

London, Tokyo.

Paolucci M., Di Fiore M. M., Ciarcia G. and Botte V. (1992). Plasma sex steroid binding proteins

(SSBP) in the male lizard, Podarcis s. sicula, during the reproductive cycle. Gen. Comp.

Endocrinol. 87, 232-239.

Prasad M. R. N. and Sanyal M. K. (1969). Effect of sex hormones on the sexual segment of

kidney and other accessory reproductive organs of the Indian house lizard Hemidactylus

flaviviridis Rüppell. Gen. Comp. Endocrinol. 12, 110-118.

Rostal D. C., Owens D. Wm., Grumbles J. S., MacKenzie D. S. and Amoss M. A. Jr. (1998).

Seasonal reproductive cycle of the Kemp’s Ridley sea turtle ( Lepidochelys kempi). Gen.

Comp. Endocrinol. 109, 232-243.

Saint Girons H., Bradshaw S. D. and Bradshaw F. J. (1993). Sexual activity and plasma levels of

sex steroids in the aspic viper Vipera aspis L. (Reptilia, Viperidae). Gen. Comp.

Endocrinol. 91, 287-297.

Schramm B. G., Casares M. and Lance V.A. (1999). Steroids levels and repro ductive cycle of the

Galápagos tortoise, Geochelone nigra, living under seminatural conditions on Santa Cruz

Island (Galápagos). Gen. Comp. Endocrinol. 114 108-120.

Shine R. (1985). The reproductive biology of Australian reptiles: a search for general patt erns. In

“Biology of Australasian Frogs and Reptiles” (G. Grigg, R. Shine and H. Ehmann, Eds). pp.

297-303. Surrey Beaty and Sons Pty, Ltd, Australia.

Shine R. and Guillette L. J. Jr. (1988). The evolution of viviparity in reptiles: a physiological

model and its ecological consequences. J. Theor. Biol. 132, 43-50.



24

Staub N. L. and De Beer M. (1997). The role of androgens in female vertebrates. Gen. Comp.

Endocrinol. 108, 1-24.

Swain R. and Jones S. M. (1994). Annual cycle of plasma testosterone and oth er reproductive

parameters in the Tasmanian skink, Niveoscincus metallicus. Herpetologica 54, 502-509.

Van Wyk J. H. (1994). Physiological changes during the female reproductive cycle of the

viviparous lizard Cordylus giganteus (Sauria: Cordylidae). Herpetologica. 50, 480-493.

Wade J. (1997). Androgen metabolism in the brain of the green anole lizard ( Anolis carolinensis).

Gen. Comp. Endocrinol . 106, 127-137.

Weekes H. C. (1934). The corpus luteum in certain oviparous and viviparous reptiles. Proc. Linn.

Soc. NSW. 59, 380-391.

Whittier J. M., Mason R. T. and Crews D. (1987). Plasma steroid hormone levels of female red -

sided garter snakes, Thamnophis sirtalis parietalis : relationship to mating and gestation.

Gen. Comp. Endocrinol . 67, 33-43.

Wibbels T., Owens D. W., Limpus C. J., Reed P. C. and Amoss M. S. Jr. (1990). Seasonal

changes in serum gonadal steroids associated with migration, mating, and nesting in the

loggerhead sea turtle (Caretta caretta). Gen. Comp. Endocrinol . 79, 154-164.

Wilkinson L., Hill H. A., Mialla S. and Vang E. (1992). SYSTAT for the Macintosh, Version 5.2,

Evanston, Illanois.

Xavier F. (1982). Progesterone in the viviparous lizard Lacerta vivipara: ovarian biosynthesis.

plasma levels and binding to transcortin -type protein during the sexual cycle. Herpetologica

38, 62-70.

Yaron Z. (1972a). Endocrine aspects of gestation in viviparous reptiles. Gen. Comp. Endocrinol.

Suppl. 3, 663-674.



25

Yaron Z. (1972b). Effects of ovariectomy and steroid replacement on the genital tract o f the

viviparous lizard, Xantusia vigilis. J. Morphol. 136, 313-326.

Yaron Z. (1985). Reptilian placentation and gestation: structure, function, and endocrine control.

In “Biology Of the Reptilia Development” B, Vol 15. (C. Gans and F. Billet, Eds). pp. 528-

603. John Wiley and Sons, New York.

Yaron Z. and Widzer L. (1978). The control of vitellogenesis by ovarian hormones in the lizard

Xantusia vigilis. Comp. Biochem. Physiol . 60, 279-284.

Yokoyama F. and Yoshida H. (1994). The reproductive cycle of t he female habu, Trimeresurus

flavoviridis. J. Herpetol. 28, 54-59.



26

Figure Legends

Figure 1. Plasma P4 concentrations in reproductively active (N = 8) and quiescent (N = 8) female

Tiliqua nigrolutea throughout the active season. Sampling was fortnightly from September 1997

to December 1997 (samples designated A and B within these months) and then monthly until

April 1998. Reproductive conditions corresponding to monthly samples were: vitellogenesis (Sept

A – Nov A); ovulation and mating (Nov A – Nov B); gestation (Dec A – Feb); parturition (Mar –

Apr). Values are means  1 standard error.

Figure 2. Plasma E2 concentrations in reproductively active (N = 8) and quiescent (N = 8) female

Tiliqua nigrolutea throughout the active season. Sampling was fortnight ly from September 1997

to December 1997 (samples designated A and B within these months) and then monthly until

April 1998. Reproductive conditions corresponding to monthly samples were: vitellogenesis (Sept

A – Nov A); ovulation and mating (Nov A – Nov B); gestation (Dec A – Feb); parturition (Mar –

Apr). Values are means  1 standard error.

Figure 3. Plasma T concentrations in reproductively active (N = 8) and quiescent (N = 8) female

Tiliqua nigrolutea throughout the active season. Sampling was fortnig htly from September 1997

to December 1997 (samples designated A and B within these months) and then monthly until

April 1998. Reproductive conditions corresponding to monthly samples were: vitellogenesis (Sept

A – Nov A); ovulation and mating (Nov A – Nov B); gestation (Dec A – Feb); parturition (Mar –

Apr). Values are means  1 standard error.
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Figure 4. Mean plasma P4, E and T concentrations in reproductively active female Tiliqua

nigrolutea (N = 8) throughout the active season, overlaid to demonstrate t he potential timing of in

vivo steroid hormone interactions. Sampling was fortnightly from September 1997 to December

1997 (samples designated A and B within these months) and then monthly until April 1998.

Reproductive conditions corresponding to monthly samples were: vitellogenesis (Sept A – Nov

A); ovulation and mating (Nov A – Dec A); gestation (Dec A – Feb); parturition (Mar – Apr).

Standard errors are omitted for clarity.



28

0

2

4

6

8

10

12

14

16

Sept
A

Sept
B

Oct
A

Oct
B

Nov
A

Nov
B

Dec
A

Dec
B

Jan Feb Mar Apr

P4
 (n

g 
m

l-1
)

quiescent

reproductive

vitellogenesis

mating/ovulation

gestation

parturition



29

0

100

200

300

400

500

600

700

800

900

Sept
A

Sept
B

Oct
A

Oct
B

Nov
A

Nov
B

Dec
A

Dec
B

Jan Feb Mar Apr

E 
(p

g 
m

l-1
)

quiescent

reproductive
vitellogenesis

mating/ovulation

gestation
parturition



30

0

1

2

3

4

5

6

7

8

Sept
A

Sept
B

Oct
A

Oct
B

Nov
A

Nov
B

Dec
A

Dec
B

Jan Feb Mar Apr

T 
(n

g 
m

l-1
)

quiescent

reproductive

vitellogenesis

mating/ovulation

gestation

parturition



31

0

100

200

300

400

500

600

700

800

Sept
A

Sept
B

Oct
A

Oct
B

Nov
A

Nov
B

Dec
A

Dec
B

Jan Feb Mar Apr

E 
(p

g 
m

l-1
)

0

2

4

6

8

10

12

14

P4 and T (ng m
l

-1)

E2
T
P4

vitellogenesis

gestation parturition

mating/ovulation


