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Abstract

Gonadal sex is determined by the temperature experi-
enced during incubation in the leopard gecko (Euble-
pharis macularius). Furthermore, both factors, incuba-
tion temperature and gonadal sex, influence adult sexual
and agonistic behavior in this species. Yet it is unclear
whether such differences in behavior are irreversibly
organized during development or are mediated by differ-
ences in hormone levels in adulthood. To address this
question, we gonadectomized adult females and males
generated from a female-biased (30°C) and a male-
biased (32.5°C) incubation temperature and treated
them with equivalent levels of various sex steroids. We
found that 17B-estradiol (E,) activated sexual receptivity
in females but not males, suggesting an organized sex
difference in behavioral sensitivity to E,. There were also
organized and activated sex differences in attractivity to
stimulus males. Although females were more attractive
than males when treated with E,, both sexes were equal-
ly unattractive when treated with dihydrotestosterone
(DHT) or testosterone (T). Likewise, sex differences in
aggressive and submissive behavior were organized and
activated. Attacks on stimulus males were activated by T
in males but not in females. In contrast, hormones did

not influence flight behavior in males but did affect
female submissiveness. Overall, males also evoked
more attacks by stimulus males than did females. Nev-
ertheless, females and males treated with androgens
evoked more attacks than animals of the same sex that
were treated with cholesterol or E,. Incubation tempera-
ture had some weak effects on certain behaviors and no
effect on others. This suggests that temperature effects
in gonadally intact geckos may be due primarily to differ-
ences in circulating levels of hormones in adulthood. We
conclude that gonadal sex has both organizational and
activational effects on various behaviors in the leopard
gecko.

Copyright © 2000 S. Karger AG, Basel

Introduction

Expression of sex-typical reproductive and agonistic
behaviors in certain vertebrates depends upon an interac-
tion between the brain and the endocrine system during
early development and/or in adulthood [reviewed in 1-6].
For example, in mice, testosterone (T) secreted from the
testes during the perinatal period directs the differentia-
tion of the neural substrates that control steroid-depen-
dent behaviors in adults. Specifically, male mice castrated
as adults do not display female-typical sex behavior even
when treated with a sex steroid regimen (i.e., 17B-estra-
diol (E,) followed by progesterone (P)) that activates lor-
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dosis in ovariectomized females. Female mice treated
with exogenous T shortly after birth are also behaviorally
insensitive to the effects of sequential E; and P treatment
in adulthood. Conversely, male mice castrated as neo-
nates and given the same E, and P treatment as adults
show full lordosis like normal females. Therefore, expo-
sure to T during early development ‘defeminizes’ the
mouse brain and its potential for the regulation of female
sex behavior. Such permanent developmental effects of
sex steroids on ensuing behavior are referred to as organi-

zational effects and have been demonstrated for various

behaviors in both birds and mammals. The more tran-
sient and reversible effects of hormones on behavior in
adults, called activational effects, have also been docu-
mented in these two well-studied groups.

In contrast, much less is known about sexual differenti-
ation of the brain and behavior in other vertebrate classes.
Fundamental information about sex differences in groups
like reptiles, which occupy a pivotal place in the verte-
brate lineage, will help us better understand the evolution
of unique and shared mechanisms of neuroendocrine
development and control in all vertebrates.

In the leopard gecko, Eublepharis macularius, we have
a particularly interesting organism for studying the devel-
opmental and endocrine factors that act and interact to
influence the expression of sex-typical behavior. Em-
bryonic incubation temperature determines gonadal sex
in this reptile [7], just as it does in some other lizards,
many turtles, and all crocodilians [8-10]. Moreover, both
embryonic temperature and gonadal sex influence adult
sex steroid physiology and sociosexual behavior in the leo-
pard gecko [11, 12, reviewed in 13]. For example, female
leopard geckos from an intermediate temperature that
produces a male-biased sex ratio are less attractive to
males than are females from temperatures that produce
female-biased sex ratios [12]. Hormone levels in adults
vary in accord with embryonic temperature so that less
attractive, intermediate temperature females have higher
androgen levels than more attractive females from other
temperatures [reviewed in 13]. Adult male leopard geckos
have higher androgen levels than adult females and are
unattractive to and elicit fierce aggression from other
males. To date, however, there has been no systematic
examination of incubation temperature or gonadal sex
effects on behavior while rigorously controlling for circu-
lating hormone levels, either during development or in
adulthood.

Data in the leopard gecko and other TSD reptiles is
consistent with the hypothesis that incubation tempera-
ture and gonadal sex may have organizational effects on
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behavior as well as effects that are mediated by differ-
ences in hormone levels in adults. Studies in TSD reptiles
strongly suggest that incubation temperature determines
gonadal sex by influencing sex steroid metabolism during
embryonic development [14, 15]. Thus, temperature-
induced variation in hormone production could also have
an organizational effect on neural and behavioral differ-
entiation [13]. Differences in gonadal sex, in turn, lead to
developmental differences in sex steroid levels in the leo-

~pard gecko [16], which could result in organizational

actions in the developing brain. Yet, as indicated in the
preceding paragraph, there are also temperature and sex
differences in hormone levels in adulthood in the leopard
gecko. An alternative to this hypothesis is that incubation
temperature may have more direct effects on neural and
behavioral differentiation. In fact, there is evidence that
sex steroids in the common snapping turtle, another TSD
reptile, do not mediate incubation temperature effects on
certain aspects of postnatal physiology and behavior
[reviewed in 17]. Hormonal manipulations of snapping
turtle embryos produce females at temperatures that nor-
mally produce males (and vice versa), but do not alter
temperature effects on a number of other traits. Thus, in
the leopard gecko, it is unclear whether temperature and
sex differences in behavior are mediated by differences in
hormone levels in adults, are organized by differences in
hormone levels during development, or whether the puta-
tive organizational effects of temperature are direct or
indirect (i.e., mediated by sex steroids).

We recently began to address these questions and
found that embryonic temperature and gonadal sex dur-
ing development have irreversible effects on the expres-
sion of male-typical behaviors elicited by female stimulus
animals [18]. Differences in behavior in males and fe-
males from different temperatures are not solely depen-
dent upon differences in levels of sex steroids in adults. In
short, we found that ovariectomized females do not scent
mark and display very little male-typical courtship (i.e.,
tail vibration) and mounting behavior even when treated
with levels of hormones (primarily androgens) that acti-
vate these behaviors in castrated males. In addition,
embryonic temperature has enduring effects on certain
behaviors in castrated males even after circulating hor-
mone levels were equalized. Males from a temperature
that produces a male-biased sex ratio scent marked more
than males from a female-biased temperature when
treated with the same levels of T or dihydrotestosterone
(DHT). Conversely, and across hormone treatments,
males from a female-biased temperature mount stimulus
females more than do males from a male-biased tempera-
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ture. There were also differences in submissiveness (i.e.,
flight from the stimulus female) in animals from different
incubation temperatures. In contrast, tail vibration (i.e.,
courtship) behavior is not influenced by incubation tem-
perature. These results indicate that embryonic tempera-
ture and/or gonadal sex during development organize
male-typical sociosexual behaviors and that sex steroids
activate these behaviors in adulthood.

Here we test the hypotheses that female-typical sexual
behaviors (i.e., receptivity and attractivity) and aggres-
sive/submissive behaviors are similarly activated by cir-
culating sex steroids and/or organized by embryonic tem-
perature and gonadal sex during development. To explore
these questions, we used the same set of experimental ani-
mals that were used earlier [18]. In the current report,
however, stimulus animals were sexually experienced
males rather than sexually receptive females. Since male
and female stimulus animals provide entirely different
social contexts for the display of behavior, we are report-
ing related but completely novel data. In short, certain
behaviors are only observed in specific social contexts.
Receptivity, for example, is a response to mounting
attempts by a stimulus male. In contrast, stimulus females
never mount experimental animals.

Methods

Animals

Animals were treated according to a research protocol approved
by the Institutional Animal Care and Use Committee at the Univer-
sity of Texas. Leopard gecko eggs from our captive-breeding colony
were collected and candled for fertility. Fertile eggs were placed in
individual cups filled with moist vermiculite (1 part water:1 part ver-
miculite) and split between two constant incubation temperatures
(30 and 32.5°C, £1°C). An incubation temperature of 30°C pro-
duces a female-biased sex ratio (~ | male:3 females) whereas 32.5°C
produces a male-biased sex ratio (~ 3 males:1 female) [7]. Geckos
hatched from these eggs were raised in isolation for 49-52 weeks as
previously described to avoid the development of dominance/subor-
dinance relationships that are common to group rearing [12]. Leo-
pard geckos reach sexual maturity at roughly 45 weeks of age [19].

Surgical and Hormonal Manipulation

Approximately equal numbers of adult males and females from
each incubation temperature were gonadectomized while under cold
anesthesia. At the same time these animals were implanted subcuta-
neously with Silastic tubing containing cholesterol (C), E;, DHT, or T
for a fully factorial experimental design with embryonic temperature,
gonadal sex, and adult hormone treatment as main effects. Animals
were allowed 4 weeks to recover after surgery/implantation and then
behavior tested. After behavior testing was completed, a blood sam-
ple was taken for radioimmunoassay to confirm hormone delivery.
The procedures and data for the RIAs have been described in detail
previously [18]. Briefly, treatment with Silastic capsules containing
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E,, DHT, and T elevated plasma levels of these hormones above the
levels observed in geckos treated with C. The steroid levels produced
by these implants were also in the normal physiological ranges for
intact males and/or females. More importantly, treatment with a giv-
en steroid resulted in equivalent levels of hormones in gonadectom-
ized female and male leopard geckos from each embryonic tempera-
ture. Consequently, our experimental manipulations achieved the
desired goal, which was to separate the normally confounding effects
of embryonic temperature and gonadal sex on adult sex steroid phys-
iology and behavior.

Behavior Testing
Briefly, expermental geckos were tested for 5 min on each of 6

cconsecutive days. On days 1-3, behavior tests utilized sexually recep-

tive females [see 18]. Here we report the results of behavior tests with
gonadally intact, sexually active males on days 4-6. Stimulus males
were larger and older than our experimental animals and were expe-
rienced breeders. Each experimental animal interacted with a given
stimulus male only once. This set of tests allowed us to examine the
factors controlling the display of female-typical sexual behaviors like
attractivity and receptivity as well as agonistic interactions between
the experimental animals and stimulus males.

Experimental animals were first placed into a neutral cage (43 X
22 x 20 cm) with a clean paper towel as a liner. Stimulus animals
were then placed, facing the experimental subject, into the same cage.
Subject and stimulus animal behavior was recorded using a keypad
timer (Witt/Timer Program courtesy of Diane Witt, NIH, Bethesda,
Md., USA). Tests ended after 5 min or if an attack or attempted
copulation occurred. Although this behavior testing procedure is sim-
ilar to that described in Flores et al. [12], experimental animals in the
current study were tested on 6 consecutive days (vs. over a 5-week
period) and were first tested with female stimulus animals for 3 days
and then with male stimulus animals for 3 days (versus a randomized
sequence). The latter change was made because aggressive behavior
of stimulus males toward experimental animals could alter subse-
quent behavior and thus would have confounded our measures of
male- and female-typical sexual behaviors and agonistic behaviors.

Female-Typical Sexual Behavior

In a sexual encounter, a male slowly approaches a female, first
licking the substrate or the air with his tongue and then licking the
female. An attractivity pheromone in the skin of females [20] elicits a
male-typical tail vibration that creates an audible buzz and a tactile
vibration of the substrate. During these encounters, males may also
drag their preanal pores on the substrate, presumably to deposit phe-
romones in a scent-marking behavior. Males then body grip the
female’s skin with their jaws during courtship and mounting. Body
grips are a major component of mounting behavior as they position
the male for copulation and nearly always accompany intromission.
We measured the cumulative duration (in seconds) of scent-marking
and tail-vibration behavior and frequency of tests in which a body
grip (i.e., mounting) occurred. Overall, these behaviors of stimulus
males are a good index of female-typical sexual attractivity.

We also recorded female-typical receptivity to body grips by stim-
ulus males. Receptivity was recorded as a composite index where
experimental animals were considered receptive if they either dis-
played a tail lift (exposing the cloaca for intromission) or remained
immobile when gripped by a male. Experimental animals were con-
sidered unreceptive if they did not tail lift and fled or attacked when
gripped by the stimulus male.
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Aggressive and Submissive Behavior

Intermale aggression is extreme in the leopard gecko. In an
encounter with a conspecific, males will often raise their body off the
ground, standing on all four limbs in a high posture display. Intact
females do not exhibit this behavior as much as males do. Male-
typical offensive aggression entails biting which often includes rapid
body rolls. Such attacks, if not stopped at once, can lead to severe
skin lacerations, loss of limbs, or the loss of a tail. In contrast, females
are not aggressive toward each other or toward males and do not
normally elicit offensive attacks from males. Consequently, we mea-
sured high posture duration and the frequency of tests in which an
attack occurred as indices of aggressive behavior in both the experi-
mental and stimulus animals. Conversely, submissive behavior of
the experimental and stimulus animals was recorded as the duration
of flight behavior.

Statistical Analyses

All data were analyzed using incubation temperature, sex, hor-
mone treatment, and day of testing as main effects in a four-way
repeated measures design. Since some behavior tests were stopped
early, either due to an attack or attempted copulation, we used analy-
sis of covariance (ANCOVA) with total test time as the covariate. In
addition, stimulus male identity was a blocking factor because each
male was used in multiple behavior tests. Otherwise, the analysis of
continuous (i.e., scent marking, tail vibration, high posture, and
flight durations) and binary (i.e., body gripped or not, receptive or
unreceptive, attacked or not) dependent variables were conducted as
described previously [18]. Independent variables were considered
nonsignificant when p > 0.05. Dependent variables are pesented as
least squares means + | SE or as percentages. Post-hoc comparisons
were made using the Dunn-Sidék method to provide a significance
level of o = 1= (1 - 0.05)"%, where k = the number of individual
comparisons for an experimentwise o = 0.05 [21]. All statistics were
done using Version 3.2 of JMP [22] for Apple Macintosh.

Results

Female-Typical Sexual Behavior

Receptivity. Adult hormone treatment influenced the
experimental animals’ receptivity to body grips by stimu-
lus males (LRy2 (3 d.f.) = 36.6, p < 0.001); only geckos
treated with E, were receptive to mounting attempts. In
addition, there was a sex difference in receptivity to body
grips (LRy2 (1 d.f.) = 8.2, p = 0.004). Whereas E-treated
females were receptive in 17 out of 30 tests (57%) in
which they were body gripped, males treated with E; were
receptive in only 1 out of 12 tests (8%) in which they were
body gripped. Incubation temperature, day of testing, and
their interactions with other independent variables did
not have any effect on receptivity (p > 0.05).

Attractivity. Tail-vibration (courtship) duration by
stimulus males toward experimental animals was in-
fluenced by the experimental animals’ sex (F(1,470) =
13.5, p<0.001), hormone treatment (F(3, 470) = 14.7,p<
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0.001), and a significant sex by hormone treatment inter-
action (F(3,470) = 5.2, p = 0.002). There was a significant
difference between experimental males and females
treated with E,, but not between males and females
treated with C, DHT, or T (i.e., o’ = 0.005; see fig. 1A).
We also found that DHT- and T-treated females were
courted significantly less than C-treated females (ie,o =
0.005; see fig. 1A). In contrast, DHT, E, and T treat-
ments had no detectable effect relative to C treatment in
males (i.e., o’ = 0.005; see fig. 1A). Incubation tempera-
ture, day of testing, and their interactions with other inde-
pendent variables did not have any effect on tail-vibration
behavior directed toward the experimental animals (p >
0.05). Finally, the duration of tail vibration increased
with total test time, the covariate (results not shown)
(F(1,470) = 5.0, p=0.03).

The frequency of tests in which the stimulus male body
gripped (i.e., mounted) the experimental geckos was in-
fluenced by the experimental animals’ sex (likelihood
ratio chi-square, LRy? (1 d.f.) = 13.1, p<0.001) and hor-
mone treatment (LRy2 (3 d.f.) = 51.9, p < 0.001). There
was a significant difference between males and females
treated with E,, but not between males ‘and females
treated with C, DHT, or T (i.e., &’ = 0.003; see fig. 1B). We
also found that females and males treated with DHT and
T were body gripped significantly less than C-treated
geckos of the same sex (i.e., o' = 0.003; see fig. 1B). In
contrast, there were no differences between Ej- and C-
treated females (or males). A horomone treatment by day
of testing interaction (LRy? (6 d.f.) = 16.3,p = 0.01) was
caused by significant hormone effects on days 4 and 5 and
no detectable hormone effect on day 6 (i.e., o’ = 0.003).
Nevertheless, the general pattern of hormone effects was
similar on all 3 days (results not shown). Although we also
detected a marginal incubation temperature by hormone
treatment interaction (LRy? (3 d.f.) = 8.5, p = 0.04), none
of the individual comparisons between temperatures
within hormone treatments supported this interaction
(i.e., o’ > 0.003; results not shown). Other independent
variables in the fully factorial model did not have any
influence on the frequency of tests in which the stimulus
male body gripped the experimental geckos (p > 0.095).

Scent marking by stimulus males in response to experi-
mental animals was not influenced by any independent
variable, i.e., sex, incubation temperature, hormone treat-
ment, day of testing or their interactions (p > 0.05). How-
ever, the duration of scent marking increased with total
test time, the covariate (results not shown) (F(1, 470) = 46,
p<0.001).
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Fig. 1. Effects of adult hormone treatment on the attractivity of gon-
adectomized female and male leopard geckos. Attractivity was mea-
sured (A) as the duration of tail vibrations displayed by the stimulus
male and (B) as the frequency of behavior tests in which the stimulus
male body gripped (i.e., mounted) the experimental gecko. Individu-
al contrasts between groups were made to determine if E;-, DHT-,
and T-treated geckos differed from C-treated geckos of the same sex
(*indicates a significant difference from C-treated geckos of the
same sex). Contrasts were also made between females and males
within the same hormone treatment (S indicates a significant differ-
ence between the sexes).

Aggressive/Submissive Behavior
Stimulus Males. The frequency of tests in which the
stimulus male attacked experimental geckos was strongly
influenced by the experimental animals’ sex (LRy2(1d.f)
=51.1,p<0.001) and hormone treatment (LRy2(3d.f)=
81.4,p<0.001). Although males were attacked more than
females across hormone treatments, animals of both sexes
were attacked more when treated with androgens than
when treated with cholesterol (see fig. 2). There was also a
“significant sex by hormone treatment interaction (LRy2
(3d.f)=11.3, p=0.01). Males were attacked more than
females when treated with DHT or E,, but there was no
statistically significant sex difference when geckos were
treated with Cor T (i.e., o’ = 0.005; see fig. 2). In addition,
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Fig. 2. Effects of sex and adult hormone treatment on the frequency
of behavior tests in which the stimulus male attacked the experimen-
tal geckos. Individual contrasts between groups were done as de-
scribed in figure 1 (* indicates a significant difference between E,-,
DHT-, or T-treated geckos and C-treated geckos of the same sex;
S indicates a significant difference between the sexes within a hor-
mone treatment).

females treated with DHT or T were attacked significant-
ly more than females treated with C, yet females treated
with E, were attacked less than females treated with C
(i.e.,a’=0.005; see fig. 2). Incubation temperature, day of
testing, and their interactions with other independent
variables did not influence the frequency of tests in which
stimulus males attacked the experimental geckos (p >
0.05).

The stimulus males’ high posture (i.e., thought to be an
aggressive display) and flight (i.e., submissive) behavior
did not vary according to day of testing or the experimen-
tal geckos’ incubation temperature, sex, or adult hormone
treatment (p > 0.05; results not shown). However, high
posture duration of stimulus males increased with total
test time, the covariate (results not shown) (F(1,470) =
9.9, p=0.002).

Experimental Animals

The high posture display of the experimental geckos
toward stimulus males was influenced by an interaction
between sex and hormone treatment (F(3,470)=4.2,p=
0.006). Females displayed high postures more than males
when treated with C, but there were no sex differences
when geckos were treated with DHT, E,, or T (ie., o' =
0.002; see fig. 3). In addition, females treated with C
exhibited more high postures than females treated with T
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Fig. 3. The effect of adult hormone treatment on aggressive displays
by gonadectomized female and male leopard geckos. Aggression was
measured as the cumulative duration of high postures exhibited by
the experimental geckos. Individual contrasts between groups were
done as described in figure | (* indicates a significant difference
between E,-, DHT-, or T-treated geckos and C-treated geckos of the
same sex; S indicates a significant difference between the sexes with-
in a hormone treatment).

(i.e., o’ = 0.002; see fig. 3). Females treated with C also
tended to high posture more than E>-treated females (p =
0.006). In contrast, there were no significant differences
in high posture behavior between males treated with C vs.
males treated with DHT, E,, or T. Day of testing had a
significant effect on high posture behavior (F(2,470) =
6.9, p = 0.001). Across experimental groups, geckos
showed high postures more on day 4 than on day 6. How-
ever, there were also significant interactions between day
of testing and incubation temperature (F(2,470)=4.5,p =
0.01) and day of testing and sex (F(2,470) = 6.3, p =
0.002). Whereas geckos from 32.5°C high postured signif-
icantly more on day 4 than on days 5 or 6, geckos from
30°C displayed no differences in high posture behavior
among the 3 days of testing (i.e., a’ = 0.002; fig. 4A). In a
similar way, males displayed high postures significantly
more on day 4 than on days 5 or 6 while females exhibited
no differences in high posture behavior among the 3 days
of testing (i.e., o’ = 0.002; fig. 4B). No other independent
variables nor total test time had any effect on high posture
behavior by the experimental geckos (p > 0.05).

Like high posture behavior, attacks by experimental
geckos were influenced by the day of testing (LRy%2 (2 d.f.)
=12.2, p = 0.002). The frequency of offensive attacks by
experimental geckos decreased on each successive day of
testing. There were 14 attacks out of 137 tests on day 4, 8
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Fig. 4. Effects of (A) incubation temperature and day of testing on
aggressive displays by leopard geckos (* indicates a significant differ-
ence between days 5 and 6 vs. day 4 in geckos from the same temper-
ature). Effects of (B) sex and day of testing on aggressive displays by
leopard geckos (* indicates a significant difference between days 5
and 6 vs. day 4 in geckos from the same sex). Aggression was mea-
sured as the cumulative duration of high postures displayed by the
experimental geckos.

attacks out of 135 tests on day 5, and 1 attack out of 143
tests on day 6; note that the number of tests for this data is
lower than the total number of tests in the experiment. We
excluded data in which the experimental animal was
rejecting a body grip by attacking a stimulus male (i.e.,
unreceptive behavior). The sex by hormone treatment
interaction also affected the frequency of attacks by exper-
imental geckos (LRx? (3 d.f.) = 10.7, p = 0.01). Males
treated with T attacked stimulus males more than females
treated with T, but there were no differences between
males and females treated with C, DHT or E; (i.e., o’ =
0.005; results not shown). In addition, males treated with
T attacked stimulus males more often than males treated
with C (i.e., o’ = 0.005; results not shown). In contrast,
there were no differences between males treated with
DHT or E; vs. males treated with C. Likewise, females
treated with DHT, E,, or T were not different than
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Fig. 5. Effects of adult hormone treatment on submissive (flight)
behavior of gonadectomized female and male leopard geckos. Indi-
vidual contrasts between groups were done as described in figure 1
(* indicates a significant difference between E,-, DHT-, or T-treated
geckos and control C-treated geckos of the same sex; S indicates a
significant difference between the sexes within a hormone treat-
ment).

females treated with C (i.e., o’ = 0.005; results not shown).
Incubation temperature and its interactions with other
independent variables did not have any influence on the
frequency of offensive attacks by the experimental ani-
mals (p > 0.05).

Submissive behavior (i.e., flight from stimulus males)
by experimental animals was influenced by sex (F(1,367)
= 38.9, p < 0.001). The effects of hormone treatment
(F(3,367) =4.4, p=0.005) and the sex by hormone treat-
ment interaction were also significant (F(3,367)=7.0,p<
0.001). As in the previous analysis of offensive attacks, we
excluded tests in which the experimental animal was
rejecting a body grip by fleeing from a stimulus male (i.e.,
unreceptive behavior). Hormone treatments did not af-
fect flight behavior in males, but did in females (i.e., o’ =
0.005; see fig. 5). Although there were no differences in
flight behavior between male and female geckos treated
with DHT or T, females treated with C or E fled less than
males treated with C or E,, respectively (i.e., o’ = 0.005;
see fig. 5). While there were no detectable differences
between DHT- and E,-treated females vs. C-treated fe-
males, females treated with T fled significantly more than
C-treated females (i.e., o’ = 0.005; see fig. 5). An interac-
tion between incubation temperature and sex also in-
fluenced flight behavior (F(1,367) = 4.8, p = 0.03). Across
hormone treatments, there was a marginal temperature
effect on females: females from 30°C tended to flee less
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than females from 32.5°C, while there was no difference
between males from different temperatures. Flight dura-
tion increased with total test time, the covariate (results
not shown) (F(1,367) = 43.4, p < 0.001). Day of testing
and its interactions with other independent variables did
not have any influence on submissive behavior in the
experimental geckos (p > 0.05).

Discussion

In this report, we examined whether incubation tem-
perature and sex effects on behavior in the leopard gecko
[11-13] were permanently organized during development
or simply due to temperature and sex differences in circu-
lating levels of sex steroids in intact adults. Since our
experimental manipulations produced equivalent levels
of hormones in gonadectomized female and male leopard
geckos from each embryonic temperature, we effectively
separated organizational vs. activational effects of tem-
perature and sex on behavior. Our primary finding was
that gonadal sex during development influenced subse-
quent behavior even when castrated males and ovariecto-
mized females were treated with the same level of hor-
mones and exposed to the same stimulus males. These
results strongly suggest that the behaviors we studied are
permanently organized during development by gonadal
sex. Separate activational effects of adult hormone treat-
ments on behavior further bolster this conclusion. Al-
though incubation temperature also had persistent effects
on certain agonistic behaviors, these effects were weak
compared to sex differences in behavior. This suggests
that temperature-induced variation in traits like attractiv-
ity of intact females [11-13] is not firmly organized by
embryonic temperature but is primarily mediated by dif-
ferences in circulating levels of sex steroids in adults.

Female-Typical Sexual Behavior

The organizational effect of gonadal sex on female-typ-
ical sexual behavior in the leopard gecko was strikingly
similar to that described for mice (see Introduction) and
certain other mammals [reviewed in 1, 23]. Ovariecto-
mized geckos treated with E, displayed female-typical
receptivity whereas castrated geckos were unreceptive
even when treated with the same level of E; and mounted
by the same stimulus males. Since intact males have high-
erlevels of DHT and T than females throughout postnatal
development [16], we surmise that androgens (or estro-
genic metabolites) defeminize the neural substrate con-
trolling receptivity in the leopard gecko. However, a
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definitive test of this hypothesis will require the experi-
mental manipulation of androgen levels in both males
and females during ontogeny and the determination of
behavioral responsiveness to adult E, treatment.
Attractivity of leopard geckos was also activated by
adult hormone treatments and organized by sex during
development. The sexes responded differently when
treated with the same dose of E, such that females were
courted and mounted more than males. An analogous sex
difference in Ej-induced attractivity was observed in
adult red-sided garter snakes, but not in newborns [24]. In
contrast to the sexually differentiated response to E, treat-
ment, androgen treatments in leopard geckos had a com-
parable effect on attractivity in both sexes: both males and
females were courted and/or mounted less when treated
with DHT or T than when treated with C. Such steroid
effects -on attractivity are probably mediated by altered
levels of sex-specific pheromones that elicit male sex
behavior [20, 25, 26]. Although it is unclear exactly how
these effects are mediated, we envisage at least two ways
in which estrogens and androgens could have their antag-
onistic effects on attractivity. In the first scenario, andro-
gens and estrogens might have opposing effects on the
expression of the same putative attractivity pheromone:
androgens could decrease levels of an attractivity phero-
mone in both sexes while estrogens increase its expres-
sion, but only in females. A second possibility is that there
are distinct androgen- and estrogen-dependent phero-
mones. In this case, an androgen-dependent, male-typical
pheromone would inhibit sex behavior in stimulus males
while an estrogen-dependent, female-typical pheromone
would elicit male sex behavior. Considering that multiple
skin-derived compounds are differentially expressed be-
tween male and female leopard geckos [20], these two
hypotheses are not mutually exclusive. Consequently, an
interesting prospect is that levels of different pheromones
are regulated by sex steroids in different ways (see further
discussion of pheromone effects on aggression below).
Regardless of how sex and circulating hormones in-
fluence attractivity, any temperature-induced differences
in attractivity of intact females (see Introduction) are
most likely activational sex steroid effects. In fact, plasma
levels of DHT and T in adulthood are influenced by a
female’s prior incubation temperature even when strictly
controlling for changes in hormone levels during the
reproductive cycle [27]. Moreover, administration of ex-
ogenous T reduces female attractivity in a dose-depen-
dent manner [28]. A precise test of the hypothesis that
temperature effects on female attractivity are caused by
physiological variation in steroid levels will require more
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subtle hormonal manipulations because levels of andro-
gens in our DHT- and T-treated females were in the male-
typical range.

Aggressive/Submissive Behavior

Treatment with male-typical levels of androgens not
only reduced the attractivity of experimental geckos but
also evoked offensive aggression from stimulus males. Sex
and hormone effects on the frequency of attacks by stimu-
lus males were almost a mirror image of their effects on
attractivity. Females were attacked less (and courted/
mounted more) than males when treated with the same
dose of E». Androgens had similar effects on males and
females: both sexes were attacked more (and courted/
mounted less) when treated with DHT or T compared to
when they were treated with C. Yet there is some evidence
for independent effects of androgens on putative attrac-
tivity pheromones that release male sex behavior and
male-typical pheromones that release aggression. In a pre-
vious study we compared the behavioral effects of long-
vs. short-term T treatment [28]. Both long- and short-term
treatment of females with male-typical levels of T de-
crease attractivity, just as long-term treatment did in the
current study. However, females treated with T for a short
duration (i.e., less than 8 days) were not attacked by stim-
ulus males. This indicates that androgens have differ-
ential effects on the expression of distinct pheromones
that evoke sexual vs. aggressive behavior in males. Our
current findings of an organized sex difference in attrac-
tivity in response to E treatment and purely activational
effects of androgen treatment on attractivity further sug-
gest that a suite of sex-specific pheromones are involved
in sexual attraction and sex recognition and that these
pheromones are regulated in different ways during devel-
opment and in adulthood. Despite these inferences, addi-
tional experiments are required to demonstrate that sex-
specific skin chemicals act as behavioral releasers and that
their expression is truly under hormonal control [20, 25,
26, 29, 30].

Gonadal sex and adult hormone treatment not only
affected how experimental animals were perceived by
conspecific males, but also had strong effects on their own
aggressive behavior. The propensity for experimental
males to attack the stimulus male was increased by T
treatment. Moreover, females treated with T did not
attack as frequently as males did, which suggests an orga-
nized sex difference in T-dependent aggression. Interest-
ingly, this pattern of organization and activation of offen-
sive aggression is remarkably similar to that described for
mice: male mice are generally more sensitive to the activa-
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tional effects of T on aggression than are females and, like
sexual behavior, this sex difference is organized by early
exposure to T [reviewed in 6].

High posture behavior was also organized by sex and
activated by adult hormone treatment in the leopard
gecko. Females treated with C displayed more high pos-
tures than males treated with C. High postures were sig-
nificantly inhibited by T in females and tended to be
repressed in E,-treated females. In contrast, hormones did
not significantly alter high posture behavior in males.
Although both overt attacks and high posture displays
decreased on successive days of testing, the decline in
aggressive displays also varied with the gonadal sex and
incubation temperature of the gecko (see discussion of
temperature effects below). Overall, these results imply
that incubation temperature during early development
modifies subsequent aggressive behavior and that gonadal
sex during development also permanently alters the way
hormones regulate aggressiveness in adulthood.

Submissive behavior was also organized and activated
differently in males and females. Although T-treated
males initiated offensive attacks significantly more than
C-treated males, males from all hormone treatment
groups were equally submissive to stimulus males. In con-
trast, submissive behavior in females was influenced by
hormone treatments. Females fled as much as males when
treated with DHT or T, but fled significantly less than
males when treated with C or E,. Since flight behavior was
correlated with how frequently females, but not males,
were attacked, it is possible that females base their sub-
missiveness on the aggressiveness of a stimulus male,
whereas males develop a relatively inflexible response to
conspecific males that depends upon other cues. In sup-
port of the hypothesis that males base their submissive-
ness on different social cues (i.e., pheromones and relative
body size), males fled more from stimulus males in the
current study than they did from stimulus females in the
previous study [18].

Considering the asymmetry that we observed in overt
attacks, it may also be that stimulus males were perceived
as more aggressive because they were more likely to ini-
tiate agonistic encounters. Neither male attacked in
slightly over half of the tests, only the stimulus male
attacked in approximately one third of the tests, only the
experimental male attacked in <1% of the tests, and both
males attacked each other in 7% of the tests. Indeed, even
though behavior tests were conducted in a neutral arena,
stimulus males may have been more motivated to fight
because they had been continuously housed with females
whereas experimental males had relatively limited sexual
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experience, namely three behavior tests with stimulus
females [18]. It is likely that such experience increases
aggressiveness in male leopard geckos just as it does in male
mammals [reviewed in 31]. Alternatively, stimulus males
may have been perceived by experimental males as more
apt to win a fight because they were larger. Staged encoun-
ters between gonadally intact males with extensive sexual
experience indicate that larger males always win fights
[J.T.Sakata, D. Crews, pers. commun.]. Thus relative body
size may provide an unambiguous signal of ‘resource hold-
ing potential’ [sensu 32]. In any event, the neural tissues
that mediate social submission also appear to be organized
and activated differently in males and females.

Incubation Temperature Effects

Temperature had a significant effect on aggressive dis-
plays (i.e., high posture behavior) by the experimental ani-
mals. Aggressive displays in animals from the male-biased
temperature closely paralleled the aggressive displays by
males. This suggests, perhaps, that the male-biased tem-
perature has a masculinizing effect on aggressive behavior
that is independent of gonadal sex, much like intrauterine
position influences aggression in both sexes in mice [33].
Incubation temperature also influenced flight behavior in
females, but not males. Females from the female-biased
temperature fled less than females from the male-biased
temperature. These organized temperature effects, how-
ever, were not very strong when compared to the observed
sex differences in behavior.

Conclusions

In sum, we have demonstrated sex differences in the
display of female-typical sexual behaviors and agonistic
behaviors in adult leopard geckos exposed to stimulus
males. Some sex differences were due to organizational
effects during development, others were due to sex differ-
ences in the circulating levels of hormones in adulthood
(i.e., activational effects), and still others were both orga-
nizational and activational in nature. In conjunction with
our earlier study [18], the current results indicate that sex-
ual differentiation of behavior is, at least in part, evolu-
tionarily conserved among amniotic vertebrates (i.e., rep-
tiles, birds, and mammals). In other words, sexual differ-
entiation of brain and behavior depends upon the sexual-
ly dimorphic production of steroids by the gonads during
development and in adulthood. Yet our results also sug-
gest that there are some unique mechanisms of neuroen-
docrine development in the leopard gecko.
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Embryonic incubation temperature appears to have
organizational influences on neural and behavioral differ-
entiation as well as effects that are mediated by differ-
ences in circulating levels of sex steroids. In the current
study, incubation temperature had persistent effects on
aggressive displays and submissive behavior in response
to stimulus males. Temperature effects on these behaviors
were relatively weak, however, and other behaviors like
receptivity and attractivity were not affected by the tem-
perature experienced during incubation, suggesting that
much of the temperature effect on these behaviors may be
due to differences in circulating levels of sex steroids in
adulthood. In a previous study with female stimulus ani-
mals, incubation temperature had much stronger organi-
zational effects on male-typical scent-marking, mounting,
and submissive behaviors [18]. We have proposed that
incubation temperature may influence sex steroid metab-

olism during embryogenesis and thereby have pleiotropic
developmental effects on sex determination, body and
brain phenotype, and behavior. Alternatively, tempera-
ture may have direct effects on neural and behavioral dif-
ferentation. While there is some support for both mecha-
nisms, how incubation temperature exerts its persistent
effects on subsequent behavior in the leopard gecko is cur-
rently unknown [also see discussion in 18].
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