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This study addressed the role of testosterone (T) in the
development of sexually dimorphic behavior in the green
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anole lizard, Anolis carolinensis. We documented the pat-
tern of endogenous T concentrations during ontogeny and
we determined the behavioral effects of experimentally
elevated T in juvenile males and females. T concentrations
were measured in the plasma of hatchlings from eggs
incubated in the laboratory, in juveniles of all sizes sam-
pled in the field, and in the yolks of freshly laid eggs in the
laboratory and were compared to plasma T in adult fe-
males (measured in this study) and adult males. There
were no sex differences in plasma T in hatchling and small
juvenile (<26-mm snout–vent length, SVL; <14 days old)
males and females, concentrations of which in both sexes
tended to decline over the 14-day posthatching period.
Plasma T sharply increased in juvenile males, but not fe-
males, after approximately 14 days posthatching (>25-mm
SVL), and it became significantly higher after approxi-
mately 38 days posthatching (>30-mm SVL). Plasma T for
uvenile males was within the range detected in breeding
dult females, but it was 20- to 45-fold lower than that of
dult males, breeding or postbreeding. All eggs contained
etectable yolk T, but eggs that gave rise to males con-
ained nearly twice as much yolk T as those that gave rise
o females. We do not know whether this yolk T comes
rom the mother, embryo, or both. In behavior trials con-
ucted in the laboratory, juveniles (36- to 42-mm SVL) with
implants, regardless of whether they were male or fe-
ale, had increased activity levels compared to juveniles
ith blank implants, due to increased rates of nearly every
ehavior monitored. These results are discussed in the
ontext of the organization–activation theory of sexual dif-
erentiation and the particular life history of A. carolinensis.
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Selection pressures acting on males and females
frequently result in sexual dimorphisms in morphol-
ogy and behavior (Shine, 1989; Andersson, 1994). As a
guiding principle, the organization–activation theory
(first formulated by Phoenix, Goy, Gerall, and Young,
1959) has been useful for elucidating the nature of
endocrine effects on sex differences. This theory states
that steroid exposure can affect sexual dimorphism by
two general mechanisms. First, during a critical period
in early development, steroids can organize long-last-
ing sexual dimorphisms in the nervous system that
result in morphological or behavioral trait expression
in the organized sex. Organizational effects are typi-
cally considered irreversible, in that they persist with-
out subsequent steroid exposure (Arnold and Breed-
love, 1985; Moore, 1991; Wade, 1999). Second, steroid
exposure later in life can activate (or facilitate) expres-
sion of sex differences by targeting the previously
organized structures. Activational effects are tran-
sient, present only when steroid concentrations are
above the threshold for response (Arnold and Breed-
love, 1985; Moore, 1991; Wade, 1999). Research across
vertebrate taxa supports the idea that gonadal steroids
can be important regulators of sex differences (re-
viewed in Kelley, 1988; Ketterson and Nolan, 1992;
Moore and Lindzey, 1992; Whittier and Tokarz, 1992;
Cooke, Hegstrom, Villeneuve, and Breedlove, 1998;
Wade, 1999). However, organization and activation do
not always occur as distinctly separate processes (Ar-
nold and Breedlove, 1985). Furthermore, in addition to
the traditional view of sexual dimorphism as requir-
ing both organization and activation, some traits may
131



require only organization or only activation, or they adult females. Second, the effects of T on the ontogeny
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may arise by extrasteroidal mechanisms (Cooke et al.,
1998; Moore, Hews, and Knapp, 1998; Wade, 1999).

Few species have been studied for both endogenous
steroid concentrations during ontogeny and steroid
effects on sexual dimorphism. The green anole lizard,
Anolis carolinensis, offers an opportunity to conduct
such a study within a life history framework in which
sex differences in adult morphology, behavior, and
physiology have been well studied. In general, the
morphological sex differences associated with court-
ship and reproduction appear to be insensitive to an-
drogen manipulation in adults (e.g., the neural and
muscular structures regulating dewlap, or throat fan,
extension; O’Bryant and Wade, 1999). However, an-
drogens are necessary for the full expression of adult
male-typical behavior in A. carolinensis and other ano-
line species. Gonadectomy or treatment with cyprot-
erone acetate (an anti-androgen) can greatly reduce
aggression, courtship, and copulatory behavior in
males (Mason and Adkins, 1976; Crews, Traina, Wet-
zel, and Muller, 1978; Tokarz, 1995), and exogenous
testosterone (T) can reinstate or maintain these behav-
iors (Mason and Adkins, 1976; Adkins and
Schlesinger, 1979; Winkler and Wade, 1998). Seasonal
changes in T and behavior found in natural popula-
tions corroborate these experimental results. Adult
males have high plasma T concentrations during the
breeding season when sex differences in behavior are
great and low plasma T concentrations during the
nonbreeding season when sex differences in behavior
are minimal or nonexistent (Jenssen, Greenberg, and
Hovde, 1995; Jenssen, Congdon, Fischer, Estes, Kling,
Edmands, and Berna, 1996; Tokarz, McMann, Seitz,
and John-Alder, 1998; Jenssen, Lovern, and Congdon,
in press). Furthermore, T supplementation can mascu-
linize adult female behavior (Mason and Adkins, 1976;
Adkins and Schlesinger, 1979), although it remains
unclear whether the effect is equivalent to that seen in
adult males (see Winkler and Wade, 1998).

The above studies suggest that adult male-typical
behavior during the breeding season is naturally acti-
vated by T in A. carolinensis and that T supplementa-
tion might also activate a similar, male-typical re-
sponse in adult females. However, our ability to fully
evaluate the likelihood that organization, activation,
or both play a role in the expression of behavioral sex
differences in this species is hindered for two reasons.
First, although endogenous T concentrations have
been measured in adult males (Jenssen et al., in press),
they have not been documented in juveniles and in
of behavioral sex differences are unknown.
In the present study, we first documented endoge-

nous plasma T concentrations in hatchlings, juveniles,
and adults. We also documented yolk T concentra-
tions in eggs on the day of oviposition. Second, we
experimentally elevated plasma T concentrations in
large (36- to 42-mm snout–vent length, SVL; approxi-
mately 60–90 days old) juveniles with T implants and
subsequently monitored their behavior in pairwise
laboratory trials in comparison to the behavior of con-
trols (juveniles with blank implants). These data were
used to examine the likelihood that T plays a role in
only organization, organization and activation, or only
activation, of the expression of adult male-typical be-
havior in A. carolinensis. If only organization is re-
quired, then (1) during early ontogeny, T should be
higher in males than in females, and (2) associated
with this hormone difference, both blank- and T-im-
planted juveniles should exhibit permanent sex differ-
ences in behavior. That only organization is required
seems highly unlikely given the association of T levels
with behavior in adult males as described above. More
likely is one of the following two possibilities. If both
organization and activation by T are required for the
expression of adult male-typical behavior, then (1)
during early ontogeny, T should be higher in males
than in females and (2) T-implanted juvenile males
should show a greater behavioral response than T-
implanted juvenile females to T elevation (assuming
the threshold for response is met). However, if only
activation is required for the expression of adult male-
typical behavior, then (1) T should not differ between
males and females during early ontogeny and (2) T-
implanted juveniles should show a similar behavioral
response regardless of sex, greater than that observed
in blank-implanted juveniles.

METHODS

Study Animal

Unlike some reptiles that exhibit temperature-de-
pendent sex determination (TSD; Bull, 1980), A. caro-
linensis has genotypic sex determination (GSD; Viets,
Ewert, Talent, and Nelson, 1994). Sexually dimorphic
behavior in adults emerges within a polygynous mat-
ing system in which males attempt to establish terri-
tories that exclusively overlap those of multiple fe-
males for the duration of the 4-month (April–July)
breeding season (Ruby, 1984; Andrews, 1985; Jenssen



et al., 1995; Jenssen and Nunez, 1998). Adults and
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133Testosterone and Behavioral Development in Anoles
juveniles of both sexes share a signal repertoire of
three headbobbing display types (labeled A, B, and C;
DeCourcy and Jenssen, 1994; Jenssen, Orrell, and Lov-
ern, 2000; Lovern, 2000a). However, adult male and
female display use differs considerably (Jenssen et al.,
000). During territory patrol, males frequently give
dvertisement (i.e., undirected) displays, whereas fe-
ales rarely or never do (Nunez, Jenssen, and Ers-

and, 1997; Jenssen et al., 2000). Intermale aggression is
ntense, involving high display rates and the use of
umerous display modifiers (aggressive postures or
ovements added to headbobbing displays and de-

igned to enhance apparent body size; Greenberg,
977; Jenssen, 1977). Furthermore, these behaviors oc-
ur within a ritualized pattern of approaching, cir-
ling, jaw sparring, and ultimately jaw locking if one
f the males does not retreat (Greenberg and Noble,
944; Jenssen et al., 2000). Interfemale aggression in-
olves lower display rates, less frequent use of display
odifiers, no ritualized aggression, and little or no

scalated fighting (Nunez et al., 1997; Jenssen et al.,
000). During courtship, both males and females dis-
lay, but without using the display modifiers seen in
ggressive interactions (Greenberg and Noble, 1944;
enssen and Nunez, 1998; Winkler and Wade, 1998).

ales also extend their dewlaps during courtship, but
emales do not (Greenberg and Noble, 1944; Winkler
nd Wade, 1998). Receptive females, but not males,
dopt a characteristic “neck-bend” posture that facili-
ates the male’s grip during copulation (Greenberg
nd Noble, 1944; Jenssen and Nunez, 1998; Winkler
nd Wade, 1998).

nimal Collection and Maintenance

In 1998 and 1999, adult and juvenile lizards were
ollected by hand or noose from a well-studied pop-
lation along the Augusta Canal near Augusta, Geor-
ia (e.g., Jenssen et al., 1995; Lovern, 2000b) and main-
ained in the laboratory singly in plywood cages

easuring 30 3 60 3 60 cm. We exposed them to a
4:10 h light:dark cycle using four 40-W full-spectrum
ulbs (Durotest Vita-Lite Plus) placed on the top of
ach cage. Temperatures inside each cage ranged from
7 to 34°C during the day and dropped to 23°C at
ight. All cages contained wooden dowels for perch-

ng, numerous pieces of artificial vegetation, and a
ish of moist potting soil for egg-laying (when hous-

ng gravid females). We watered and fed lizards daily
n vitamin-dusted crickets. Animals used in this study
ere collected with permission from the Georgia De-
protocols were approved by the Virginia Tech Animal
Care Committee.

Plasma Collection

For collecting plasma samples from hatchlings, 16
gravid females were brought into the laboratory in
May of 1998. We checked for eggs daily and incubated
gathered eggs individually in plastic cups containing a
vermiculite:water mix (1:1 by mass). A small depres-
sion was made on the surface of the mixture and eggs
were placed so that they were half-buried. The cups
were then covered with plastic wrap secured by a
rubber band and incubated at 24–31°C on a diel cycle.
We collected plasma samples from 18 males and 18
females on the day of hatching (90% hatching success;
36 of 40 eggs). Sex was determined by noting the
presence (male) or absence (female) of enlarged post-
anal scales, a sexual dimorphism present before hatch-
ing (Pearson and Licht, 1974). Because of the small size
of hatchlings (0.2–0.3 g), blood was collected from the
trunk immediately following decapitation. Plasma
(4–9 ml) was isolated from whole blood following
centrifugation, transferred to 1.0-ml microcentrifuge
tubes, and stored at 280°C until analysis.

In the field, we collected plasma samples from 32
uvenile males and 26 juvenile females (i.e., not yet
hysiologically capable of reproduction; #42-mm

SVL), as well as from 25 adult females (.45-mm SVL).
n collection dates during July and August of 1998,

uveniles were captured by hand, sexed, measured for
VL to the nearest millimeter, and bled from the
runk. On collection dates during April–July (breed-
ng) and September (postbreeding), adult females

ere captured by noose, sexed, and measured, and
lood was collected from the postorbital sinus, after
hich the females were released. For all lizards, the

lapsed time from initial sighting to blood collection
as always ,10 min to minimize potential stress ef-

ects on circulating T concentrations (e.g., Moore,
hompson, and Marler, 1991). Blood samples were
ept cool on ice while in the field. Within 5 h of
ollection, samples of 5–75 ml plasma were isolated

from whole blood by centrifugation and subsequently
frozen in dry ice for transportation back to the labo-
ratory, where they were stored at 280°C until analy-
is. These plasma samples were analyzed simulta-
eously (see below) with plasma samples from 12
dult males (collected in April and September of 1998,
ontemporaneously with the adult females) used in
enssen et al. (in press), to which plasma T values from
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compared.
The 94 juvenile lizards from which plasma samples

were obtained were divided into five size classes: (1)
hatchlings (n 5 36); (2) ,26-mm SVL (n 5 11); (3) 26-
to 30-mm SVL (n 5 15); (4) 31- to 35-mm SVL (n 5
14); and (5) 36- to 42-mm SVL (n 5 18). Based on
growth rates from Michaud (1990) for A. carolinensis,
these size classes represented age classes of 0, ,14,
14–37, 38–61, and 62–100 days. Class 1 lizards were
sampled on the day they hatched following incubation
in the laboratory, and lizards in size classes 2–5 were
all sampled in the field. The 25 adult females sampled
in this study had SVL measurements of 52.9 6 0.9 mm
nd were at least 180 days old.

olk Collection

Yolk T concentrations were determined for eggs laid
y eight females collected in May of 1999 and housed
ingly in the laboratory. Cages were checked daily for
ggs, and 15–35 mg of yolk was withdrawn from each
f 22 eggs on the day of oviposition through a sterile
6-gauge needle. Yolk samples were stored in 1.5-ml
icrocentrifuge tubes and identified by mother, date

f oviposition, and amount of yolk collected to the
earest milligram (weighed on a Mettler AE 240 bal-
nce). Immediately after being weighed, yolk samples
ere homogenized in 0.5 ml distilled water using a

ortex mixer and facilitated by the addition of two or
hree small glass beads and then stored at 280°C until
nalysis. After withdrawal of yolk samples, eggs were
ncubated and sexed as described above. Nineteen of
he 22 eggs collected for yolk T analyses hatched
86%), of which 6 were males and 13 were females.

Assays

Yolk and plasma concentrations of T were mea-
ured by radioimmunoassay (RIA), following extrac-
ion and chromatographic separation, as described by

ingfield and Farner (1975), Moore (1986), and
chwabl (1993). Samples were equilibrated overnight
t 5°C with 1000 cpm of [3H]T (NET-553, Dupont

NEN) for individual recovery determinations. Addi-
tionally, five replicate aliquots from a standard of
known concentration were run in each assay and
treated identically to samples, to determine intra-as-
say precision and inter-assay repeatability. Yolk sam-
ples were extracted twice with 3 ml petroleum ether:
diethyl ether (30:70 v:v), dried under a stream of
nitrogen (N), and reconstituted in 1 ml of 90% ethanol.
and then centrifuged at 2000 rpm for 5 min to precip-
itate neutral lipids and proteins. The supernatant was
dried with N and reconstituted in 300 ml of 10% ethyl
acetate in isooctane. Plasma samples were extracted
twice with 2 ml diethyl ether, dried with N, and
reconstituted in 300 ml of 10% ethyl acetate in
isooctane. To remove additional neutral lipids and to
isolate T, samples were transferred to diatomaceous
earth (Celite, Sigma) microcolumns for chromato-
graphic separation. Columns consisted of a Celite:
ethylene glycol:propylene glycol upper phase (6:1.5:
1.5 w:v:v) and a Celite:distilled water (3:1 w:v) lower
phase. Neutral lipids were eluted from the columns
with 2 ml of 100% isooctane, dihydrotestosterone was
eluted with 1.5 ml of 10% ethyl acetate in isooctane,
and T was eluted with 2.5 ml of 20% ethyl acetate in
isooctane. The purified T fractions were dried with N,
resuspended in sample buffer, and then placed over-
night at 5°C.

Competitive binding RIA was performed with
[3H]T and T antiserum (T-3003, Wien Laboratories).
Standards from 0.5 to 125 pg were run in triplicate;
samples were run in duplicate, averaged, and cor-
rected for individual recovery. All yolk samples were
run in one assay (intra-assay coefficient of variation,
CV 5 7%). Plasma samples, including those for adult
males in Jenssen et al. (in press), were run in four
assays (intra-assay CV 5 14%; inter-assay CV 5 11%).

ondetectable samples were assigned the least detect-
ble value (0.5 pg per sample tube for all assays).

xperimental T Elevation and Behavior Trials

In July of 1999, we collected 26 juvenile A. carolin-
nsis (14 males, 12 females), 36- to 42-mm SVL, from
he field and brought them to the laboratory for use in
ehavior trials. Eight males and six females were ran-
omly assigned to the T-implant group, and the re-
aining six males and six females were assigned to

he blank-implant (control) group. Implants were
ade from Silastic tubing (Dow Corning; i.d. 5 1.47
m, o.d. 5 1.96 mm) cut to a total length of 2–3 mm.
implants contained approximately 0.5 mm packed

rystalline T (Sigma), and blank implants were empty.
oth T and blank implants were closed at the ends
ith silicone sealant (Dow Corning). Within 4 days of

eing in the laboratory, all lizards were implanted
ubcutaneously, dorsolateral to the right hind leg,
hrough a small incision in the skin that was closed

ith Vetbond tissue adhesive (3M). Lizards were
ooled on ice for 5 min prior to surgery and were
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returned to their home cages immediately following
surgery.

To examine differences in behavior among sex and
treatment groups (T and control), we videotaped ju-
veniles 14–21 days postimplant. We ran 14 T trials (6
male–male, 4 female–female, 4 male–female contexts)
and 12 control trials (4 male–male, 4 female–female, 4
male–female contexts) by moving lizards to observa-
tion cages set up identically to housing cages, except
that the plywood fronts were replaced with screens to
permit observations. Prior to the trials, lizards were
isolated by opaque, removable partitions. At 16–24 h
after lizards were moved to the observation cages,
trials were conducted by videotaping pairs of lizards
for 15 min individually and then 15 min together
following the removal of the partition. All interacting
pairs had SVL measurements within 2 mm of one
another and were always from the same treatment
group. After the 30-min trial, the lizards were again
separated by replacing the partition. The following
day this procedure was repeated with different pair-
ings. Thus, each lizard was observed in two trials in
which it was exposed to a different lizard each time.
Because cages were made of nonreflective materials,
we could ensure that lizard responses were not influ-
enced by their own reflections. We videotaped trials
from a darkened blind, using a Panasonic AG 460
video camera fitted with an Aztec video telephoto

Behaviors, Definitions, and Point Values Used to Create a Behavior

Behavior

ead-upa Posture reflecting alertness to the enviro
than body

erch shift Any movement .1 body length (exclud
.15 s apart were scored as separate p

ongue touchb Potential chemosensory behavior involv
Color changea,b Change in lizard body color between gr

stress or arousal
eadbobc Series of vertical head movements in sp

communication; noted display type (A
lizards, and whether dewlap extensio

yespota,d Development of dark spot posterior to e
Engorged throata,b Display modifier in which the ventral th
Sagittal expansiona,b Display modifier in which the lateral vi
Approach/retreat A perch shift directly toward or away fr

,30 cm
Attack Lunge toward another lizard, within 10

such as biting

a These behaviors were scored a maximum of once per pairwise
b Greenberg (1977).
c Following descriptions in DeCourcy and Jenssen (1994); Lovern
d Hadley and Goldman (1969).
converter (2.0X), and we subsequently analyzed vid-
eotapes by recording variables to preprinted check-
sheets. On the day of its last trial, each lizard was
sacrificed and 15–25 ml of plasma was collected for
confirming T concentrations in T- and blank-im-
planted lizards, although this protocol could give an
elevated measure, relative to baseline, of T in the
blank-implanted lizards (e.g., due to recent social in-
teraction; Wingfield, Hegner, Dufty, and Ball, 1990).
We also confirmed that each lizard still had its im-
plant. Plasma was handled and analyzed by RIA as
described above. The samples were run in one assay
(intra-assay CV 5 6%).

To quantify behavior among trials from different
reatment groups and social contexts, we used a be-
avior index (BI) modified from Ortiz and Jenssen
1982) that represented behavioral intensity. Each of
he behaviors in the BI was assigned a point value that
ncreased with increasingly socially motivated behav-
ors (Table 1). We calculated BIs by summing the
oints of the observed behaviors for each lizard indi-
idually (individual BIs) before partition removal and
lso for each lizard (when examining characteristics of
ndividual behavior) or for each pair of lizards in a
rial (trial BIs; when examining characteristics of trials,
.g., differences in overall behavioral intensity among
ocial contexts) following partition removal.

(BI) for Juvenile Male and Female Anolis carolinensis

nition Point value

; .60 s (consecutively) with head raised higher 1

l) from one perch site to another; movements
hifts

2

ef touch of the tongue to the substrate 3
ive, or brown as a potential indicator of social 4

pecific temporal cadences used for
), separation distance between displaying
occurred

5

e indicating increased adrenergic activity 6
rea remains enlarged 7
he lizard becomes enlarged 7
other lizard when the separation distance is 8

ith an attempt at or actual physical contact 9

ction trial for each lizard.

a).
Index
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Statistical Analyses

Yolk T concentration was normally distributed (Kol-
mogorov–Smirnov test; P . 0.15) and analyzed by
general linear model ANOVA, with hatchling sex and
mother as main effects. However, endogenous plasma
T concentration was not normally distributed (P ,
0.02) and data transformation did not result in a nor-
mal distribution. Therefore, we used nonparametric
Kruskal–Wallis tests to examine plasma T differences.

For behavior trials, we used Wilcoxon signed-ranks
tests to compare paired BIs for individuals when alone
versus in interactions (averaged from the two trials in
which each lizard participated), and we used Kruskal–
Wallis tests to examine main effects (treatment, social
context, or sex) on BIs. Trial BIs were statistically
independent of one another because each pair of in-
teracting lizards was unique. When our objective was
to compare specific behaviors among treatments, we
averaged responses of individuals and examined
across individuals using Fisher’s exact tests, x2 tests,
or Kruskal–Wallis tests. Descriptive statistics are re-

FIG. 1. Mean (1 1 SE) plasma testosterone (T) concentrations for
snout–vent length, mm) and for 12 adult male and 25 adult female A
re from Jenssen et al. (in press). The first juvenile class (“Hatch” den
ampled in the field. Kruskal–Wallis test; H 13 5 57.8, P , 0.0005. R

Comparisons are valid only within rows; size and/or reproductive c
1, comparisons of males by class; 2, comparisons of females by class;
ns, not significantly different); 4, comparisons of 36- to 42-mm juve
ported as means 6 1 SE. We used Minitab (version
10Xtra) for statistical analyses, and hypothesis tests
were two-tailed with a 5 0.05.

RESULTS

Endogenous Plasma T Concentrations

Plasma T concentrations significantly differed by
class (H 13 5 57.8, P , 0.0005; Fig. 1). Therefore, we

sed rank-based multiple comparisons (Hollander
nd Wolfe, 1973) to examine the relevant subset of all
ossible pairwise comparisons (see Fig. 1). Juvenile
ales generally showed increasing plasma T concen-

rations with size class, as lizards with SVLs of 31–42
m (size classes 4 and 5) had significantly higher T

han lizards in size classes 1 and 2 (hatchlings and
izards ,26 mm from the field). Furthermore, for size

classes 4 and 5, juvenile males had significantly higher
plasma T concentrations than juvenile females. Breed-

enile male and 44 juvenile female Anolis carolinensis by size class
inensis by season (sample sizes in parentheses). The adult male data
y of hatching) was sampled in the laboratory; all other classes were
of nonparametric multiple comparisons are shown above the bars.
that do not share a letter designation are statistically different. Row
in-class comparisons of males and females (s, significantly different;
nd breeding and postbreeding adults of both sexes.
50 juv
. carol

otes da
esults
lasses
3, with
niles a
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137Testosterone and Behavioral Development in Anoles
than any other class, followed by postbreeding adult
males. Adult females also had detectable plasma T,
which, as in males, was higher in the breeding than in
the postbreeding season.

Yolk T Concentrations

All eggs sampled contained detectable yolk T on the
day of oviposition. However, the eggs that gave rise to
males had significantly higher yolk T concentrations
than those that gave rise to females (F 1,18 5 7.9, P 5
0.02). Yolk T content was 0.92 6 0.09 and 0.51 6 0.07
pg/mg in eggs giving rise to males and females, re-
spectively. There was no relationship between mother
and yolk T concentration (F 7,18 5 0.9, P 5 0.52).

Experimental T Elevation and Behavior Trials

Juveniles with T implants had significantly higher
plasma T concentrations than those with blank im-
plants (H 3 5 19.6, P , 0.0005). T-implanted males
and females had 33.6 6 2.0 and 34.4 6 5.0 ng/ml T,
respectively, whereas blank-implanted males and fe-
males had 0.71 6 0.2 and 0.02 6 0.01 ng/ml T, respec-
tively. Multiple comparison procedures indicated that
T-implanted males and females did not significantly
differ, but that males and females with blank implants
did, in plasma T concentrations. Furthermore, plasma
T concentrations of blank-implanted males and fe-
males were similar to those of identically sized (36- to
42-mm SVL) juvenile males (0.42 6 0.14 ng/ml) and
females (0.04 6 0.03 ng/ml) sampled in the field (H 1 5
0.9, P 5 0.36, and H 1 5 0.1, P 5 0.83, respectively,
for the comparisons between laboratory and field
males and females). The mean plasma T concentration
for T-implanted juvenile lizards was 1.73 higher than
the mean, but within the range, of plasma T concen-
trations for breeding adult males in the field (19.8 6
.7 ng/ml; minimum 5 12.7, maximum 5 36.7).

All lizards, regardless of sex or treatment, had
higher behavioral intensities during interactions than
when alone (Z 5 351, P , 0.0005). Trial BIs were not
ffected by whether encounters were male–male, fe-
ale–female, or male–female, for either blank-im-

lanted (H 2 5 1.0, P 5 0.62) or T-implanted lizards
H 2 5 2.5, P 5 0.29), but trial BIs from the T-
mplanted group were substantially higher than those
rom the blank-implanted group (313 6 45 vs 99 6 36,

respectively; H 1 5 11.9, P 5 0.001).
We examined individual responses to experimen-

tally elevated T by averaging individual BIs across the
two trials in which juveniles participated. BIs were
significantly higher in T-implanted than in blank-im-
planted juveniles, both for individuals while they
were alone (H 1 5 5.3, P 5 0.02, Fig. 2a) and during
interactions (H 1 5 10.8, P 5 0.001, Fig. 2b). Neither
BIs for isolated lizards nor BIs for interacting lizards
were affected by sex (H 1 5 1.4, P 5 0.23; H 1 5 1.1,
P 5 0.29, respectively).

The higher BIs of T-implanted lizards, compared to
blank-implanted lizards, were the result of increases
in rates or probabilities of many of the measured
behaviors in the T-implanted group. No behavior de-
creased in expression in the T-implanted lizards;
rather, all behaviors remained at the level, or higher
than that, of blank-implanted lizards. Within treat-
ment group, there was no sex difference in display
rate (Fig. 3). However, display rates of T-implanted
juveniles were nearly ninefold higher than those of
blank-implanted juveniles, and this difference was sig-

FIG. 2. Mean (1 1 SE) individual (a) isolation and (b) interaction
ehavior indices (BIs) of juvenile Anolis carolinensis for six males and
ix females that received blank implants and for eight males and six
emales that received testosterone (T) implants. Isolation and inter-
ction BIs represent behavior levels of individuals when alone and
fter being introduced to another lizard, respectively. The BIs from
he two trials in which each lizard participated were averaged to
reate their individual BIs. Note the very different scales on the
-axes for (a) and (b). Different letters above bars indicate statistical
ignificance after nonparametric multiple comparisons following
ruskal–Wallis tests and are applicable only within each section of

he figure.
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nificant (H 3 5 15.7, P 5 0.001; Fig. 3). Furthermore,
higher proportion of T-implanted than blank-im-

lanted juveniles gave headbobbing displays with
ewlap extension, used display modifiers, displayed

n isolation, showed body color changes, developed an
yespot, and approached or retreated from the other
izard in an interaction (Table 2). All blank- and T-
mplanted lizards used the head-up posture, and
erch shifted at least once, during interactions.
In addition to the display rate differences described

bove, the relative proportions of display types used
iffered between treatment groups (x2

2 5 7.0, P 5
0.03). Blank-implanted juveniles gave 17% type A
displays, 13% type B displays, and 70% type C dis-
plays. In contrast, T-implanted juveniles gave 34%
type A displays, 25% type B displays, and 41% type C
displays. Both sexes responded to T implants by in-
creasing the relative proportions of display types A
and B in relation to type C (x2

2 5 14.0, P 5 0.001; x 2
2

5 50.5, P , 0.0001, for males and females, respec-
ively). Nevertheless, T-implanted males and females
iffered in relative display proportions (x2

2 5 39.2, P ,
.0001), but blank-implanted males and females did
ot (x2

2 5 2.0, P 5 0.37). T-implanted males gave 19%
ype A, 28% type B, and 53% type C displays, and
-implanted females gave 43, 28, and 29% type A, B,
nd C displays, respectively.
Although T-implanted juveniles, regardless of sex,

FIG. 3. Mean (1 1 SE) headbobbing displays per hour during
pairwise interactions of juvenile Anolis carolinensis for six males and
six females that received blank implants and for eight males and six
females that received testosterone (T) implants. Kruskal–Wallis test:
H 3 5 15.7, P 5 0.001; different letters above bars indicate statistical
significance after nonparametric multiple comparisons.
ors, some behaviors were conspicuously absent. No
hysical contact ever occurred between interacting

izards, although approaches and retreats (movements
irectly toward or away from the other lizard when

nteracting at a distance of ,30 cm) occurred in 33% (4
f 12) and 36% (5 of 14) of control and T trials, respec-
ively. We did not observe adult male-typical ritual-
zed aggression (approach–circle–jaw spar–jaw lock)
n any trial, nor did we observe courtship/reproduc-
ive behavior in the form of adult male-typical copu-
atory attempts or adult female-typical neck-bending.

TABLE 2

Proportion of Blank- and Testosterone (T)-Implanted Juvenile
Male and Female Anolis carolinensis Expressing Specific Behaviors
(Definitions in Table 1), and P values for Fisher’s Exact Tests on
Effect of Treatment

Behavior

Blank implant
(6 males,

6 females)

T implant
(8 males,

6 females) P

Tongue touch
Males 4/6 6/8 0.420
Females 3/6 5/6 0.243
Combined 7/12 11/14 0.185

Headbobbing display
Males 6/6 8/8 1.000
Females 5/6 6/6 0.500
Combined 11/12 14/14 0.463

Displays with dewlap
Males 5/6 8/8 0.429
Females 1/5 5/6 0.039
Combined 6/11 13/14 0.017

Displays in isolation
Males 0/6 4/8 0.069
Females 0/6 1/6 0.500
Combined 0/12 5/14 0.030

Display modifier—
Engorged throat

Males 3/6 6/8 0.279
Females 1/6 6/6 0.008
Combined 4/12 12/14 0.009

Display modifier—
Sagittal expansion

Males 3/6 7/8 0.160
Females 2/6 5/6 0.114
Combined 5/12 12/14 0.023

Body color change
Males 4/6 7/8 0.329
Females 2/6 6/6 0.030
Combined 6/12 13/14 0.020

Eyespot
Males 4/6 6/8 0.419
Females 0/6 6/6 0.001
Combined 4/12 12/14 0.009
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Endogenous Plasma T Concentrations

The present study is the first, to our knowledge, to
document endogenous T concentrations during ontog-
eny in a natural population of lizards. We found that
both juvenile male and female A. carolinensis had de-
ectable plasma T and that T concentrations were al-

ays the same or greater in juvenile males than in
uvenile females. Plasma T concentrations in juvenile

ales were in the range of those of breeding adult
emales (,1 ng/ml), but were considerably lower than
hose of breeding (20 ng/ml) or even postbreeding (11
g/ml) adult males. Juvenile females had plasma T
oncentrations comparable to those of postbreeding
emales (,0.1 ng/ml) and less than those of breeding
emales.

The changes in plasma T concentrations in juveniles
uring ontogeny suggest the following interpretation.
uring the first 2 weeks after hatching, juveniles tend

o have declining plasma T concentrations. If hatch-
ing T primarily comes from maternal T deposited into
he yolk and absorbed by the developing embryo (see
elow), this posthatching decline suggests net T deg-
adation, rather than net T production, in hatchlings of
oth sexes. After 14 days posthatching, endogenous T
roduction in males probably begins to exceed T deg-
adation, since plasma T concentrations increase about
-fold. For the remainder of the juvenile growth pe-
iod, male plasma T is 3- to 10-fold greater than that of
ize-matched females, although it remains 20- to 45-
old less than that of adult males.

Alternatively, the comparatively high plasma T con-
entrations in hatchlings could be due to incubation
onditions or stress in the laboratory (all other juve-
iles were sampled in the field). However, there are at

east two reasons that a laboratory effect is unlikely.
irst, laboratory housing and other potential stressors
enerally cause a reduction of endogenous T, not an

ncrease, in a wide variety of vertebrates including
eptiles (e.g., Greenberg and Wingfield, 1987; Moore et
l., 1991; Moore, Lemaster, and Mason, 2000). Second,
n the present study we found that blank-implanted
uveniles housed in the laboratory for several weeks
ad the same plasma T concentrations as juveniles of

he same size sampled in the field.

olk T Concentrations

That newly oviposited A. carolinensis eggs contain
olk T opens the door for an endocrine-mediated ma-
earch with exciting prospects (e.g., Birkhead,
chwabl, and Burke, 2000). Maternally derived T has
een documented in the egg yolks of birds (e.g.,
chwabl, 1993; Gil, Graves, Hazon, and Wells, 1999;
ipar, Ketterson, and Nolan, 1999), turtles (with both
SD and GSD; Janzen, Wilson, Tucker, and Ford,
998), and alligators (with TSD; Conley, Elf, Corbin,
ubowsky, Fivizzani, and Lang, 1997). The amount of
olk T available to a developing embryo can affect
osthatching growth and behavior (canaries; Schwabl,
993, 1996), and T may be deposited in higher concen-
rations when females are mated to higher quality

ates (zebra finches; Gil et al., 1999).
To our knowledge the present study is the first to

eport a sex difference in yolk T concentrations; spe-
ifically, T was higher in eggs containing male em-
ryos than in those containing female embryos. We
ssumed that yolk T at oviposition would be of ma-
ernal origin, because neither the gonads nor the ad-
enal glands (a possible extragonadal source of T)
ave undergone morphological differentiation at ovi-
osition in lizards (e.g., A. carolinensis; Forbes, 1956;
celoporus undulatus; Austin, 1988). However, it is not
nown whether the morphologically undifferentiated,
resumptive gonads and adrenal cortices are steroi-
ogenic.
That breeding females might differentially allocate
to developing males and females is surprising and

ifficult to explain. Anoline lizards have the unusual
rait of laying single-egg clutches, alternately pro-
uced by the left and right ovary (Smith, Sinelnik,
awcett, and Jones, 1973). If plasma T concentrations
ary from one ovulatory cycle to the next within fe-
ales, then differences in yolk T concentrations

mong eggs could result, although how mothers could
etect embryonic sex and differentially deposit T
ased on this information remains unclear.
Differential allocation of T by mothers is not the

nly possible explanation for the observed sex differ-
nce in yolk T, however. In comparison to avian em-
ryos, reptilian embryos are well developed at ovipo-
ition. Anolis embryos at oviposition, like those of
ost oviparous lizards, are at approximately stage 30

n the 40-stage embryonic development sequence de-
eloped by Dufaure and Hubert (1961) (Robin An-
rews, personal communication), or approximately
0% through the time period between fertilization and
atching (the characters on which the developmental
tages are based do not arise linearly by time). Thus,
nstead of differential T input by mothers, sex differ-
nces in yolk T at oviposition could arise by differen-
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ternally derived T. To determine the source of yolk T
in A. carolinensis eggs, future studies should attempt to
replicate the sex difference in yolk T at oviposition and
measure yolk T content and potential embryo steroi-
dogenesis at different stages of embryonic develop-
ment.

Effects of T on Behavior

Our data for the effects of experimentally elevated T
concentrations on juvenile behavior and the endoge-
nous T data discussed above are together most con-
sistent with the hypothesis that T activates, but does
not organize, many adult male-typical behaviors in A.
carolinensis. Juvenile males were exposed to higher
natural levels of T than juvenile females, beginning
possibly during incubation and then again after ap-
proximately 14 days posthatching. Such a pattern of
differential T exposure between males and females is
consistent with the possibility of an organizational
effect on behavior followed by later activational effects
when T varies seasonally in adults (Tokarz et al., 1998;
Jenssen et al., in press). However, T implants caused
imilar or identical behavioral responses in juvenile
ales as well as females, thus suggesting that early T

xposure had little effect on the behaviors produced
y older juveniles. Juvenile males and females given T

mplants, but not those given blank implants, had
arkedly increased activity levels that approached

hose of breeding adult males tested under similar
onditions (e.g., DeCourcy and Jenssen, 1994; Jenssen
t al., 2000). Behaviors affected by T in the present
tudy included headbobbing display rate (both while
lone and during interactions) and the relative pro-
ortion of display types (A, B, and C) used, dewlap
nd display modifier use, body color change, and
yespot development. These results were consistent
cross social contexts (consexual and heterosexual in-
eractions). The observation that some T-implanted
uveniles displayed while isolated from other lizards

as especially dramatic. None of the 12 blank-im-
lanted juveniles displayed while alone, and in over
00 h of observations on untreated juveniles in a sep-
rate study, no displays were ever observed from
izards while they were alone, although nearly all of
hem displayed during interactions (Lovern, 2000a).

The observation that juvenile males and females
iven T implants had higher activity levels even when
hey were not in interactions documents the extent of
he effect of T on behavior. The stimulus of the pres-
nce of another lizard was not required to observe
eneral activity levels have been reported in adult
ales of several other species, including lizards (e.g.,
arler and Moore, 1989; DeNardo and Sinervo, 1994;
lukowski, Jenkinson, and Nelson, 1998) and birds

e.g., Chandler, Ketterson, Nolan, and Ziegenfus,
994). Functionally, increased activity results in larger
nd more actively patrolled home ranges and proba-
ly increased reproductive success through greater
ccess to breeding females or greater ability to thwart
ntruding reproductive males (Marler and Moore,
989; Chandler et al., 1994; DeNardo and Sinervo,
994). However, there can be a cost to high T, as
xperimental elevation of plasma T can lead to re-
uced growth rates and higher mortality (Marler and
oore, 1988, 1989; Hews, Knapp, and Moore, 1994;
bell, 1998; Klukowski et al., 1998). Such a cost might
e especially high in juveniles and may help to explain
heir comparatively low plasma T levels.

Although it apparently did not organize the behav-
ors we monitored, higher endogenous T concentra-
ions in juvenile males than in juvenile females may
ffect morphological differentiation. For example, T
xposure at appropriate concentrations and stages
uring ontogeny (in the plasma or yolk) might initiate
orphological differentiation in postanal scale size,

ody length and mass, dewlap area, and underlying
rain and peripheral structures associated with dew-

ap extension and courtship, all of which are sexually
imorphic in adults (Jenssen, Congdon, Fischer, Estes,
ling, and Edmands, 1995; Wade, 1998; O’Bryant and
ade, 1999; Jenssen et al., 2000). Hatchlings develop

ostanal scale dimorphism just prior to hatching
Pearson and Licht, 1974), and although body length,

ass, and dewlap area are not sexually dimorphic at
atching, they diverge during the course of posthatch-

ng ontogeny (Gordon, 1956; Crews and Greenberg,
981; Michaud, 1990). Thus, the timing of the differ-
ntiation of these morphological traits, coupled with
he endogenous T concentrations documented in the
resent study, suggest that embryonic exposure to T

whether maternal or embryonic in origin) may be
esponsible for differentiation of postanal scale size
nd that juvenile plasma T may be responsible for
ifferentiation of body size and dewlap area. Further
ork on the exact timing of morphological differenti-

tion between males and females and how it is af-
ected by T will be necessary to examine these possi-
ilities.
Although juveniles showed a dramatic behavioral

esponse to T, several behaviors that are seen in adults
ere not seen in juveniles. First, unlike adult males,
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behaviors observed in juveniles given T implants sug-
gest increased patrolling, territory advertisement, and
heightened agonistic responses to other lizards. How-
ever, less than half of the interactions yielded close
(,30 cm) approaches, and none led to circling, jaw
sparring, jaw locking, or indeed any physical contact.
It is possible that longer interactions may have led to
these behaviors, as we observed lizard pairs for only
15 min. However, this seems unlikely because re-
sponses tended to be intense but brief, typically de-
clining prior to the end of the trial. By the 15-min
point, none of the interactions that we observed ap-
peared to be progressing in intensity, suggesting that
the duration of the trial was not the main reason that
ritualized aggression was not observed. Other poten-
tially important factors could include residence time
in the cage (e.g., Crews, 1980), length of exposure to T,
and previous experience, each of which may have
affected the probability of observing ritualized aggres-
sion. Second, copulation was never observed in juve-
nile interactions. Juvenile females never gave the char-
acteristic neck-bend posture indicating receptivity. In
contrast, gonadectomized adult females that are given
T can exhibit either masculine courtship or feminine
receptivity, the latter mediated by conversion of T to
estradiol (Adkins and Schlesinger, 1979; Winkler and
Wade, 1998). Although copulation was not observed
and our sample size was small, interactions between
T-implanted juvenile male and female A. carolinensis
did suggest at least attempted courtship by males. In
three of four male–female interactions, males ap-
peared to initiate the interaction by courting the fe-
male. Typical of courtship interactions, these males
displayed toward the females, extending their dew-
laps while approaching steadily. Aggressive intent ap-
peared to be absent because no display modifiers were
employed at this point. However, the females in each
case immediately responded with aggressive display
behavior, using their dewlaps and employing display
modifiers. In response, each of the males became ag-
gressive as well, rapidly developing an eyespot, ex-
hibiting a change in body color from green to dark
brown, and employing aggressive display modifiers.
Thus, the interaction clearly finished in an aggressive
context, although it may have begun (from the male’s
perspective) as a courtship interaction. Because both
ritualized aggression and copulation require coordi-
nated social responses between interacting lizards, the
relationship between sex steroids, individual behav-
ior, and emergent behavioral interactions among indi-
tors, both physiological and experiential.
In conclusion, our data document that: (1) juvenile

male and female A. carolinensis have detectable T in
heir plasma after hatching and in the yolks of the eggs
rom which they hatch; (2) juvenile males have signif-
cantly higher plasma T concentrations than juvenile
emales by the time they have SVLs of .30 mm (ap-

proximately 38 days posthatching); and (3) experi-
mentally elevated plasma T concentrations produce
increased expression and rates of behaviors in both
juvenile males and females, and the level of these
behaviors is similar to that seen in breeding adult
males. These data are most consistent with the hy-
pothesis that T activates, but does not organize, adult
male-typical behavior. Thus, sexual dimorphisms in
behavior in adults likely arise through underlying
physiological differences between males and females
that mediate the expression of behavior, rather than
through fundamental sex differences in the ability to
perform sexually dimorphic behaviors.
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