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Abstract Using the lizard Anolis carolinensis as its sub-
ject, an early and enduring model of psychobiology was
presented in which neuroendocrines and social behavior
interact to coordinate reproduction between the sexes.
The adaptive context for the model was protandry, here
defined as a “male-first” emergence pattern from winter
dormancy to the onset of breeding. In the protandry sce-
nario, males emerge, become reproductive, and contest
for territories. Then, pre-reproductive females emerge to
settle on male territories, whereby ovarian recrudescence
is facilitated by the behavior of courting males. A collat-
eral inference of the protandry sequence is that females
are choosing their future mates from among local males
and their territories (i.e., intersexua selection). The
model and its assumptions, though never validated by
field data, have served as the paradigm for many labora-
tory experiments on A. carolinensis. Recently, however,
field studies described an intrasexually selected mating
system for A. carolinensis, without evidence of direct fe-
male choice. Differences between the selective inferenc-
es from the two perspectives led us to test in the field a
number of protandry-based characteristics previously as-
cribed to A. carolinensis. We monitored free-ranging
adults across the winter-to-breeding period using data on
sex ratios, social behavior, gut contents, sex steroids, and
gonadal condition. We found no evidence of protandry,
and little support for any of the associated assumptions.
Instead, the sexes broadly overlapped in their temporal
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transition from winter retreats to an active status in the
habitat, with average male reproductive development
about 1-2 weeks in advance of females. We replace the
traditional protandry-based A. carolinensis paradigm
with a realistic onset sequence into the breeding season
and a new model for the species mating system. Our
study underscores the need for field validation when lab-
oratory-generated data are fitted to adaptive paradigms.
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Introduction

In an early and enduring model of psychobiology (e.g.,
Crews 1973, 1975), interacting sequences of neuroendo-
crine and behavioral events guide the reproductive re-
sponses of the lizard, Anolis carolinensis. The adaptive
context for the proximate mechanisms of the model was
patterned on protandry, defined here as a “male-first”
emergence pattern from winter dormancy to the onset of
breeding (sensu Wirklund and Fagerstrom 1977). The
protandry-based paradigm describes how females opti-
mize ovarian recrudescence and choice of breeding op-
portunities by emerging after males have established ter-
ritories (e.g., Crews 1975). Although widely accepted as
representing the mating system of A. carolinensis (e.g.,
Drickamer et a. 1996; Alcock 1998), the model was
never strictly validated by field data. Recently, severa
field investigations of A. carolinensis (Ruby 1984;
Nunez et a. 1997; Jenssen and Nunez 1998) found
strong evidence for an intrasexually selected polygynous
mating system that features intense intermale competi-
tion for access to females throughout an extended
breeding season (i.e., endurance rivalry; Andersson
1994). We initiated our study to resolve the discordant
views of A. carolinensis as a protandric species with op-
portunities for direct female choice (intersexual selec-
tion) and as an endurance rivalry species without direct
female choice (intrasexual selection).
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Table 1 Summary of assumptions alluding to adaptive mechanismsinferred by five protandry-based hypotheses

1. Protandry isan A. carolinensis trait, with adult males emerging from winter dormancy a month or more before adult females

(a) If males emerge before other males (i.e., selection for early males), they are more likely to increase copulation opportunities by se-
curing high-quality territories through consexual contests, and/or by producing more mature spermatozoa before females emerge

(b) If females emerge after males (i.e., selection for delayed females), they are less likely to be courted by males who may still be infer-
tile or whose aggressive behavior could disrupt ovarian recrudescence

(c) If females emerge after males (i.e., selection for delayed females), they have more opportunity to choose among males and their es-
tablished territories for the highest-quality mate with the best resources

2. Protandric malesinitially contest for territories, then shift to predominantly courtship behavior after females emerge

(a) If possession of aterritory increases mating success, then males controlling territories before female emergence should gain a repro-
ductive advantage over males who do not (i.e., resource-defense polygyny model)

(b) If females choose to settle in high- rather than low-quality habitat, then males who emerge before other males are more likely to con-
trol the best habitat and should attract more females (i.e., resource-defense polygyny model)

(c) If female mate choice is based on the quality of male traits, then males emerging before other males are more likely to exhibit high-
er-quality traits and should attract more females (male quality is likely to be a correlate of territory quality under the the resource-de-

fense polygyny model)

(d) If high-quality males and their territories are limited, then competition among females should limit the number of resident femalesin
amale'sterritory (i.e., polygyny threshold model as a type of resource-defense polygyny)

(e) If ovarian recrudescence is affected by male behavior, then females should delay emergence to avoid the negative effects of fighting
males, and benefit from the positive effects of courting males (i.e., proximate mechanisms of psychobiology model)

3. Testicular recrudescence is largely completed before female emergence

(a) If gonadal recrudescence is accelerated by elevated body temperature during emergence from winter refuges, then males emerging
before other males should gain a reproductive advantage, having more time to produce mature spermatozoa before the first females

are sexually receptive

4. Testosterone first increases before emergence and then again as mating begins

(a) If testosterone mediates activational events, then as a proximate mechanism for protandry, rises in testosterone levels may be expect-
ed to initiate the onset of male breeding during the winter (ca December—January) as a prelude to male emergence, gonadal recrudes-
cence, and territorial behavior, and then again after females complete ovarian recrudescence (calate- April-May) and mating begins

5. Larger males develop protandry-based benefits before smaller males

(a) If early male emergence increases mating opportunities, then the more competitive males (i.e., the larger males) should be in a better
position, both behaviorally and physiologically, to attract emerging, choosy females sooner than smaller males

The protandry paradigm proposed by Crews (1973)
for A. carolinensis closely resembles the polygyny
threshold model (PTM), which was developed to explain
the mating system of many migratory birds (e.g., Verner
1964). In the PTM description for birds, males arrive
first in the breeding habitat to compete for territories. Fe-
males arrive later to choose breeding sites based on the
quality of resident males, their territories, and the possi-
ble presence of other females. As a result of potential
life-historical and ecological constraints on avian repro-
duction (e.g., specialized nesting sites, large clutches,
homeothermy, altricial young), females incur costs asso-
ciated with polygyny, such as increased consexual com-
petition for limited resources and reduced male parental
assistance. Thus, according to the PTM (e.g., Searcy and
Yasukawa 1989), females make mating and nest site
choices based on a polygyny threshold (i.e., if costs ex-
ceed benefits when settling with a mated male on a
high-quality territory with one or more resident females,
a female should settle with an unmated male on a lower-
quality territory). Essentialy, the PTM details a form of
resource-defense polygyny, whereby males attract fe-
males on the basis of themselves and their resource hold-
ings (Emlen and Oring 1977).

Though not applied as explicitly as for birds, the
protandric PTM became the genera framework for the A.

carolinensis mating system (Crews 1973, 1975), and has
subsequently served as the theoretical basis for hypothe-
ses, experimental design, and interpretation of many lab-
oratory studies dealing with the species’ behavior (e.g.,
Crews 1980; Sigmund 1983; Andrews 1985a; Andrews
and Summers 1996). As summarized by Crews (1980),
the sequence of events for the A. carolinensis PTM sce-
nario begins with males emerging from winter dormancy
(ca. late January) before females emerge (about early
March). In the month or more before female emergence,
males undergo gonada recrudescence, become aggres-
sive, and partition the habitat by means of intense territo-
rial contests. When pre-reproductive females emerge
from winter shelters, they find males in established terri-
tories, and the previously aggressive males are now inter-
ested in courtship. Females then choose their site of resi-
dence from among the stable male territories, and ovarian
recrudescence begins. After 6—7 weeks (ca. late April to
early May), mating and egg laying are initiated.

With the protandry paradigm serving as the adaptive
context, Crews (1975, 1980) proposed the following
benefits that A. carolinensis females would gain by late
emergence: avoidance of intermale fighting that is stress-
ful and disruptive to ovarian recrudescence; interaction
with currently courting males, whose courtship behavior
facilitates ovarian recrudescence, and finding assort-
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ative-mating opportunities. Whereas Crews (1980) pri-
marily focused on female reproductive responses to male
influences, protandry should have selective advantages
for A. carolinensis males as well. Studies of non-Anolis
lizards (e.g., Olsson and Madsen 1996; Olsson et al.
1999) suggest that early emerging males increase their
mating success relative to males that emerge later by (1)
having more unoccupied high-quality habitat in which to
establish aterritory, (2) establishing a resident advantage
to better defend a desirable territory, (3) having more
time to develop mature spermatozoa before females
emerge, and (4) accelerating physiological mechanisms
that support territorial behavior. Furthermore, larger
males who emerged before smaller males would have the
benefits from protandry added to their size advantage
during intermale contests (e.g., Tokarz 1985).

We identified four hypotheses taken from basic se-
guence-dependent events summarized from the A. caro-
linensis PTM logic (see Crews 1980, Figs. 2, 28) and a
fifth hypothesis as a general prediction for protandry. We
used data on adult sex ratios, social behavior, gut con-
tents, sex steroids, and gonadal condition from free-rang-
ing A. carolinensis to test the following five hypotheses
and their underlying assumptions (Table 1):

1. Protandry is a trait of A. carolinensis, with adult
males emerging from winter dormancy before (ca 4—6
weeks) adult females due to selection for early male
emergence, delayed female emergence, or both.

2. Protandric males exhibit intense territorial behavior
before females emerge; after female emergence,
mal es predominantly exhibit courtship behavior.

3. Testicular recrudescence is mostly complete before
females emerge.

4. Plasma testosterone of males exhibits a biphasic in-
crease to the onset of breeding, first preceding male
emergence and again as mating begins.

5. Larger adult males develop behavioral and physiological
capacities to reproduce sooner than smaller adult males.

Methods

The study site was a bottomland hardwood habitat along the
Savannah River (Workman and McLeod 1990), located on the
Augusta Canal about 12 km northwest of Augusta, Ga.,, USA
(33.3°N, 82°W). Data were collected during four, 3-day collection
periods (13-15 February, 13-15 March, 27-29 March, and 24-26
April 1998). Observations took place on sunny days when lizard
activity was not affected by inclement weather.

We gathered census data on sex and size classes, body color,
and nearest-neighbor distances for lizards observed during site
visits. Additional sex and size class data came from census data
from a previous study (Jenssen et al. 1996) of overwintering
A. carolinensis on the Savannah River Site (SRS; 21 km southeast
of Augusta Canal). Snout-vent length (SVL) data were divided
into the following size classes: 1 (€22 mm), 2 (2329 mm),
3 (30-39 mm), 4 (4049 mm), 5 (50-59 mm), 6 (60—69 mm), and
7 (270 mm). Adult females and males were represented by size
classes 4-7 and 5-7, respectively. Body color of lizards, which
can shift between brown and green, when initially sighted was
ranked 1 if brown or olive, and 2 if green. Body color has no par-
ticular relationship with the lizard’'s immediate-substrate color

(Jenssen et a. 1995), but does reflect sociophysiological states
(e.g., Greenberg and Crews 1983). We considered brown to indi-
cate a less active (potential wintering) state and green, a more ac-
tive state (e.g., Cooper and Greenberg 1992). Relative dispersion,
using nearest-neighbor distances, was ranked 1 if a consexua was
within 3 m (i.e., potential aggregated, non-territorial state), or 2 if
there were no consexuals within 3 m (i.e., potential dispersed, ter-
ritorial state).

Adults, in transition from social tolerance (winter state) to a
territorial response (reproductive state), were tested for relative so-
cial tendencies with a tethered consexual placed about 1 m from
the subject and left in place for up to 5 min. Response to the teth-
ered lizard was ranked O if there was no response, 1 if the subject
moved away (aversive response), 2 if the subject approached and
displayed (moderate interest), or 3 if the subject attacked (territori-
a response). Trials resulting in attack were terminated immediate-
ly.

Focal observations, of 15-min duration, were made on selected
males and females which were subsequently collected to deter-
mine endocrine titers, gross gonadal state, and feeding activity
(i.e., gut content). We first noted each subject’s (1) sex, (2) initia
body color, and (3) initial separation distances to nearest neigh-
bors by sex and SVL. Then, during the focal observation period,
we recorded the number of (4) feeding attempts, (5) kinds of so-
cial interactions and, as indicators of developing territorial behav-
ior and courtship, (6) displays, (7) perch changes, and (8) distance
traveled when relocating. If near neighbors were not present to act
as a socia stimulus during the focal observation period, we intro-
duced a tethered lizard as described above to assay relative ag-
gressive responsiveness. Next, each observed focal lizard was cap-
tured and killed to determine its SVL and physiologica state. Ap-
proximately 200 pl of blood was drawn for hormone assay, and
both the blood sample and its donor were stored on ice in the field.
Several hours later, the plasma was centrifuged from the blood
sample and transferred along with its donor to dry ice. The plasma
and carcasses were kept at —20°C upon return to the laboratory un-
til final analyses.

We measured testosterone (T) in males and progesterone (P) in
females. Although estradiol is the primary indicator of female re-
ceptivity in A. carolinensis, we assayed P because it fluctuates less
during the breeding season and is a conservative indicator of
clutch production (Jones et al. 1983). Plasma concentrations of T
and P were measured by radioimmunoassay (RIA) following
methods described in Wingfield and Farner (1975) and Moore
(1986). Briefly, samples were equilibrated overnight at 4°C with
2,000 cpm of the appropriate tritiated hormone (Dupont NEN) for
individual recovery determinations. Each sample was then extract-
ed twice in 2 ml diethyl ether, and the ether fractions were dried
under nitrogen gas and reconstituted in 10% ethyl acetate: 90%
isooctane (T) or isooctane pseudosaturated with ethylene glycol
(P) (v/v) for chromatographic purification and isolation on Celite
(Sigma) columns. The purified eluates were then dried under ni-
trogen gas, resuspended in assay buffer and equilibrated overnight
before RIA. Each steroid was assayed separately using antibodies
from Wien Laboratories. We ran standard curves in triplicate and
samplesin duplicate. Male T samples were randomly assigned and
run across two assays, with an interassay coefficient of variation
(CV) of 8.1%. Female P samples were run in one assay with an in-
tra-assay CV of 3.8%.

Gonadal condition was evaluated by stage of development and
presence of mature gametes. For males, the | eft testis was weighed
(Mettler, type 415) to the nearest 0.1 mg, and the epididymis and
adjacent testis tissue examined under a differentia interference
scope (Leitz, Ortholux I1) at x500 for evidence of mature sperm.
Smears of epididymis and testis tissue were ranked 1 if few sper-
matocytes had tails and none had heads (non-reproductive), 2 if
moderate numbers of spermatocytes had tails, but few had mature
heads (transitional), or 3 if large numbers of spermatocytes had
tails and many had mature, condensed heads (reproductive). The
female gonadal condition was evaluated for both ovaries. Using a
calibrated ocular on a dissection microscope, we counted and mea-
sured ovarian follicles and oviductal yolked and shelled eggs. We



modified the criteria of Licht and Gorman (1970) to rank female
recrudescence as 1 if only ovarian follicles <3 mm were present
(non-reproductive), 2 if ovarian follicles were beginning to yolk,
but still <5 mm (transitional), or 3 if large (>5 mm) yolked or
shelled eggs were present in the oviduct (reproductive).

Feeding activity was estimated by the quantity and distribution
of gut contents visible through the translucent walls of the stom-
ach and intestine. Feeding activity was ranked 1 if the digestive
tract was empty or there were just afew small food boluses and no
stomach contents, or 2 if the intestine contained many large bolus-
es and there were stomach contents. A rank of 1 reflected a non-
feeding lizard still associated with its winter retreat, while a rank
of 2 reflects a large departure from the wintering state, and sug-
gests that the lizard had dispersed from its winter retreat and ac-
quired a home range.

An indirect estimate of a lizard’s activity level was made by
adding its feeding activity score to those for its dispersion and
body color. Thus, the resulting ordinal activity index (Al) could
vary from a minimum of 3 for a non-feeding, aggregated, brown
lizard (indicative of awintering condition) to a maximum of 6 for
afeeding, dispersed, green lizard (indicative of afully active con-
dition).

To test for trends and sample differences, non-parametric pro-
cedures (SAS, version 6.12) were used to accommodate continu-
ous and ordinal data without necessity for Gaussian distribution.
We primarily wanted to test whether dependent variables changed
significantly in response to the four collection periods, categori-
caly ordered 1-4 (February—April). In this application and others
where trends in continuous and ordinal variables were of interest,
we used either the Spearman correlation procedure or the Mantel-
Haenszel x2-test from frequency tables. When performing an anal-
ysis of variance within a multivariate model or between two sam-
ples, we used the Kruskal-Wallis or the Wilcoxon signed-rank pro-
cedures. The a-level for rejecting the null hypothesis was P<0.05.
However, in cases of multiple test procedures, we used a modified
Bonferroni procedure (Hommel 1988) to adjust P-values to avoid
making atype | error (i.e., rejecting the null hypothesis when it is
true).

Results
Sex ratio and activity index

In census data from two study sites during February—April
(total of 434 adults), similar numbers of adult males and
females were sighted within each sampling period.
Though we saw more males than females during every
sampling period, no sex ratio for a sampling period devi-
ated significantly from a 1:1. For the canal study area,
the respective numbers of males and females were 9 and
7 for February (x2=0.25, P=0.63), 24 and 19 for mid
March (x2=0.58, P=0.45), 27 and 17 for late March
(x2=2.27, P=0.13), and 25 and 23 for April (x2=0.08,
P=0.77). For the SRS study site, respective numbers of
adult males and females were 30 and 22 for February
(x?=1.23, P=0.27), 69 and 62 for March (x2=0.37,
P=0.89), and 55 and 46 for April (x2=0.80, P=0.41).
Although both sexes were observed during each collec-
tion period, we also used the Al as an estimator for pro-
gress between winter quiescence and a fully active status
(Fig. 1). The February Al values were near or at minimum
(A1=3) for both sexes, indicating that al individuals were
inactive and associated with winter retreats. During
March, male Al values increased, approaching their maxi-
mum (Al=6) in late March. Female Al scoresin March in-
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Fig. 1 Box plots of a composite index of three variables (feeding
activity, dispersion, and body color) that indirectly reflects activity
level for 24 female and 33 male free-ranging Anolis carolinensis
adults for a sampled population near Augusta, Ga. Ends of boxes
give 25th and 75th percentiles, thick and thin horizontal bars in
boxes give the mean and median (which sometimes overlap), re-
spectively, and ends of vertical whiskers give 10th and 90th per-
centiles, respectively. Sample sizes are given under each bar.
Dates of collection are scaled to actual calendar dates

creased more slowly than those of males, lagging by about
aweek. By mid April, individuals, regardless of sex, ex-
hibited maximum or near-maximum Al values.

The increase in Al values was significantly correlated
with the ordered collection periods for both males and
femal es (Spearman coefficient: males, r=0.77, P=0.0001,
n=33; femaes, r=0.84, P=0.0001, n=24). Intersexual
comparisons (Bonferroni-adjusted Wilcoxon signed-rank
test) of Al values by collection period were not signifi-
cantly different (mid February: Z=-1.160, P=0.206,
n=10; mid March: Z=-1.485, P=0.123, n=16; late
March: Z=-1.391, P=0.148, n=16; late-April: Z=0.000,
P=1.000, n=15).

Territory-related activity of males

Results of baseline observations of 44 males for territo-
ry-related variables (i.e., number of perch changes, dis-
tance moved during perch relocations, and display fre-
guency), and then the response of those males in the
tether assay, deviated from that predicted by the protan-
dry model. Instead of the expected high initial values for
territory-related variables during the first half of the tran-
sition period (mid February—-mid March), the values
were initially low and increased progressively with each
subsequent collection period (Fig. 2). Perch change
frequency, distance moved between perch changes, and
display frequency were significantly and positively cor-
related with ordered collection periods (Spearman corre-
lation, r=0.535, P=0.0002; r=0.646, P=0.0001; r=0.630,
P=0.0001). Only April values for these three variables
approached the levels observed for breeding males by
Jenssen et al. (1995).
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Fig. 2 Mean number of moves, distance traveled (m), and number
of displays per hour from focal observations for 44 free-ranging
male A. carolinensis adults indicated by bars, and the tether index
scores of the same males toward a tethered consexual (connected
dots), where 0 is no response, 1 is withdrawal, 2 is approach, and
3isattack. SEs of all means are shown by vertical whiskers. Sam-
ple sizes are given over each collection period. Dates of collection
are scaled to actual calendar dates

Ranked responses of males to the tether assay for
aggressiveness also gradualy increased with subsequent
collection periods (Mantel-Haenszel x2=10.54, P=0.001).
However, the attack response (indicative of a territorial
male) had only developed in males of the April collec-
tion period (Fig. 2) when females were already reproduc-
tive (Fig. 3A). We also examined a larger dataset (n=64)
that included 22 additional males for which there were
no concomitant focal observations. Mean tether ranks for
the four collection periods reflected values similar to
those in Fig. 2 (February: 0.0, no response; mid March:
1.1, aversive response; late March: 1.9, interested re-
sponse; April: 2.8, attack response) and there was also a
significant increase with collection period (Mantel-
Haenszel x2=31.68, P=0.001).

Heterosexual approaches (i.e., possible courtship)
during 7.5 h of focal observations on 30 females were
observed in only oneinstance in the April sample, result-
ing in no significant correlation with order of collection
periods (Kruskal-Wallis, x2=2.750, P=0.432). During
11 h of focal observations on 44 males, no male ap-
proached a female in February (n=9) or late March
(n=14); 1 did so in mid March (n=10), and 4 in April
(n=11); the occurrence of approaches was not signifi-
cantly correlated with collection periods (Kruskal-
Wallis, x2=8.75, P=0.099).

Gonadal development

Contrary to the protandry prediction that male gameto-
genesis would reach completion in the first half of the
transition period (ca mid-February—mid March), testicu-
lar recrudescence was only beginning by mid March
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Fig.3 A Means and SEs of gonadal ranking for 24 femae
(dashed line) and 33 male (solid line) free-ranging A. carolinensis
adults, where 1 is no criteria, 2 is transitional criteria, and 3 is full
criteria for oviductal eggs or epididymal spermatozoa (see Meth-
ods for criteria). B Means and SEs of plasma progesterone from
24 female, and testosterone from 33 male free-ranging A. caro-
linensis adults. Sample sizes are the same as given in Fig. 1. Dates
of collection are scaled to actual calendar dates

(Fig. 3A), when females were already active in the habi-
tat (Fig. 1). Of the nine males examined in late March,
four were still transitional (rank 2), while the remaining
had epididymal spermatozoa (rank 3). By the April sam-
ple, al males were ranked as reproductive. Gametic de-
velopment was also significantly correlated with testicu-
lar mass (i.e., |eft testis; Spearman correlation, r=0.77,
P=0.0001, n=33) which averaged 11.8+0.98 (SE) mg in
February (n=6), 15.0+1.78 mg in mid March (n=10),
21.4+1.99 mg in late March (n=9), and 38.5+3.28 mg in
late April (n=8).

Female gametogenesis progressed more slowly than
male reproductive development. No females contained
oviductal eggs during March, but some were initiating
gametic development by late March (Fig. 3A). In the
late-March sample, five females had no follicular en-
largement (rank 1), and two females did (rank 2). In the
April sample, however, all but one of the females had
commenced egg laying and contained shelled oviductal
eggs (rank 3). For both males and females, gametic de-



167

Table2 Sample sizes (n),

Spearman Correlation coeffi- Variable nor P Adjusted P
cients (r), and probabilities . -
(P and adjusted P for multiple ~ Distribution (aggregated - dispersed) 85 0043 0693  0.995
test) for 12 dependent variables ~ Skin color (brown — green) 85 0150 0171 0513
using snout-vent length as the Feeding activity from gut content (none - frequent) 33 0294 0.082 0.328
independent variable for adult Moves during focal observations (none-» many) 44 0215 0.161 0.483
male Anolis carolinesisduring ~ Distance moved during focal observations (none - far) 44 0339 0024 0192
the February—April transition Displays during focal observations (none - many) 44 0571 0.0001 0.0012
period Response level to tethered male (none - attack) 64 0309 0.013 0.108
Aggressive bouts during focal observations (none—many) 44  0.001  0.995 0.995
Courtship bouts during focal observations (none - many) 44  0.353 0.019 0.152
Plasma testosterone concentration (low — high) 33 0295 0.096 0.342
Testis weight (light - heavy) 33 0499 0.002 0.022
Gonadal development (little— well-devel oped) 33 0303 0.073 0.292

velopment was progressive and positively correlated
with ranked collection periods (Spearman correlation,
r=0.90, P=0.0001, n=33; r=0.83, P=0.0001, n=24, re-
spectively), and gametic development did not differ be-
tween the sexes, except for late March, when male ga-
metic stage was advanced relative to that of females
(Wilcoxon signed-rank test, Z=—2.945, P=0.003, n=16).

Endocrine titers

Male plasma T concentrations did not oscillate in a
biphasic pattern as suggested by the protandry model,
but rather made a single mid-March increase (Fig. 3B).
Plasma T was lowest in the February sample
(mean=9.0 ng/ml), highest (mean=20.9 ng/ml) in mid
March, and remained high in the late-March and April
samples. Because of the single large increase in plasma
T during the first half of the transition period, T did not
correlate with ranked collecting periods (Spearman cor-
relation, r=0.28, P=0.104, n=33), nor did a male's plas-
ma T concentration correlate with either his stage of
gametic development (Spearman correlation, r=0.24,
P=0.171, n=33) or testicular mass (Spearman correla-
tion, r=0.25, P=0.158, n=33).

In comparison with male plasma T, female P was sig-
nificantly correlated with ranked collection periods
(Spearman correlation, r=0.74, P=0.0006, n=24). From a
mid-February low (mean=0.11 ng/ml), P increased
sharply with the late-April sample (mean=1.08 ng/ml)
(Fig. 3B). Because P is correlated with egg laying, the
association of elevated P with only April females is not
surprising, because they were the first sampled individu-
als who had begun laying clutches (Fig. 3A).

Large-male advantage

Contrary to the last protandry prediction, larger adult
males did not emerge before smaller adult males. In-
stead, the mean SVL of sampled adult males (i.e.,
>50 mm SVL) tended to increase slightly from collection
periods 1 through 4, being 57.7 mm (SE 2.43, n=9),
58.0 mm (SE 1.00, n=24), 58.3 mm (SE 1.10, n=27), and

60.5 mm (SE 0.79, n=25), respectively. In addition, we
tested the 12 variables listed in Table 2, both within and
between collection periods, for a significant relationship
with SVL. Within each of the four collection periods, the
Spearman correlation procedure revealed that no variable
correlate significantly with SVL, except testis mass of
the April sample (r=0.783, P=0.022, n=8). Nor was SVL
significantly correlated with any variable when the first
two collection periods were pooled (i.e., first half of
transition period). If larger males were selected to ad-
vance their reproductive opportunities sooner than
smaller males, we would expect relevant variables dur-
ing the February or mid-March collection periods to cor-
relate with SVL. But there was no evidence for such a
trend.

Two significant relationships with SVL, unrelated to
protandry, were apparent when the temporal sequence
was removed by pooling the adult male data from all
collecting periods (Table 2). Of the 12 tested variables,
Spearman correlations were significant for increasing
body size with increasing rate of display and testis mass.

Profile of transition period

A profile of the male and female response to the Febru-
ary-April transition period was constructed from 12
variables (Table 3). Using ordered collection periods as
the independent variable, a Kruskal-Wallis procedure
was run separately on adult male and female data
(Table 3) to indicate the extent to which each variable
changed progressively during the transition period. Both
sexes showed significant increases for nearest-neighbor
distance (i.e., dispersion), brown to green body color
(i.e., sociophysiological arousal), gut contents (i.e., feed-
ing activity), and developing gonadal recrudescence
(Table 3). Of the variables that were sex specific, female
P titers and male gonad weight also increased signifi-
cantly with collection period, but male T titers did not.
The territory indicators in Table 3, however, suggest-
ed a sex bias. Three variables associated with territorial
patrol and advertisement (i.e., number of moves, move-
ment distance, and display number) significantly in-
creased with collection dates for males, but not females
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Table3 Sample sizes (n), test

statistic (x2), and probabilities ~ Variable Male Female
P and adjusted P for multiple . )

'Eests) for J12 dependent variF-) nox? P AdjustedP n  x2 P Adjusted P

ables of a Kruskal-Wallis anal- )

during the February—April tran-  Tether response 64 3420 0.0001 0.0007 33 961 0022 011

sition period Movement number 44 1323 0.004 0.016 30 6.13 0106 0424
Movement distance 44 1894 0.0003 0.0015 30 390 0272 0432
Display number 44 17.67 0.0005 0.0025 30 275 0432 0432
Aggressive bouts 44 394 0268 0.268 30 00 - -
Courtship bouts 44 875 0.033 0.099 30 275 0432 0432
Testis mass 33 2400 0.0001 0.0007 - - -
Testosterone 33 662 008 0.17 - - -
Gonadal development 33 30.44 0.0001 0.0007 24 1940 0.0002 0.0014
Progesterone - - - 24 1486 0.002 0.012

(Table 3, Fig. 2). A fourth variable, tether response,
tracked relative intolerance of consexuals as an indicator
of territorial defense. Tether response scores also in-
creased significantly with collection period for males,
but not females (Table 3), concluding in April with an
average of 2.8 (attack response) for males. In contrast,
females, the less territorial sex during the breeding sea-
son, had average scores of 0.38, 0.63, and 0.64 (non-
responsive to aversive) for February, mid March, and
late March, respectively, and concluded with an April
average of 1.8 (moderate interest).

Finally, from 15-min focal observations, neither sex
showed a significant increase with collection dates for
naturally occurring bouts of consexual interactions (5 in-
stances by 44 observed males and O instances by 30 ob-
served females) or heterosexual interactions (5 instances
by 44 observed males and 1 instance by 30 observed fe-
males) (Table 3). Observed interactions were limited to
displaying and/or approaching, with no occurrences of
actual fighting or copulations. In 18.5 h of observations
during the transition period, social encounters of any
kind were infrequent (less than once/1.5 h).

Discussion
Absence of protandry

Our study, the first to test the protandry paradigm for A.
carolinensis under field conditions, found little or no
support for five protandry-based hypotheses (see Intro-
duction, Table 1). The principal hypothesis that protan-
dry is atrait of A. carolinensis, with adult males emerg-
ing a month or more before adult females, was not sup-
ported by either adult sex ratios or the Al. Beginning in
the winter, males and females of al size classes aggre-
gate at winter retreats and facultatively bask on sunny
days; during these short periods of emergence, the liz-
ards are brown and almost never move, feed, or interact
socialy (Jenssen et al. 1996; present study). Then, in
March, with the sex ratio and Al data showing no signif-

icant intersexual differences within any collection date,
males and females |eave their winter refugia and disperse
into home ranges in the local habitat. Though average
male Al values were higher than average female Al
scores for respective March collection dates, the broad
variance around the Al averages (Fig. 1) indicates that
the transition between lizards in a wintering state to liz-
ards that are dispersed, feeding, and green is not a tightly
timed event in the population, nor is the sequence
strongly sex biased. Rejection of the protandry hypothe-
sis renders its underlying assumptions largely inappro-
priate for A. carolinensis (see Table 1). Furthermore, the
remaining four protandry-based hypotheses and their as-
sumptions also become questionable, and need to be ex-
amined.

The two hypotheses predicting that males during the
first half of the transition period (i.e.,, before female
emergence) should be both intensely territorial and re-
productive were rejected. Instead, both male territory-re-
lated behavior (Fig. 2) and spermatogenesis (Fig. 3A)
developed gradually across the March transition period.
Except for T, mid-March males had not reached breeding
levels for any variable. By late March, when some sam-
pled females had begun ovarian recrudescence, about
half the sampled males were not yet reproductive and all
male territoria indicators were still below breeding lev-
els. These field data challenge previous assumptions (see
Table 1) for the species mating system, mate choice
strategies, mode of selection, and proximate mechanisms
of reproduction.

With regard to mating system, mate choice, and
mode of selection, the absence of protandry eliminates
the opportunity for females to choose a breeding site
from among established territories of reproductively ac-
tive males, and reduces the opportunity for the intersex-
ual selection that is inferred within a protandry-based
mating system (e.g., PTM). We found males and fe-
males more or less synchronously entering the habitat
before either sex had developed a territorial response,
initiated gonadal recrudescence, or begun courtship
(Figs. 2, 3). Because March females had settled into the



habitat in the presence of sexually inactive males, it is
difficult to envision an intersexual selection mechanism
whereby females make mate and site decisions based on
male courtship behavior or male resources gained
through intermal e contests. We conclude that females do
not incur a fitness cost by synchronously emerging with
males and, conversely, neither sex appears selected for
the advantages attributed to protandric emergence (see
Table 1).

Field data also bring into question the relevance of
the proximate mechanisms underlying the protandry-
based psychobiology model of A. carolinensis (sensu
Crews 1980). First, the laboratory protocol (Crews 1973)
that produced male-induced inhibition and stimulation of
ovarian development used significant social compression
by reducing spatial relationships and extending temporal
proximity beyond that normally experienced by free-
ranging A. carolinensis. Spatialy, the cages (<0.2 m3)
that held 30 females and 1-5 maes were 1/1,200—
1/1,700 the normal volume of habitat occupied by this
combination of free-ranging females and males (8 m3/fe-
male and 69 m3/male; Jenssen and Nunez 1998). Tempo-
rally, the continuous 6-week duration of the heterosexual
experiments was >2,400-fold that of voluntary hetero-
sexual contacts, where a territorial male and a resident
female average less than 5 min/day in close proximity,
excluding a copulatin once every 5 days (Nunez et al.
1997; Jenssen and Nunez 1998). The large departures in
laboratory treatment and control conditions from the nat-
ural state may, in themselves, produce significant physi-
ological and behavioral responses (e.g., Moore et al.
1991; Lambrechts et a. 1999).

Second, the absence of field data supporting protan-
dry seriously diminishes the selective context for the
protandry-based model that Crews (1980) suggested for
A. carolinensis. The laboratory-generated effects of inhi-
bition and stimulation of ovarian recrudescence by ag-
gressive and courting males, respectively, are arguably
adaptive (i.e., proximate mechanisms) if placed in a pro-
tandry context. Thus, the psychobiology model specified
that (1) females should emerge late to avoid males who
were previously contesting and aggressively signaling
over territories and, in so doing, late-emerging females
would not incur a reproductive penalty from the inhibito-
ry effects of intense male territorial behavior, and (2) if
females emerged after males had established their terri-
tories, then these late-emerging females would have are-
productive advantage from the stimulation effects of
courting males who now had stable territories and con-
tested less.

Field observations, however, did not find the social
sequences or intensities required of either proximate
mechanism. With regard to the inhibition effect of ag-
gressive males, not only did male and female A. caro-
linensis disperse from overwintering sites together, but
there was no male-generated aggression during the first
half of the transition period (mid February—mid March)
that females should avoid as proposed in the psychobiol -
ogy model. Instead, male territoria indicators gradually
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increased over the transition period. Even by late March
when some females were initiating ovarian recrudes-
cence, male territoria indicators were significantly in-
creasing, but still below breeding levels. For example,
late-March males averaged one-fifth the baseline display
rate (20/h) of fully territorial males (>100/h; Jenssen et
al. 1995), moved one-third the distance (8 m/h) of fully
territorial males (27 m/h; Jenssen et al. 1995), and most
did not attack tethered consexuals. With both ovarian re-
crudescence and male territory indicators increasing to-
gether, the field evidence rejected the proposition that
mal e aggressive behavior exerts a selected inhibitory ef-
fect on female reproductive devel opment.

With regard to the stimulation effect of courting
males, we found little evidence for prominent levels of
courtship in the second half of the transition period
(late March—-April) by which ovarian recrudescence
should be advanced as proposed in the psychobiology
model. Male-female interactions were infrequent
(Table 3), and during the late March—April collection
dates when females exhibited all stages of ovarian de-
velopment, we observed only one late-March and four
April contacts in 9.5 h of focal observations. Even dur-
ing the breeding season, territorial males infrequently
court resident females (twice a day/female, Jenssen and
Nunez 1998), and then for brief durations (=1.1 min/en-
counter; Jenssen and Nunez 1998). These field data do
not invalidate courting males as an excitatory stimulus
for ovarian recrudescence, but they do question the
extent to which female fithess would be enhanced.
Attainment of reproductive condition by females does
not require the presence of a male. Egg laying is initi-
ated by cues from photoperiod and environmental
temperature, even in the absence of males (Licht 1973;
personal observation). Nevertheless, there remains the
still untested prospect that free-ranging males may fa-
cilitate a small temporal advance to ovarian recrudes-
cence.

A third proximate mechanism suggested by the pro-
tandry model (see Crews 1980, Fig. 28) is a biphasic in-
crease in male plasma T, with the first T increase coming
before male emergence, testicular recrudescence, and
territorial behavior, and the second occurring with the
start of courtship and mating after emerged females have
become sexually receptive. We found a simpler pattern.
Plasma T increased only once (by mid March), after
males began dispersing from winter refugia, and was
concurrent with the initial increases in territory-related
behaviors, spermatogenesis, and testicular hypertrophy.
Plasma T then remained at increased levels into the mat-
ing season, and was not closely coupled with increasing
levels of male reproductive variables. In Florida, Tokarz
et a. (1998) also reported a single increase of plasma T
in A. sagrei, an anole with a pattern of mating behavior
similar to that of A. carolinensis (Nunez et a. 1997;
Jenssen and Nunez 1998; Tokarz 1998). The T levels of
A. sagrei were even more uncoupled from behavioral
and gonadal variables than we found for transitional
A. carolinensis.
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Our findings also cause rejection of the last hypothe-
sis that larger males should develop the behavioral and
physiological capacity to reproduce sooner than smaller
males. If the transition period is reproductively advanta-
geous for males (i.e., selection for early male emer-
gence), then large, competitive males (e.g., Tokarz
1985) might be expected to develop the behavioral and
physiological mechanisms that enhance reproductive
potential in advance of smaller males. However, body
size (SVL) was not significantly correlated with any be-
havioral variables (e.g., feeding activity, tether rank,
display rate, distance moved, or number of aggressive
and courtship bouts) or physiological variables (plasma
T and gonadal development) during any of the collec-
tion periods.

The A. carolinensis mating system

Females should optimize their reproductive response
within the limits of their life history and ecological
traits (e.g., Partridge and Endler 1987; Stearns 1992;
Sutherland 1996). Then, within the temporal and spatial
distribution of reproductive females, males should opti-
mize their reproductive response (e.g., Emlen and
Oring 1977; Cockburn 1988; Davies 1991). For female
A. carolinensis, an initial life history constraint isasin-
gle-egg clutch (Smith et al. 1973). As a conseguence of
clutch size limitation, female reproductive success de-
pends on the duration of the breeding season and the
frequency with which a female can repeat clutch laying.
Temporally, a female is reproductive for approximately
4 months (e.g., Ruby 1984; Jenssen and Nunez 1998),
laying one egg at about weekly intervals (Andrews
1985b; Jenssen and Nunez 1998). Spatially, breeding
females are found in stable, small, and overlapping
home ranges with consexual neighbors that are relative-
ly tolerant of one another (Nunez et al. 1997; Jenssen
and Nunez 1998).

Because male fitness is independent of any parental
care, male A. carolinensis increase their reproductive
success by attempting to mate with multiple females who
are sedentary, closely spaced, and reproductive over a
long breeding season. In a version of female-defense po-
lygyny (sensu Emlen and Oring 1977), males use intense
territorial behavior to exclude other males from as many
females as possible (Ruby 1984; Jenssen et a. 1995;
Jenssen and Nunez 1998). The long breeding season ex-
tends intermale competition for matings into an endur-
ance rivalry. The intensity of the endurance-rivary is re-
flected by a 1 male:3 female polygyny ratio within a
population that has a 1:1 operational sex ratio (Ruby
1984; Jenssen et al. 1995; Jenssen and Nunez 1998). The
A. carolinensis mating system appears to be the result of
intrasexual selection, with no obvious evidence of direct
female choice (Ruby 1984; Jenssen and Nunez 1998);
this may be why previous attempts to explore mecha-
nisms of female choice in A. carolinensis have been
equivocal (reviewed by Tokarz 1995).

A new model

Our study documented that pre-reproductive males and
females move concurrently from overwintering shelters
onto home ranges in advance of breeding responses.
There is no apparent selection for females to choose
among the best resources being controlled by the most
competitive males (i.e.,, no evidence for intersexua se-
lection or resource-defense polygyny). Why females set-
tle where they do is an open question, but it does not
seem to be primarily influenced by male-based choices.
Field data for other lizard species seem to support a sim-
ilar conclusion (e.g., M’ Closkey et al. 1987; Hews 1993;
Tokarz 1998). What, then, are the most likely origins of
the intensely patrolled male territories that contain multi-
ple female residents? Rather than females moving to join
established males, we suggest the reverse. By the end of
the transition period (late March—early April), males are
completing gametogenesis 1-3 weeks before females
(Fig. 3A). Likewise, sexual behavior should develop in
mal es before females, and motivate males to seek out fe-
males. By this logic, males should be attracted to local
habitat that already contains established females. With
initial contests and subsequent threats, each of the most
competitive males would partition the habitat in which
the females reside to defend as many females as possi-
ble. Relative male success for controlling access to mul-
tiple mates would depend on the density of females and
the aggressive pressure from adjacent males.

In our scenario, male fitness is modeled on female-
defense polygyny (sensu Emlen and Oring 1977), in
which the potential reproductive rate of male A. caro-
linensis is positively correlated with male body size, size
of male territory, number of resident females, and dura-
tion on his territory (Ruby 1984; Jenssen and Nunez
1998). To model female fitness within polygyny, we dis-
miss a PTM-based mating system and suggest a “neutral
mate choice” model (sensu Lightbody and Weatherhead
1988) as best fitting the field data for A. carolinensis fe-
males. The neutral mate choice model is a “no cost”
model for females of polygynous species where consex-
ual competition is low because female reproductive re-
quirements are easily met (Searcy and Yasukawa 1989).
As predicted by the neutral mate choice model, female
A. carolinensis when entering typical habitat should set-
tle into home ranges with minimal differential response
to either one another or to variations in mate/habitat
quality.

Three lines of field evidence from A. carolinensis
support the criteria for the neutral mate choice model.
First, A. carolinensis females are insectivorous and habi-
tat generalists without parental care; thus, they meet their
resource requirements (i.e., food, shelter, and mates) in
small home ranges (=8 m3) with little competition be-
tween consexual neighbors (=20% home range overlap,
aggressive interactions once/8 h; Nunez et a. 1997).
Second, no variable measured for groups of breeding A.
carolinensis provided evidence of assortative mating or
costs to female reproductive success due to polygyny



(Jenssen and Nunez 1998). Third, the present study indi-
cates that A. carolinensis females establish their home
ranges before either sex is reproductively active, thus di-
minishing the likelihood that females use male-related
criteriain their selection process. As reproductive activi-
ty begins, females are closely spaced and sedentary, a
condition that promotes passive mate selection (i.e., indi-
rect female choice; sensu Wiley and Poston 1996),
whereby spatially grouped females will attract the de-
fense and matings from males with the most stamina,
largest body size, and greatest fighting ability.
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