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a b s t r a c t

The stimulatory effect of testosterone on male sexual activity is one of the clearest examples linking
hormones and behaviors. However, this relationship is complex in Chelonians. We experimentally
studied the influence of testosterone levels on the activity budget and space use in male Greek tor-
toises (Testudo graeca graeca) during the spring mating season. We first described the annual pattern
of changes in plasma testosterone levels in free-ranging animals in Morocco. Two peaks, one in winter
and one in summer, corresponded to periods of inactivity; whereas mating periods in spring and to a
lesser extent in autumn were associated with low plasma testosterone levels. Second, we experimen-
tally manipulated plasma testosterone levels in free-ranging males, and analyzed the behavioral con-
sequences. The strong contrasts in plasma hormone levels induced by the experimental treatments
did not result in changes in activity budget or space use, both in the short-term or more than one
month after the beginning of the hormonal treatment. Our results suggest that testosterone levels
did not influence directly behavioral activity in this species, either immediately or after a time delay
of one month.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction cant mortality (Bradley et al., 1980). Therefore, the influence of tes-
Since Berthold’s experiments (Berthold, 1849), a profusion of
studies demonstrated that hormones play a central role in regulat-
ing animal behaviors (Moore and Lindzey, 1992; Becker et al.,
2002). For historical and practical reasons, the positive influence
of testosterone on sexual behaviors has been deeply investigated
in behavioral endocrinology, essentially in males and to a lesser ex-
tent in females (Davidson et al., 1982; O’Caroll et al., 1985; Licht
et al., 1992; Nelson, 2005). Notably, it has been shown that an ele-
vation of plasma testosterone stimulates mate searching effort, ter-
ritoriality, aggressiveness and more generally promotes the
expression of various sexual behaviors and general activity.

Intensive sexual activity requires abundant energetic resources,
is time consuming and compromises other activities (e.g. forag-
ing); this demand often triggers the mobilization of body reserves
which is regulated via the variation of hormone levels (e.g. cortico-
steroids, androgens; Marler and Moore, 1988; Wingfield et al.,
1990; Folstad and Karter, 1992; Nolan et al., 1992; Wilson and
Wingfield, 1994; Moore et al., 2000; Moore and Mason, 2001; Au-
bret et al., 2002; Cease et al., 2007). The increase of sexual activity
entails important costs and is sometimes associated with signifi-
ll rights reserved.
tosterone levels on the overall behavioral activity of animals plays
an important role in evolutionary ecology (Nelson, 2005).

Some reptiles however, display complex relationships between
changes in steroid levels and behaviors. The positive influence of
testosterone levels on general activity, sexual or other behaviors
has been validated for many species (Crews and Silver, 1985),
but not all (King, 2002). In other species, an important time-delay
(1–2 weeks) has been observed between the occurrence of hor-
monal peaks and subsequent behavioral effects (Naulleau et al.,
1987; Bonnet and Naulleau, 1996; Krohmer et al., 2002). A partic-
ularly interesting system called ‘dissociated reproductive pattern’
was discovered in the garter snake (Thamnophis sirtalis parietalis)
and subsequently in other taxa (Hosken et al., 1998; Canosa and
Ceballos, 2002; Sarkar et al. 2002; Woolley et al., 2004; but see
Benner and Woodley, 2007). Comprehensive experimental studies
have shown that sexual behaviors do not depend on increased lev-
els of gonadal steroid hormones during the mating season but on
environmental cues (e.g. ambient temperatures) (Camazine et al.,
1980; Crews, 1984; Crews et al., 1984; Moore and Lindzey, 1992).

Among reptiles, chelonians represent the most problematic
group. Although an associated pattern was described for one Gala-
pagos tortoise (Schramm et al., 1999), the far more widespread
strong temporal disconnection between gametogenesis, fecunda-
tion, sexual behaviors, general activity, and hormone levels gener-
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ates multifaceted pictures of reproductive cycles without clear pat-
terns emerging from life style (e.g. terrestrial versus aquatic) or
phylogenic comparisons (Kuchling, 1999). The roles of marked an-
nual variations of testosterone levels observed in many chelonians
remain therefore obscure, especially to understand seasonal
changes of general and sexual activity.

Clarification requires long-term sampling of large numbers of
free-ranging individuals to encompass the strong inter-individual
variations typically documented in reptiles, in combination with
experiments where hormone levels are manipulated. Unfortu-
nately, such data are almost totally lacking. To date, the only
experiment exploring this issue has been carried out on Kinoster-
non odoratum (Mendonça, 1987), but the results remained difficult
to interpret, perhaps due to the disruptive action of captivity on
the sexual behaviors of the tested animals (Kuchling, 1999). The
scarcity of data does not reflect researcher’s neglect but rather
the notorious difficulties to record the highly sporadic sexual
behaviors of wild tortoises (Lagarde et al., 2003a,b, 2008).

We benefited from a long-term mark-recapture study of the
Greek tortoise (Testudo graeca graeca) to perform a field experi-
ment on the relationships between testosterone levels, activity
and behaviors. The strength of this study relies on the use of a tech-
nique recently developed that allows continuous monitoring of the
main behaviors of free-ranging tortoises (Lagarde et al., 2008),
combined with hormonal manipulation of testosterone levels.
We addressed the following questions:

(1) Do seasonal changes of testosterone levels correlate with
male activity and sexual behaviors?

(2) Does an artificial elevation of testosterone level increase sex-
ual behaviors with a concomitant decrease of competing
activities (e.g. foraging) and/or generate a significant
increase of total activity time?

(3) If so, does this effect occur rapidly (days) or after a marked
time decoupling (weeks)?

(4) Do testosterone antagonists artificially diminish general
activity and sexual behaviors?

In order to frame the experiments into a realistic context, the
study was based on the description of annual changes of plasma
testosterone using a large sample size. Therefore the structure of
the paper is as follows: (1) a descriptive phase to obtain the general
profile of testosterone variations in free-ranging males; (2) the
experimental phase combining hormonal manipulation and field
monitoring.
2. Material and methods

2.1. Study area

We studied free-ranging Greek tortoises in a 33 ha area local-
ized in the Central Jbilet-Mountains (25 km north of Marrakech,
southern Morocco, 31�370N, 8�020W, 580 m above sea level). The
region is arid, with mean annual rainfall averaging 240 mm, most
precipitations occurring between September and February (El
Mouden et al., 1999; Znari et al., 2002). Ambient temperatures vary
greatly over time. The mean average air temperatures recorded un-
der shelter in the hottest month (July, mid-summer) exceed 39 �C,
while the minimal air temperatures drop below 0 �C in winter
(Emberger, 1933; Le Houérou, 1989). The sclerophylic vegetation
consists mainly in scattered bushes of Jujube (Ziziphus lotus) in
association with Acacias (Acacia gummifera) and Retams (Retama
monosperma). An ephemeral herbaceous stratum grows in late
winter–early spring following the main rainfalls (El Mouden
et al., 2005).
2.2. Study species

The Greek tortoise (Testudo graeca graeca) is a medium sized
herbivorous testudinae, widely distributed in the Mediterranean
region (Iverson, 1992; Ernst and Barbour, 1989). The activity pat-
tern of the Greek tortoise, shaped by local climatic conditions, is
bi-modal: individuals are active from February to June and then
from September to November (Andreu et al., 2000; Slimani et al.,
2003). Both winter (cold) and summer (hot and dry) periods are
characterized by an almost total cessation of activity (Lambert,
1981). In our study area, foraging, displacements, sexual behaviors
and egg-laying occur essentially in late winter and early spring
from February to April. From late May to mid-September (dry
and hot months) and in January to mid-February (cold months)
the tortoises remain virtually immobile buried in the soil (El Mou-
den et al., 2001; Slimani et al., 2001). A second, albeit markedly
attenuated, activity period occurs in autumn after the aestivation
phase, in late September–early December (Ernst and Barbour,
1989; Andreu et al., 2000; El Mouden et al., 2001; Slimani et al.,
2001).

This study focuses on the activity budget and behaviors of
adult males. Each animal was permanently marked with shell
notches. The tortoises were sexed using the classical criterion
used for the Testudo genus: males notably exhibit a markedly
longer tail than females and a concave plastron (Andreu et al.,
2000; Bonnet et al., 2001b; El Mouden et al., 2001; Ben Kaddour
et al., 2008). Males larger than 100 mm (shell length) and pre-
senting marked contracting of the last annual growth rings were
considered as adults: these two factors indicate sexual maturity
(El Mouden et al., 2001; Lagarde et al., 2001; Slimani et al.,
2001; Ben Kaddour et al., 2005, 2008). Morphological studies
of the ultrastructure of the testes have shown a spring recrudes-
cence of spermatogenesis, with complete germinal series in au-
tumn and testicular regression in winter (Ibargüengoytía et al.,
1999). Spring and autumn increases of testes activity involved
both Sertoli and Leydig cells, suggesting a synchrony between
spermatogenesis and steroidogenesis (Ibargüengoytía et al.,
1999).

Importantly, the density in our study population was six adult
individuals per hectare, a value that ranks high for terrestrial che-
lonians (Ben Kaddour et al., 2006). Moreover, both male and female
Greek tortoises aggregate under bushes (essentially Jujube bushes)
that act as meeting points. Each male had abundant opportunities
to find and court a mature female within the course of the study.
Consequently, it was possible to discard a putative low population
density effect on sexual behaviors.
2.3. Description of annual changes of plasma testosterone in free-
ranging males

Blood samples were collected every month (except October)
from February 2003 to April 2004, immediately after capture on
140 different free-ranging males. The sampling effort was more in-
tense during the spring activity period (see Fig. 1 for sample size
per month). A total volume of 250–1000 ll of blood (adjusted to
the mass of the tortoise) was taken. Each male was sampled only
once; our analyses on annual changes of plasma testosterone did
not include pseudo-replicates. We collected blood by jugular punc-
ture (Jacobson et al., 1992), a method we used intensively on a clo-
sely related species (Testudo horsfieldii; Lagarde et al., 2003a). The
blood was collected within 5 min after capture, immediately trans-
ferred into dry heparinized Vacutainers, and stored on ice pending
centrifugation in the laboratory within 3–4 h after collection. The
plasma was then separated into Sarsteadt tubes and stored below
�25 �C until assays.



Fig. 1. Annual changes in plasma testosterone levels in free-ranging male Greek
tortoises in the Marrakech region. The open circles provide the mean values
obtained each month, the error bars represent standard deviations, and sample
sizes are indicated above. The gray box indicates both mating time and the dashed
vertical line corresponds to the date of implantation (see text and Fig. 2).
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2.4. Hormonal manipulation in the field

In early spring 2004 (late February–early April), twenty-four
adult male Greek tortoises were individually monitored during
more than two months to encompass the main annual peak of
activity, notably the major period during which sexual behaviors
are exhibited. Individuals were randomly selected in the popula-
tion and randomly allocated into four experimental batches. There
was no significant difference in mass, body size or body condition
(mass scaled by size, Bonnet et al., 2001b) between the four groups
(all P > 0.25). The four batches were composed as follows:

� Eight males were fitted with testosterone implants in order to
artificially increase their plasma testosterone level (henceforth
named batch T).
� Eight males received flutamide implants (batch F). The flutam-

ide is a powerful non-steroidic anti-androgen that occupies
the testosterone receptors, and hence, blocks the action of tes-
tosterone (Liao et al., 1974; Neumann et al., 1977; Alexandre
and Balthazart, 1987; Ayub and Levell, 1987).
� Four sham-operated males were fitted with empty implants,

exactly under the same technical conditions as for the two first
groups (batch S).
� Four control males were not fitted with any implant, but were

manipulated in the same way as the tortoises from the first
three groups to equally distribute handling stress (batch C).

The implants consisted of an empty segment of a flexible sili-
cone tube (microporous silicone: Silastic Cat N�601–335) cut to
an average length of 5 ± 1 mm. One extremity was sealed with sil-
icone glue; the implant was then filled with crystallized steroid,
flutamide (Sigma Laboratory), or left empty, and the second
extremity was sealed (see Bonnet, 1996 for details). The mass of
the active substance within each implant was measured using a
precision balance to the tenth of a microgram. The implants were
kept in sterile airtight plastic bags and stored at 5 �C until use.
The implants were slipped under the skin of the tortoises, through
a small incision (<2 mm), near the insertion of the posterior legs,
on the level of the inguinal fold (two per side) using a sterilized
nozzle fitted with a pushrod. Each individual from batches T and
F received four implants containing, respectively, 16 ± 0.3 lg of
testosterone, or 20 ± 0.6 lg of flutamide. The tortoises from batch
S were fitted with four empty implants. All the implants were re-
moved at the end of the experiment, and no sign of infection was
observed.
2.5. Monitoring of the experimental males

Each male was equipped with a radio-transmitter (AVM or Tel-
onics; 5–20 g), and was located twice a day (morning and evening)
using a receiver (LA12Q AVM) and a Yagi three element antenna.
The transmitters were fixed horizontally using synthetic resin on
the front face of the carapace. Each tracked individual was sighted
and its location noted on each tracking occasion. Locations were
recorded using a GPS (Garmin 3+; accuracy 8 ± 4 m [mean ± stan-
dard deviation] tested with 34 different records on fixed points
in the study site).

Each male was also regularly sampled for hormonal assays. The
first sample of blood was collected 16 days before the hormonal
manipulations; the second one immediately after (<1 min); the
next three samplings occurred three days; 22 days; and finally
38 days after the insertion of the implants. None of the tortoises
exhibited any visible distress (e.g. from blood sampling).

The activity budget was automatically recorded using accelera-
tion data loggers (ActiTrac� 1998 IM SYSTEMS). Lagarde et al.
(2008) recently developed an inductive model to discriminate the
five main behaviors of free-ranging Greek tortoises: immobility,
walking, foraging, digging and sexual behaviors. The procedure
was able to identify and to quantify correctly 92% of the behaviors
(79–98%; Lagarde et al. (2008)). The data loggers were fixed to the
top of the shell using synthetic resin. The overall equipment (trans-
mitter, resin and acceleration data logger) represented 16 ± 4% of
individual body mass, a value relatively low in Chelonians, without
detectable effect on the behavior or body condition of free-ranging
tortoises (see Lagarde et al., 2002 for details on this issue). Unfor-
tunately, only six acceleration data loggers were available; it was
thus impossible to record the activity of the 24 males simulta-
neously. Therefore, we used a short-term alternation system. We
split the 24 males in four groups of six males (2 T, 2 F, 1 S and 1
C). Each group was monitored during one day; the data loggers
were then removed and glued on six other tortoises, etc. One day
of preparation was also required because transferring the loggers
was time-consuming and to minimize the possible disturbing ef-
fect of handling on behaviors, the acceleration data loggers were
fixed at least 11 h before the start of recording; thus, each animal
had ample time to resume normal activity. Greek tortoises are
diurnal, at least in spring (Lagarde et al., 2008), as such, the onset
of the automatic recording was initiated at 6:00 AM and lasted
18 h, thereby encompassing the entire daily activity period. Each
individual was thus fitted with the data logger for 2 days (1 day
of preparation + 1 day of recording). Consequently, 8 days (2 day-
s � 4 groups) were required to monitor the 24 males once. Each
8-day time period was subsequently referred as a session. Over
the 68 days of the study period (8 of February to mid-April 2004)
we were able to run 8 consecutive sessions during which the activ-
ity of each male was automatically monitored for an identical
amount of time (144 h, 8 sessions) spread over the entire duration
of the study. Overall, we performed 2 sessions 1–2 weeks before
hormonal implantations, 1 session shortly after implantation, and
5 sessions during the following 5–6 weeks. The main advantage
of the rotation system compared to alternative options (e.g. succes-
sive monitoring of 6 groups) was to distribute the environmental
effects over time. Indeed, both environmental conditions (i.e. food
and water availability, ambient temperatures), and physiological
status (i.e. body reserves, reproductive stage) influence behaviors
markedly, and these factors vary significantly over time, generating
major complications. Note that blood samples were taken on all



184 M. Sereau et al. / General and Comparative Endocrinology 167 (2010) 181–189
tortoises regularly and that radio-tracking was continuous for all
individuals.

2.6. Testosterone assays

Hormonal assays were performed in the Centre d’Etudes Biolog-
iques de Chizé where plasma steroid levels are routinely measured
on a wide variety of vertebrates. Testosterone level was measured
by Radio-Immuno-Assay (RIA) on 50 ll of plasma after an extrac-
tion using 500 ll of di-ethyl-ether (the extraction efficiency was
0.93 ± 0.1, mean ± standard deviation). The cross reactivity of the
specific antibody (Sigma Laboratory) with other steroids, including
androgens, was low (percentages of cross reactivity for B/B0 on
antibodies anti-testosterone: 5a-dihydrotestosterone: 17.8%; 5b-
androstene-3b, 17b–diol: 1.4%; 5a-androstene-3b, 17b-diol: 1.2%;
androstenedione: 1.4%; epitestosterone: 0.7%; progesterone:
0.07%). The assay’s sensitivity was 7.8 pg by tube, i.e. 156 pg/ml.
The variations intra- and inter-assay were low, respectively, 6%
and 12%. Dehydrotestosterone (DHT) was not assayed. However,
changes of DHT and testosterone plasma levels are parallel in rep-
tiles; testosterone assays thus provide an indicator of possible sea-
sonal variations of DHT (Saint Girons et al., 1993; Whittier et al.,
1997). DHT concentrations are almost systematically lower than
testosterone concentrations. Androgens are aromatized in the
brain to induce behavioral effects; testosterone and DHT are there-
fore only slightly different in terms of male behavior regulation
(Callard et al., 1979; Naftolin, 1994; Becker et al., 2002; Santen
et al., 2009). For these different reasons, although different hor-
mones interact, most studies on androgen/behavior relationships
focus on testosterone.

2.7. Analyses and precautions

Body condition index was calculated as the residual value of the
regression between body mass (g, log) against carapace length
(mm, log). Individuals were sampled only once to describe the pat-
terns of plasma testosterone levels in free-ranging animals, hence
no pseudo-replicates were included. The distribution pattern of
the hormonal data deviated markedly from normality thus we per-
formed non-parametric Kruskal–Wallis ANOVAs to compare the
average values calculated each month. For the 24 tortoises moni-
tored in the field during three months, behavioral and hormonal
data were gathered several times on the same individual. There-
fore, we compared the four experimental groups using ANOVAs
for repeated measures over time (O’Brien and Kaiser, 1985). Post
hoc tests were performed to better examine the differences in
behaviors and/or plasma testosterone level between the groups
at certain time periods (LSD tests; Winer, 1962; Milliken and John-
son, 1984; Hays, 1988). Given the abundance of statistical results
owing to the multiplicity of possible combinations when perform-
ing post hoc tests, only relevant (usually significant) differences are
presented in Section 3. All these tests were run using the software
Statistica 7.1 (Statsoft, 2005).

Displacements and home range (minimum convex polygons)
were estimated using one fix per day on the 24 radio-tracked ani-
mals (total, 68 fixes per individual). The estimates were performed
using Arcview (ESRI, Animal movement extension and Geographi-
cal Information System). In order to analyze the possible effects of
the hormonal manipulation on displacement and home range (two
indexes of the intensity of mate searching in males) we estimated a
mean daily-displacement value and calculated the home range
regularly over time (before, during and after the onset of hormonal
manipulation). Observed home range size increases automatically
over time as more fixes are collected, and a minimum number of
fixes are required. Therefore, we divided the total study period into
six equal time periods (to include at least six fixes per individual
and per unit of time). This procedure entailed a slight difference
in the time scale used between several analyses (i.e. 8 sessions ver-
sus 6 time periods). However, this did not hamper our ability to
compare the four groups of tortoises and thus to address the main
biological questions: does hormonal manipulation influence activ-
ity in male Greek tortoises?

We also examined a possible negative effect of the experiment
and of the monitoring on the tortoises. Change of body condition is
an integrative measurement of energy budget and foraging suc-
cess. During the two months of the study, variations of mean body
condition were not different between the 24 experimental males
compared to 24 other randomly sampled males (repeated measure
ANOVA with body condition index as the dependent variable and
the experimental status [involved or not in the experiment] as
the factor, F1,46 = 1.14, P = 0.28). We found no significant effect of
the extra-load associated with the activity data loggers on the dis-
placements exhibited by the radio-tracked males (Friedman ANO-
VA for repeated measures over time with the distance traveled by
each radio-tracked tortoise as the dependent variable and the pres-
ence of the acceleration data logger as a factor: v2 = 2.43, df = 2,
P = 0.30). Overall, the experimental procedures had no detectable
impact on the tortoises (Lagarde et al., 2008).

As expected, we found no significant difference between the
sham-operated (S) and the control (C) batches (P > 0.05 for all
tests). Consequently, these two groups were pooled together for
the subsequent analyses, and were referred as the control group
(C = C + S).
3. Results

3.1. Description of annual changes of plasma testosterone in free-
ranging males

Mean plasma testosterone levels varied greatly over months,
from 5 ng/ml to 50 ng/ml (Kruskal–Wallis: df = 10, H = 36,
P < 0.001; Fig. 1). Two peaks were visible, in winter (December–
January) and in late summer (August). Post hoc tests suggested
the existence of only two groups of values: high values in Decem-
ber and January and in August (not statistically distinguishable
from each other but significantly different from all the other
months), versus low values for the rest of the year. The highest
mean value was observed in January (culminating at approxi-
mately 50 ng/ml) preceded by an increase in December. The sec-
ond peak occurred in August (35 ng/ml). During the rest of the
year, the mean values remained low, with the minimal mean value
recorded in May (5 ng/ml). The period of intensive general and sex-
ual activity (February–April) was not clearly associated with high
values of plasma testosterone, although the onset of this active
period was preceded by a peak one month before, in January
(Fig. 1).
3.2. Hormonal manipulation in the field

In the testosterone-implanted group (T), plasma levels of tes-
tosterone increased drastically, demonstrating that the technique
was efficient (Fig. 2). Indeed, shortly after fitting the animals with
the implants, the mean plasma value peaked to approximately
90 ng/ml. The circulating levels of testosterone decreased later,
but nonetheless remained high during several weeks, close to
40 ng/ml (a value significantly higher compared to those recorded
in the other batches; all post hoc tests: P < 0.015; Fig. 2). Impor-
tantly, the artificially increased level of plasma testosterone ranged
within the values recorded in January on free-ranging tortoises
(extreme values ranging from 0.8 to 166.0 ng/ml in the un-manip-
ulated tortoises), and enabled us to examine the results within a



Fig. 2. Effects of the silactic implants fitted with hormones on plasma testosterone
concentration in male Greek tortoises (means ± SE. Gray circles indicate males fitted
with testosterone implants (N = 8), open circles indicate flutamide implanted males
(N = 8), and black circles represent control animals (C + S [see text], N = 8). The
dashed vertical line corresponds to the date of implantation (see Fig. 1). For ease of
reading, the symbols have been slightly shifted on the ‘‘x” axis.
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realistic hormonal context. As expected, the plasma testosterone
levels remained low in all the other experimental groups and fol-
lowed the same general testosterone levels observed in the free-
ranging un-manipulated animals (all P < 0.05; Fig. 2). We detected
a significant effect of the experimental treatment on testosterone
levels; repeated measures ANOVA with plasma testosterone level
assayed during the four successive samplings as the dependent
variable, and the three experimental batches (T, F, S + C) as the fac-
tor, with a significant effect of the experimental group and time
(F2,21 = 77.8, P < 0.001 and F3,63 = 21.8, P < 0.001, respectively);
and a strong interaction between time and the treatment
(F6,63 = 32.8, P < 0.001; Fig. 2). There was no significant effect of
the flutamide on testosterone level (i.e. compared to batch C, all
post hoc tests: P > 0.05).
3.3. Effect of the hormonal manipulation on the activity budget

We failed to detect any significant effect of the hormonal
manipulation on any aspects of the behavioral activity (Table 1).
Similarly, we found no interaction between the experimental treat-
ment and the time period (i.e. no interaction was detected using
the experimental batches and the eight successive sessions as the
factors; see Table 2). By contrast, we found significant variations
over time (Table 1). For instance, climatic conditions during the
Table 1
Total daily activity (minutes per day, mean ± SD) and main behaviors (% of total activity)
implanted with flutamide, or implanted with testosterone. The measures were repeated 8

Behavior Group 1 2 3

Total (min) Control 53.3 ± 60.6 52.3 ± 49.7 22.0 ± 21.7
Flutamide 95.9 ± 115 55.8 ± 52.0 15.4 ± 24.7
Testosterone 64.2 ± 58.4 25.2 ± 38.7 22.4 ± 31.5

Walking Control 14.5 ± 12.4 19.7 ± 19.2 21.0 ± 17.9
Flutamide 15.4 ± 13.4 17.6 ± 16.9 8.20 ± 13.9
Testosterone 18.0 ± 15.4 9.10 ± 12.6 9.80 ± 14.4

Foraging Control 10.2 ± 15.9 8.70 ± 9.90 19.8 ± 20.3
Flutamide 11.6 ± 19.9 12.9 ± 15.4 18.1 ± 28.2
Testosterone 15.2 ± 13.1 24.0 ± 31.5 20.4 ± 31.9

Hidden Control 27.6 ± 23.6 25.2 ± 22.8 18.9 ± 18.0
Flutamide 24.9 ± 23.5 23.1 ± 21.7 21.0 ± 31.8
Testosterone 30.4 ± 20.9 15.3 ± 19.6 5.60 ± 11.1

Sexual Control 0.76 ± 1.34 0.25 ± 0.48 0.01 ± 0.02
Flutamide 0.84 ± 1.21 0.33 ± 0.58 0.83 ± 2.13
Testosterone 0.30 ± 0.48 0.16 ± 0.31 0.00 ± 0.00
3rd session were unfavorable (cold) and associated with low activ-
ity; but they became favorable and were associated with important
activity during the 5th session (Table 2). These results clearly show
that tortoise activity responded to climatic conditions, that our
technique enabled the observation of such variations, and thus that
the short-term alternation system was the appropriate procedure
to take into account such significant time variability. Most of the
activity variations were due to marked differences of the time allo-
cated to foraging (Tables 1 and 2): indeed the significant effects
were limited to the parameters that involve, directly (time spent
foraging) or indirectly (total activity, time spent walking, propor-
tion of time walking), the amount of time devoted to finding and
ingesting food resources. Sexual behaviors were clearly detected,
but they represented a modest proportion of the activity budget,
confirming previous findings (Lagarde et al., 2008). As was ob-
served for the general activity, the intensity of sexual behaviors
varied accordingly to climatic condition, with a peak mid course
of the study (Table 1).
3.4. Effect of the hormonal manipulation on space occupation

The results obtained with continuous radio-tracking on space
use, notably home range and displacements, mirror the results
above (Tables 3 and 4). We found no significant effect of the exper-
imental batch, and no interaction between the experimental
batches and the time period. Interestingly, we observed again sig-
nificant effects of time (Tables 3 and 4). Such parallel findings be-
tween behavioral activity, mobility and thus home range, obtained
using completely different methods (automatic acceleration data
loggers versus classical radio-tracking), were expected and consid-
erably strengthened our results.
4. Discussion

Our results provide another example of the atypical and com-
plex patterns exhibited by different chelonian species, character-
ized by the absence of a clear link between testosterone levels,
behaviors, and male activity during the mating season (Kuchling,
1999). Explanations broadly fall into three categories: methodolog-
ical caveats, simple time-disconnection between changes in plas-
ma testosterone levels and the effects on behaviors (e.g. hormone
peak precedes the expression of behaviors), and more complex
time-dissociated reproductive tactics (interplay between environ-
mental cues and long-term decoupling between hormone peak
and their effects on behaviors).
of free-ranging male Greek tortoises: controls (sham-operated or un-manipulated),
times: before (columns 1–2) and after hormonal manipulation (columns 3–8).

4 5 6 7 8

64.1 ± 56.4 93.7 ± 62.6 73.8 ± 39.7 81.0 ± 71.6 48.1 ± 50.0
45.2 ± 68.1 85.6 ± 67.9 17.6 ± 30.4 95.5 ± 66.4 56.7 ± 91.0
63.3 ± 58.2 165 ± 152 61.0 ± 54.8 102 ± 108 49.3 ± 63.7
23.9 ± 16.7 27.1 ± 15.5 25.9 ± 11.2 19.6 ± 19.6 19.4 ± 17.4
14.2 ± 18.8 30.8 ± 13.2 15.0 ± 22.3 22.1 ± 14.8 17.1 ± 18.2
18.4 ± 19.5 25.0 ± 11.1 20.9 ± 16.2 23.2 ± 13.3 18.3 ± 19.7
13.0 ± 15.7 12.5 ± 13.1 23.2 ± 26.9 8.30 ± 9.80 23.4 ± 25.5
22.3 ± 31.4 30.7 ± 21.2 11.5 ± 21.6 10.4 ± 9.70 23.1 ± 28.6
10.9 ± 10.6 23.4 ± 26.9 22.5 ± 21.1 21.1 ± 21.4 17.3 ± 22.5
29.1 ± 21.7 34.6 ± 17.5 37.8 ± 13.3 35.6 ± 25.6 45.1 ± 41.3
12.7 ± 16.3 32.6 ± 12.8 10.2 ± 14.3 30.2 ± 19.3 22.7 ± 21.8
24.0 ± 22.8 35.1 ± 12.4 25.3 ± 16.4 34.0 ± 20.2 22.6 ± 19.7
0.13 ± 0.30 0.85 ± 1.19 0.22 ± 0.48 0.30 ± 0.49 0.34 ± 0.73
0.12 ± 0.23 0.15 ± 0.24 0.02 ± 0.06 0.51 ± 0.51 0.10 ± 0.18
0.33 ± 0.58 1.40 ± 2.42 0.44 ± 0.81 0.69 ± 1.09 0.37 ± 0.69



Table 2
Effects of hormonal treatment and time elapsed since the beginning of the experiment on the activity budget of free-ranging male Greek tortoises (ANOVA for repeated measures
with behavior as the dependent variable, the experimental group and time as independent variables). Significant effects are indicated in bold.

Activity Group Time Group � time

df F P df F P df F P

Total activity 2 0.231 0.795 7 5.01 <0.001 14 0.967 0.49
Walking 2 0.143 0.867 7 4.597 <0.001 14 0.777 0.693
Foraging 2 0.019 0.981 7 4.779 <0.001 14 0.993 0.464
Hidden 2 2.01 0.159 7 1.301 0.254 14 0.648 0.821
Sexual behaviors 2 1.383 0.273 7 1.685 0.117 14 1.115 0.35

Table 3
Comparison of the displacements and home range (mean ± standard deviation) between free-ranging Greek tortoises.

Space utilization Group Experimental period (time)

1 2 3 4 5 6

Home range (ha) Control 0.86 ± 1.05 0.21 ± 0.38 1.10 ± 1.33 0.84 ± 1.00 0.43 ± 0.58 0.93 ± 0.98
Flutamide 0.63 ± 1.06 0.09 ± 0.14 0.40 ± 0.48 0.98 ± 1.80 0.55 ± 0.94 0.48 ± 1.02
Testosterone 1.46 ± 1.46 0.18 ± 0.24 1.20 ± 1.37 1.57 ± 1.66 0.73 ± 0.65 1.21 ± 1.21

Average distance travelled (m) Control 50.1 ± 68.3 24.8 ± 43.3 42.7 ± 54.4 50.7 ± 64.6 37.9 ± 60.1 62.4 ± 79.5
Flutamide 39.1 ± 55.7 33.7 ± 72.2 32.6 ± 63.2 47.9 ± 73.9 33.7 ± 56.2 36.4 ± 53.1
Testosterone 50.7 ± 67.9 24.0 ± 31.7 42.8 ± 62.6 79.4 ± 108 42.3 ± 66.2 63.2 ± 86.8

Table 4
Effects of hormonal treatment and time on the displacements and home range in free-ranging Greek tortoises with different hormonal treatments (ANOVA for repeated measures
with displacements or home range as dependent variables, experimental batch and time as independent variables). Significant effects are indicated in bold.

Space utilization Experimental batch Time Batch � time

df F P df F P df F P

Average displacements 2 1.367 0.278 5 3.621 0.003 10 0.718 0.742
Home range 2 2.066 0.152 5 2.851 0.019 10 0.385 0.951
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4.1. Methodological caveats

Although rarely acknowledged, sampling limitations should be
examined. Notably, there is no surrogate to small sample size,
especially in reptiles where inter-individual variations are gener-
ally extremely pronounced. For instance, in snakes the controver-
sial roles of oestradiol and progesterone levels during
vitellogenesis and gestation (e.g. Saint Girons et al., 1993) have
been eventually clarified using large samples (and experiments)
of both reproductive and non-reproductive females during the en-
tire annual cycle (Bonnet et al., 1994, 2001a).

Regarding chelonians, large data sets collected over long-term
periods (at least during the active season) on free-ranging tortoises
are extremely scarce (Lagarde et al., 2003c), impeding inter-spe-
cific comparisons. Experiments performed under field conditions
are lacking. The current study combined long-term sampling on a
reasonably large number of tortoises in combination with an
experiment on free-ranging individuals. Importantly, our method
involved an automatic procedure to monitor accurately and regu-
larly (>100 h per individual) the main behaviors and displacements
(every day over 2 months), providing a mean to assess time varia-
tions, the impact of hormonal manipulation, and their interactions.
Our results clearly revealed marked seasonal changes of plasma
testosterone (Fig. 1). Interestingly, histological investigations of
the ultrastructural characteristics of the testes in Testudo graeca
suggested a pattern of steroidogenic activity that matches nicely
our hormonal data with little steroidogenesis in winter, but
marked signs of androgen synthesis after winter emergence and
autumn (Ibargüengoytía et al., 1999). However, such changes were
not associated with the intensity of individual activity and the
expression of sexual behaviors. Peaks of testosterone were dissoci-
ated from the period during which maximal activity and sexual
behaviors were observed; and more convincingly, an artificial in-
crease in plasma testosterone, and the use of an antagonist, failed
to induce any effect. Artificial increase of testosterone successfully
prolonged the winter peak. However, no behavioral consequence
was observed, suggesting that a simple delayed effect (1 month)
between testosterone peak and activity was unlikely. Furthermore,
the implantation of flutamide did not have any effect on the testos-
terone levels. Several studies have shown that flutamide can cause
an increase in testosterone levels, likely because it tempers the
negative testosterone feedback on the hypothalamo-hypophysis
axis on its own secretion (Deputte et al., 1994; Shin et al., 2002);
although such assumption might not hold because the spermato-
genetic cycle might have been quiescent at the time of experimen-
tation. Overall, the stimulatory effects of testosterone, despite the
use of realistic experimental doses, and the expected feedbacks
were not observed in the Greek tortoise. However, because both
hormonal and histological information showed that maximal go-
nadal and steroidogenesis activities occur before and during the
mating season, and not after, our study does not clearly support
a typical dissociated reproductive tactic (Kuchling, 1999; Creews
and Moore, 2005).

4.2. Dissociated reproductive patterns

Several studies suggest a close temporal association between
peaks of plasma testosterone and sexual activity in chelonians
(Callard et al., 1976; Lance and Callard, 1980; Licht et al., 1985;
Ernst and Barbour, 1989; Messner et al., 1993; Mahmoud and Licht,
1997; Schramm et al., 1999; Andreu et al., 2000; El Mouden et al.,
2001; Lagarde et al., 2003c). Other studies, have shown that high
testosterone levels are observed in summer, long after or long be-
fore the mating season; suggesting a possible time delay between
testosterone peaks and behaviors (Kuchling et al., 1981; Kuchling,
1982; Licht et al., 1985; Mendonça, 1987; Mendonça and Licht,
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1986; Rostal et al., 1994; Silva et al., 1984; Wibbels et al., 1992). In
the current study, the main peak of testosterone occurred one
month before (January) the period of intensive activity during
which most sexual behaviors were observed (February–March);
perhaps that several weeks were necessary to induce behaviors?
However, our experiment suggested an absence of testosterone
stimulation on activity (including sexual behaviors). Therefore, a
more complicated dissociated pattern where long-term changes
of testosterone levels (e.g. before or during hibernation) combined
with current (spring) environmental cues influence male activity,
remains the most parsimonious alternative (Crews et al., 1984;
Moore et al., 2000; Krohmer et al., 2002; Creews and Moore, 2005).

A complex dissociated reproductive pattern could be an adapta-
tion to extreme environments, enabling the limitation of costly
sexual behaviors to the periods when environmental conditions
are favorable (Crews, 1998). The production of spermatozoids, un-
der the control of testosterone, would be time-dissociated from
sexual behaviors: different components of reproductive effort
being distributed over time (Callard et al., 1976; Kuchling et al.,
1981; Licht, 1982; McPherson et al., 1982; Kuchling, 1999). This
would alleviate the costs of reproduction that would otherwise
be a very intensive reproductive episode if both gametogenesis
and mate searching occurred simultaneously. The Greek tortoise
indeed combines a dissociated reproductive pattern with a long
mating period while the steppe tortoise (Testudo horsfieldi), a spe-
cies that faces extreme environmental conditions, exhibits an asso-
ciated reproductive pattern and a very short mating period
(Lagarde et al., 2003c). Such contrasts suggest that environmental
conditions likely play a major role. Climatic conditions, especially
temperature and precipitations, constrain the activity of tortoises
(Ataev, 1975; Pough, 1980; Lambert, 1981; Hailey et al., 1984; Wil-
lemsen, 1991; Panagiota and Valakos, 1992; Pough et al., 1999).
The activity (general and sexual) of the free-ranging Greek tor-
toises dropped during the cool and dry periods of our study; and
increased during favorable mild and wet periods. During the main
mating season (spring) sexual behaviors were sporadic, represent-
ing on average less than 1% of the total activity budget (Lagarde
et al., 2008). By contrast, sexual behaviors reach 40% in the steppe
tortoise during the spring mating period (Lagarde et al., 2002). This
latter species inhabits deserts characterized by hyper-continental
climatic conditions (Lagarde et al., 2001), and the activity period
is concentrated over three months only. In such a context, sexual
behaviors can be expressed only over a two-week time period (La-
garde et al., 2002, 2003c). Less harsh climatic conditions prevail in
the Central Jbilets (arid Mediterranean climate), allowing an an-
nual activity period of more than seven months (Ernst and Barbour,
1989; Andreu et al., 2000; El Mouden et al., 2001; Slimani et al.,
2001). Our study indeed revealed that sexual behaviors repre-
sented a modest proportion of the activity budget, but they were
displayed over long time periods (at least two months [current
study], but often much more [unpublished]). The necessity for spe-
cies such as the steppe tortoise to exhibit intense sexual behaviors
at a precise time period may favor a strong underlying endocrine
regulation linking tightly spring emergence with sexual activity
(Lagarde et al., 2003c). Similarly, for the desert tortoise (Gopherus
agassizii), the active period is short, sexual behaviors are concen-
trated at that time and preceded by peaks of testosterone (Nagy
and Medica, 1986; Schramm et al., 1999; Averill-Murray et al.,
2002). Such time-links between environmental constraints and
reproduction represent the classical pattern in the animal kingdom
(Becker et al., 2002). By contrast, male Greek tortoises may benefit
from any opportunity to court females over a long time period (any
time in spring and in autumn when the weather is favorable),
without committing themselves to very intense mate searching
activity. In such a case, sexual behaviors would be mostly regu-
lated by the current climatic conditions rather than by current
changes in testosterone levels. Testosterone peak could be syn-
chronized with the production of spermatozoids (Kuchling et al.,
1981; Licht, 1982; McPherson et al., 1982; Kuchling, 1999). This
hypothesis is supported by the fact that many temperate tortoises
can express sexual behaviors over the whole duration of their
activity cycle, but only do so when environmental conditions are
favorable for general activity (Kuchling, 1999). Our hormonal
manipulation provides a support to this hypothesis.

4.3. Alternative explanations

It remains possible that male activity and sexual behaviors are
regulated through hormonal mechanisms independent from tes-
tosterone. Progesterone plays important roles in the sexual behav-
iors of male lizards, and this steroid has been qualified as a ‘‘male”
hormone (Phelps et al., 1998; Weiss and Moore, 2004; Creews and
Moore, 2005); but evidence indicating that this hormone could re-
place, or dominate testosterone to trigger and maintain sexual
behaviors in males is still lacking. In addition, progesterone tends
to inhibit sexual behaviors in different species of vertebrates (Bot-
toni et al., 1985).
5. Conclusions

Currently a complex dissociated reproductive tactic is the most
likely pattern for male Greek tortoises. The physiological role of
seasonal variation of testosterone levels remains to be explained
however. Recent studies in the male red-sided garter snakes
showed that androgen-sensitive regions of the brain that are criti-
cal for courtship behaviors are hypertrophied shortly before the
onset of the mating season, at the end of hibernation precisely
when circulating testosterone is elevated (Krohmer, 2009). These
results suggest a more important role for testosterone in the con-
trol of reproductive behavior for dissociated reproductive patterns
than previously considered, and they also provide a plausible
underlying mechanism for the indirect influence of sex-steroid
hormones (Krohmer, 2009). Both the annual changes of plasma
testosterone in free-ranging male Greek tortoises and our experi-
mental results fit well with this scenario for a complex time-disso-
ciated reproductive pattern where sex steroids interplay with
seasonal variations of ambient temperatures.

Although the current study poses more questions than it pro-
vides answers, the methodology we successfully employed, com-
bining classical hormonal manipulations, radio-tracking and
automatic recording of the behaviors provides a solid basis for fur-
ther tests in natural conditions. The unexpected patterns between
testosterone levels and male sexual behaviors exhibited by several
chelonians reinforce the image of the diversity and perhaps phys-
iological plasticity displayed by ectothermic vertebrates (Merilä
et al., 2000). It also emphasizes the complications associated with
unexpected and non-significant effects despite their scientific va-
lue (Kotze et al., 2004). Finally, the current study illustrates the
interest of using complementary methods on various study models
(Bonnet et al., 2002) if we wish to describe and better understand
the general patterns between hormones and behaviors (Bartholo-
mew, 1982; Crews, 1998).
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