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Abstract 11 

The study of stress-related hormones as mediators of sexual selection has traditionally focused on the 12 

effect of glucocorticoids on male quality and competing ability. However, environmental stressors are 13 

expected to affect both males and females, and the strength of sexual selection might be affected by 14 

changes in female mating decisions, a hypothesis that has rarely been tested. Here, we investigated 15 

whether female common lizard (Zootoca vivipara) mating behaviour and mating preferences are affected 16 

by different levels of administered corticosterone and conditioned by the familiarity of their partners, 17 

which is known to influence Z. vivipara social behaviour. To this end, two females, one corticosterone-18 

treated and one control female, were simultaneously presented with an unfamiliar male and the following 19 

day with either a familiar or an unfamiliar male. Females treated with corticosterone (Cort) were more 20 

aggressive towards males and mated less. Furthermore, copulation probability in Cort females, but not in 21 

control females, increased with body size. On the second day, Cort females only mated with familiar 22 

partners. In contrast, male behaviour towards females was not affected by treatment and only bigger 23 

males successfully copulated with Cort females. This shows that corticosterone directly affected female 24 

mating behaviour and mating preferences, while male mating behaviour was unaffected by the female’s 25 
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level of corticosterone. Environmental and social stressors may affect reproductive strategies of females, 26 

the strength of sexual selection, and sexual conflict through their effects on female glucocorticoid levels, 27 

potentially in a wide range of species.  28 

Keywords: Sexual selection, female choice, stress, female preference, partner familiarity, interactive 29 

behavior, lizard, Lacerta vivipara.  30 
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1. Introduction 31 

Mate choice is a key component of sexual selection, affecting reproductive success and thereby individual 32 

fitness (Darwin, 1874). Changes in mating behaviour can alter the strength and direction of sexual 33 

selection and thus influence secondary sexual trait evolution (Andersson, 1994; Kirkpatrick, 1982; Lande, 34 

1981) and population dynamics (Schindler et al., 2013). However, the physiological basis of such 35 

behavioural changes is far from being understood.  36 

In the last decades, a case has been made for the idea that stress-related hormones may play an important 37 

role in sexual selection, based on the association between environmental stressors and mate choice 38 

(Husak and Moore, 2008; Moore and Jessop, 2003). For example, courtship and mating behaviour, which 39 

are energetically costly, are associated with increased corticosterone levels (Leary et al., 2004; Reedy et 40 

al., 2014; Romero, 2002). Corticosterone is the main glucocorticoid involved in the stress response of 41 

amphibians, reptiles, birds and small mammals, and many of the underlying mechanisms of the vertebrate 42 

stress response are highly conserved (Wingfield, 2003), indicating that the effects of corticosterone on 43 

mating behaviour may be similar across these taxa. In contrast to the detrimental effects of chronic stress 44 

conditions, acute corticosterone elevations have been suggested to be beneficial (Wingfield and Kitaysky, 45 

2002). Acute elevation of corticosterone produces a variety of behavioural and physiological effects 46 

involved in the acquisition, reallocation, and utilization of resources that have implications on several 47 

aspects of reproduction, including fecundity, reproductive investment, offspring phenotype (Breuner et 48 

al., 2008; Tokarz and Summers, 2011; Wingfield and Sapolsky, 2003), and mating decisions (Cotton et 49 

al., 2006). 50 

The effects of corticosterone on individual performance and individual quality of the chosen sex (i.e. the 51 

male, assuming conventional sex-roles) have been widely studied (John-Alder et al., 2009; Leary and 52 

Knapp, 2014; Roberts et al., 2007a; Roberts et al., 2007b). However, in a stressful environment (e.g. 53 

decreased food availability, high predator pressure), stressors are expected to affect both males and 54 

females and thus sexual selection exerted by both sexes. Stressors may affect sexual selection indirectly; 55 
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for example, if corticosterone affects a male’s quality and thereby his probability of being selected as a 56 

mate, or directly, by modifying the mating preferences of a choosing female. 57 

Earlier studies investigating the effects of blood corticosterone levels on males have reported a variety of 58 

effects. Increased blood corticosterone levels suppressed mating behaviour (Moore and Miller, 1984; 59 

Moore and Mason, 2001), affected a male’s ability to compete with other males (DeNardo and Licht, 60 

1993; Lindsay et al., 2016), changed performance traits (Miles et al., 2007; Moore and Hopkins, 2009) 61 

and the quality of sexually selected traits (e.g. call in toads, Leary et al., 2006; birdsong and plumage 62 

ornamentation in birds, Honarmand et al., 2015; Roulin et al., 2008; Schmidt et al., 2014; Spencer et al., 63 

2005; body condition, Moore and Jessop, 2003). In contrast, the effects of increased blood corticosterone 64 

levels on females have received much less attention, even though females frequently exhibit higher blood 65 

corticosterone levels than males (e.g. Klose et al., 2006; Romero, 2002; Taylor et al., 2004). Previous 66 

observations from various taxa suggest that in females, differences in blood corticosterone levels lead to 67 

changes in mating preferences (Davis and Leary, 2015; DeVries et al., 1995; LaPlante et al., 2014). 68 

However, whether these changes translate into differential pairing/mating or reproductive outcome, and 69 

thus affect sexual selection, has rarely been tested. Concurrently, mating behaviour may depend on the 70 

level of familiarity (e.g. “Coolidge effect”), suggesting that the effects of corticosterone on female mating 71 

preferences may depend on the familiarity of the mating partner.  72 

Here, we tested whether corticosterone affects mating behaviour, mating preferences, and reproductive 73 

success of female common lizards (Zootoca vivipara) and whether these effects depend on partner 74 

familiarity. Z. vivipara is a small polygynandrous lizard and males and females mate sequentially with 75 

several partners (Fitze et al., 2010). To initiate copulation, a male grips the female on the posterior 76 

abdomen with its mouth and then tries to twist his body around hers in order to introduce his hemipenis. 77 

This pre-copulatory behaviour may immediately result in copulation, although frequently, females try to 78 

fend off males’ copulation attempts by biting and fleeing, which may lead to long-lasting struggle (Fitze 79 

et al., 2010). Access to mating is mainly controlled by females (Fitze et al., 2010; Fitze et al., 2014; San-80 
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Jose et al., 2014), but depending on the situation, males, and especially large males, can force copulation 81 

(Fitze and Le Galliard, 2008; Fitze et al., 2005), potentially imposing high costs for females, including 82 

death (Le Galliard et al., 2008; Le Galliard et al., 2005a).  83 

An experiment in male common lizards showed that exogenous administration of corticosterone affects 84 

male mating behaviour: it increased male interest for females and the number of mating attempts initiated 85 

by males (Gonzalez-Jimena and Fitze, 2012). In contrast, the effects of corticosterone on female common 86 

lizards have mainly been studied during pregnancy and in relation to post-natal effects on the offspring 87 

(Belliure et al., 2004; De Fraipont et al., 2000; Ganesh and Yajurvedi, 2002; Meylan et al., 2002; Meylan 88 

and Clobert, 2004; Meylan et al., 2010; Vercken et al., 2007). Effects of stress and elevated blood 89 

corticosterone levels on female (pre-copulatory) mating behaviour have rarely been studied, and more 90 

generally, very little information exists on this subject, especially in amphibians and reptiles (Moore and 91 

Jessop, 2003). Common lizards can distinguish familiar from unfamiliar individuals by olfactory cues and 92 

familiarity affects their social behaviour (Léna and De Fraipont, 1998; Léna et al., 2000).  93 

Here we assigned female Z. vivipara to either a corticosterone or a control group. Pairs of females, 94 

consisting of a corticosterone and a control female of similar body size and body condition, were 95 

presented to a single unfamiliar male and, on the next day, to a single familiar or unfamiliar male. 96 

Treatment effects on male and female behaviour were quantified. We predicted (1) that corticosterone 97 

would affect mating behaviour, such that corticosterone-treated females would reduce intersexual social 98 

interactions (e.g. less interest towards males). As a consequence of this altered behaviour, we predicted 99 

(2) that corticosterone-treated females would have reduced reproductive success/mating probability 100 

compared to control females. We also predicted (3) that these effects on mating behaviour, mating 101 

probability, or both may depend on the familiarity with the male partner (i.e. a significant corticosterone 102 

× familiarity interaction), because corticosterone-treated females may be more inclined to avoid the costs 103 

of being courted by multiple unfamiliar males. Finally, according to general sexual selection theory 104 
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(Bateman, 1948; Cluttonbrock and Parker, 1992; Trivers, 1972), we expected (4) that males would try to 105 

copulate regardless of corticosterone treatment and might show more interest in unfamiliar females. 106 

2. Material and Methods  107 

2.1. Species description 108 

The common lizard, Zootoca vivipara, is a small polygynandrous Lacertid (snout-to-vent length (SVL) of 109 

adults: 45-70 mm) that inhabits peat bogs and moist heathland across Eurasia (Massot et al., 1992). The 110 

species presents sexual size dimorphism, with females being longer than males (Braña, 1996). In the 111 

Pyrenean populations, male lizards emerge from hibernation in February-early March, on average one 112 

month prior to the females, who emerge between late March and the beginning of April (Bauwens, 1981). 113 

Mating takes place from the first day after female emergence onwards (Breedveld and Fitze, 2015; Fitze 114 

et al., 2010). Males can father offspring of up to 14 different females, while females give birth to 115 

offspring of up to 5 different males (Fitze et al., 2005; Laloi et al., 2004). Overall, qualitatively 116 

better/bigger males are more likely to father offspring (Fitze et al., 2008; Heulin, 1988). Female lizards 117 

ovulate spontaneously in absence of mating (Bleu et al., 2011) and show facultative multiple breeding 118 

(Breedveld et al., 2017). Experimental evidence supports that context-dependent female mate choice 119 

underlies frequency-dependent sexual selection in this species (San-Jose et al., 2014).  120 

2.2. Experimental procedures 121 

In 2009, we released adult male and female common lizards (from the North-East Spain subclade; Horreo 122 

et al., 2018) in enclosures located at the Instituto Pirenaico de Ecología (CSIC, Jaca, Spain), each sex in a 123 

separate enclosure to avoid any intersexual contact. Enclosures (10 m2) were delimited by galvanised 124 

metal plates and consisted of a patch of natural vegetation, two water ponds, and four stone piles 125 

providing natural food and water as well as basking sites and shelters. Forty adult males and 40 adult 126 

females (≥ 2 years old) were captured in the two enclosures in March/April 2010, right after female 127 

emergence. Following capture, all lizards were individually identified, weighted to the nearest mg, and 128 
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measured (SVL) to the nearest mm. During the experiment lizards were housed under standardised 129 

conditions in individual terraria (25 x 15 x 15 cm) containing a water pool and shelter. Light and heat 130 

were provided by a 40W bulb from 7 a.m. to 6 p.m. and a UV lamp from 12 a.m. to 2 p.m. Water was 131 

available ad libitum and all animals were fed every other day with moth larvae (Galleria mellonella, 132 

Pyralidae). Males and females were placed in separate shelves and all individuals were isolated from 133 

neighbours. Within sexes, individuals of the same treatment group were randomly distributed among 134 

shelves and floors (all P > 0.05).  135 

Since female emergence from hibernation occurs over several weeks (Breedveld and Fitze, 2015; pers. 136 

obs.), we conducted the experiment in three blocks. Blocks 1 and 2 consisted of 32 (16 males, 16 137 

females), and block 3 of 16 (8 males, 8 females) lizards, respectively. In each block, emerging females 138 

were captured during 10±2 days and once the number of females required for a block was collected, 139 

males were captured. As a result of this procedure, the time from emergence and the time spent in 140 

captivity did not differ for lizards among blocks (all P > 0.56). All mating assays took place during April 141 

2010. The experiment complied with Spanish laws and local regulations. All procedures were in 142 

accordance with ABS/ASAB guidelines for the ethical treatment of animals and under licences from the 143 

governments of Aragón and Navarra (permits LC/ehv 24/2010/105 & 106). 144 

2.3. Corticosterone treatment 145 

Effects of corticosterone on mate choice and intra- and intersexual behaviour were investigated by 146 

experimentally manipulating blood corticosterone levels. Females of similar SVL (average range 147 

(biggest-smallest) = 0.7 mm; minimum = 0 mm; and maximum = 2 mm) and body condition (average 148 

range (biggest-smallest) = 0.35; minimum = 0.04; and maximum = 0.67) were paired. One female of the 149 

pair was randomly assigned to a corticosterone group (“Cort”) and the other to a control group 150 

(“control”). There were no differences in SVL nor body condition between treatment groups (all F1, 38 ≤ 151 

0.01, P ≥ 0.92). Cort females were submitted to a daily application of a dilution of 4.5 µl of commercial 152 

sesame oil mixed with corticosterone (1.5 µg of corticosterone per µl of oil; Corticosterone Sigma 153 
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C2505), a dose that raises blood corticosterone levels to an average of 194.5±7.9 ng/ml and thus by 154 

94.7% (Gonzalez-Jimena and Fitze, 2012; Meylan et al., 2003). In female common lizards, increases of 155 

similar magnitude occur during the mating period, when baseline glucocorticoid levels reach the yearly 156 

maxima (Dauphin-Villemant et al., 1990; Romero, 2002), and thus the here experienced corticosterone 157 

increase falls within the species’ naturally occurring range. Control females were treated with 4.5 µl of 158 

sesame oil only. Before the beginning of the mating assays, treatments were applied twice a day (i.e. at 6 159 

a.m. and 6 p.m.) for four days. The duration and the magnitude of the blood corticosterone increase 160 

correspond to a corticosterone elevation observed during the acute stress response, during which females 161 

maintain reproductive behaviours (Meylan et al., 2003; Moore and Jessop, 2003; Tokarz and Summers, 162 

2011). Besides the applied corticosterone treatment, the handling and conditions of confinement were 163 

exactly the same for all groups of lizards.  164 

2.4. Set-up of mating assays 165 

Mating assays were conducted in 50 x 50 cm escape-proof wooden boxes containing a heat rock for 166 

thermoregulation (substrate temperature 30±2ºC) and two roofless cardboard refuges, allowing lizards to 167 

hide from conspecifics and be watched continuously by an observer. Natural daylight and two halogen 168 

lamps illuminated the mating boxes and surrounding dark cloth provided a standardised environment. The 169 

day before use, all boxes and heat rocks were cleaned with water-diluted bleach. 170 

Each block was subjected to two mating trials: “Trial A” followed by “Trial B”. Both trials consisted of 171 

two sets of mating assays carried out on consecutive days (namely “day 1”/”day 2”), hereafter referred to 172 

as “day of presentation”. Female pairs (one Cort, one control) thus had the opportunity to copulate on four 173 

consecutive days. On each day, they were presented with a single male (Fig. 1), allowing to 174 

unequivocally distinguish between effects of corticosterone on intersexual, intra-sexual, or sex-unspecific 175 

behaviour, while controlling for potential variance stemming from the use of a different male. In each 176 

trial, half of the female pairs were presented twice with the same male (the familiar-partner group, “FP” 177 

henceforth) and the other half with two different males (the unfamiliar-partner group, “UP”). Each male 178 
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was presented to the same female pair twice (in FP) or to two different female pairs (in UP) and either 179 

used in Trial A or Trial B, while female pairs were used in both trials (Fig. 1). Consequently, females and 180 

males had the opportunity to mate with 2 or 4 different partners, in the FP and the UP group, respectively. 181 

The within trial design allowed testing if corticosterone and familiarity affect 1) the probability of mating 182 

and 2) mate preferences. Two trials (Trial A and B) were conducted because multiple paternity is 183 

common in the wild and the number of sires in polyandrous clutches is most frequently two (Romero-184 

Diaz unpub. data; Fitze et al., 2005; Hofmann and Henle, 2006; Laloi et al., 2004).  185 

In blocks 1 and 2, two simultaneous mating assays were conducted in each of four time intervals 186 

(between 9 and 11h, 11 and 13h, 13 and 15h, and 15 and 17h), i.e. eight mating assays per day, whereas 187 

in block 3 one mating assay was conducted at each time interval, i.e. four mating assays per day. All 188 

experiments were conducted within the daily activity period described for this species (House et al., 1980) 189 

and the number of potential partners was within the natural range (Laloi et al., 2004). Because this species 190 

exhibits sexual size dimorphism and size assortative mating (Heulin, 1988), pairs of females were 191 

matched with males of slightly smaller SVL (on average 4.3 mm smaller). Male and female SVL and 192 

body condition did not differ among treatments in any of the blocks (corticosterone treatment, P > 0.9; 193 

partner familiarity, P > 0.5). In each mating assay, the male was introduced first into the box and the two 194 

females of a pair were thereafter released simultaneously to avoid the pre-setting of a dominance 195 

hierarchy (Aragón et al., 2006).  196 

Lizard behaviour was recorded using digital camcorders (JVC Everio GZ-MG730) placed above the 197 

boxes at a standard distance. Videos were watched blind with respect to treatments and all intra- (female 198 

to female) and intersexual (female to male and vice versa) behaviour was quantified. The following 199 

general behaviours were recorded: number of (No.) approaches, No. tongue extrusions, No. chases, No. 200 

escapes, No. bites, No. fights (i.e. “rolling”), and No. appeasement displays (tail and forelimb rapid 201 

movements; Gonzalez-Jimena and Fitze, 2012), and the intersexual mating behaviours: No. pre-202 

copulations, average duration of pre-copulation, and probability of copulation (1 = successful copulation; 203 
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0 = no copulation). In addition, we recorded average time spent walking and scratching/climbing as a 204 

general measure of individual activity. All behavioural variables are described in detail in Table 1 and, 205 

with the exception of average duration of pre-copulation and probability of copulation, they correspond to 206 

counts per assay. For principal component analyses, we split the above-mentioned behaviour into “pre-207 

copulatory” and “post-copulatory” behaviour, depending on whether it occurred before or after 208 

copulation. Pre-copulatory behaviour was analysed per time elapsed between introduction of the females 209 

into the box and the start of the copulation, and post-copulatory behaviour between the end of the 210 

copulation and the end of the mating assay, both measures corresponding to counts per unit time.  211 

2.5. Statistics 212 

Data analyses were performed using JMP© (SAS Institute Inc.) and R (R Development Core Team, 213 

2012), with packages geepack (Yan, 2002) and lme4 (Bates et al., 2011). Male and female intra- and 214 

intersexual interactive behaviours were analysed with Generalised Estimating Equations (GEE; Tables A1 215 

and A2). Thereafter, four separate principal component analysis (PCA) were run on male and female 216 

behaviour, before and after copulation, and principal components (PC) with eigenvalues > 1 were 217 

analysed (Tables 3 and 5). Since in the FP group the male presented on day 1 was unknown to the female 218 

(Fig. 1), familiarity and day of presentation were parametrised as one factor with 3 levels: “day 1, UP” 219 

(i.e. day 1, UP + day1, FP), “day 2, FP”, and “day 2, UP”; hereafter referred to as “day & familiarity. 220 

GEEs included corticosterone treatment of the actor (when analysing female behaviour) or of the receiver 221 

(when analysing male behaviour), day & familiarity, trial, and their interactions as factors, as well as 222 

individual ID to account for repeated measures, using the id argument of the geeglm function. To test 223 

whether differences existed between presentation days or familiarity, post-hoc comparisons between 224 

factor levels day 1, UP and day 2, UP, and between day 2, UP and day 2, FP were conducted, 225 

respectively. In the analyses of female behaviour, the sex of the receiver was additionally included as a 226 

factor, and a female’s average time spent walking and scratching/climbing was added as a covariate to 227 

control for enhanced activity of Cort lizards. Moreover, actor SVL was included as a covariate in all 228 
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analyses. The probability of copulation was analysed using a binomial logistic mixed model, with 229 

corticosterone treatment and day & familiarity as fixed factors and female SVL as a covariate. Day & 230 

familiarity was nested within mating assay, which was modelled as a random factor. Average pre-231 

copulation duration was analysed using GLMs with negative binomial error to account for overdispersion.  232 

Initial models included all parameters and their interactions and non-significant terms were backward 233 

eliminated. Weighted GEEs were used in the presence of heteroscedasticity. Bonferroni-holm corrections 234 

were applied to post-hoc contrasts (Holm, 1979) and effect sizes were calculated for pairwise 235 

comparisons using Cohen’s d. Two-tailed tests with significance level P ≤ 0.05 were used throughout. 236 

Model assumptions were tested (Zuur et al., 2009) and results of minimal adequate models are shown.  237 

3. Results 238 

3.1. Treatment	effects	on	female	behaviour	239 

The number of approaches and tongue extrusions were affected by a significant interaction between 240 

corticosterone treatment and female SVL (all χ21 ≥ 4.66, P ≤ 0.031; Table A1). Both behaviours 241 

significantly increased with body size in corticosterone-treated (Cort), but not in control females (Fig. A1, 242 

Cort: χ21 = 7.65, P < 0.01; control: χ21 = 4.66, P = 0.460; and Fig. A2, Cort: χ21 = 52.3, P < 0.001; control: 243 

χ21 = 0.60, P = 0.440, respectively). Cort females tended to bite more than control females (χ21 = 3.40, P = 244 

0.065, d = 0.23; Table A1, Fig. 2a). The number of tongue extrusions (χ22 = 10.30, P < 0.01), 245 

appeasement displays (χ22 = 8.52, P = 0.014), and bites (χ22 = 15.40, P < 0.001) were affected by an 246 

interaction between day & familiarity and sex (Table A1). On day 2, females in the UP group directed 247 

more tongue extrusions towards the other female than towards the male (χ21 = 12.87, P = 0.01, d = 0.28; 248 

Fig. A3) and unfamiliar males (UP treatment) received more tongue extrusions on day 1 compared to day 249 

2 (χ21 = 10.46, P = 0.007, d = 0.46; Fig. A3b). On day 1, females exhibited significantly more 250 

appeasement displays towards the male than the female (χ21 = 17.68, P < 0.001, d = 0.45; Fig. A3), and 251 

less appeasement displays towards the female on day 1 than towards the female of the familiar partner 252 
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group on day 2 (χ21 = 12.14, P = 0.003, d = 0.15; Fig. A3a). Females bit unfamiliar males more than they 253 

bit the female, both on day 1 and on day 2 (χ21 = 14.61, P < 0.001, d = 0.42; χ21 = 40.66, P < 0.001, d = 254 

0.66, respectively; Fig. A3) and familiar males received significantly less bites than unfamiliar males (all 255 

χ21 ≥ 6.41, P ≤ 0.05, d = 0.34; Fig. A3b). The number of appeasement displays significantly decreased 256 

with female body size in the UP group on day 1 (χ21 = 5.64, P = 0.035), stronger on day 2 (χ21 = 10.34, P 257 

= 0.003), and no significant decrease existed in the FP group (χ21 = 1.51, P = 0.2196; Table A1, Fig. A4). 258 

Moreover, females exhibited significantly more escapes from the male than the female (χ21 = 11.08, P < 259 

0.001, d = 0.30; Fig. A3), the number of escapes significantly decreased with female body size (Table A1, 260 

Fig. A5), and the number of chases did not differ among treatments nor receiver sex. Finally, females 261 

exhibited less tongue extrusions and escapes during Trial B (χ21 = 17.45, P < 0.001, d = 0.46; and χ21 = 262 

5.03, P = 0.025, d = 0.24, respectively; Table A1). 263 

3.2. Pre-copulatory	female	behaviour		264 

PCA rendered three principal components with eigenvalues greater than 1 (Table 2). The first principal 265 

component (PC1fb; “females before” copulation) accounted for 26.88% of the variance in behaviour. It described 266 

“submissive behaviour” since the number of appeasement displays and escapes loaded highest. The 267 

second principal component (PC2fb) explained 19.42% of the variance and mainly described the number 268 

of approaches and tongue extrusions, hence “interest” in other lizards, and the third component (PC3fb) 269 

explained 14.99% of the variance and represented the number of fights and bites, hence “aggressive 270 

behaviour”.  271 

3.2.1. Submissive	behaviour	(PC1fb)	272 

Corticosterone treatment, day & familiarity, and trial did not significantly affect submissive behaviour 273 

(Table 3). We found a significant interaction between the receiver’s sex and SVL (Table 3, Fig. 3a). 274 

Overall, females were more submissive towards the male than towards the female, and this behaviour was 275 

negatively correlated with female SVL only when directed towards the male (male: χ21 =14.20, P < 0.001; 276 

female: χ21 = 4.30, P = 0.153). No other interactions were significant (all P > 0.05). 277 
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3.2.2. Interest	(PC2fb)	278 

We found a significant interaction between corticosterone treatment and SVL on female interest in other 279 

lizards (Table 3, Fig. 3b). In Cort females interest increased with SVL (χ21 =18.65, P < 0.001) while it 280 

was not size-dependent in control females (χ21 = 0.01, P = 1.000). Female interest was significantly lower 281 

during Trial B (Table 3, d = 0.30), and was not affected by day & familiarity (all P > 0.05). There was 282 

also a significant interaction between the sex of the receiver and female SVL (Table 3, Fig. 3c). Interest 283 

towards other females increased with female SVL (χ21 = 9.44, P = 0.008) and no significant relationship 284 

existed towards males (χ21 = 1.28, P = 1.000). All other interactions were not significant (all P > 0.05). 285 

3.2.3. Aggressive	behaviour	(PC3fb)		286 

A significant interaction between corticosterone treatment and sex (Table 3, Fig. 4) revealed that Cort 287 

females were more aggressive towards males than towards females (χ21 = 6.45, P = 0.022, d = 0.24), 288 

while no significant differences existed between Cort and control females in aggressive behaviour 289 

directed towards females (P = 0.480). Aggressive behaviour was also conditioned by day & familiarity 290 

(Table 3). On day 1, females were significantly more aggressive than when presented with a familiar male 291 

on day 2 (post-hoc comparison: t1 = 2.34, P = 0.05, d = 0.29). On day 2, there were no significant 292 

differences in aggressive behaviour between females exposed to either a familiar or an unfamiliar male (P 293 

> 0.05). Additionally, aggression increased with female body size, regardless of treatment (Table 3). Trial 294 

and the other interactions were not significant (all P > 0.05).  295 

3.3. Post-copulatory	female	behaviour	296 

No fights took place after copulation. We obtained two PCs with eigenvalues >1. PC1fa (“females after” 297 

copulation) explained 32.94% of the variance and represented “submissive behaviour” since escapes and 298 

appeasement displays loaded highest, whereas PC2fa accounted for 23.69% of the variance and described 299 

“interest” in other lizards, because the number of approaches and tongue extrusions loaded highest (Table 300 

2). 301 
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3.3.1. Submissive	behaviour	(PC1fa)	302 

We found a significant interaction between day & familiarity and female SVL on submissive behaviour of 303 

females (Table 3). Submissive behaviour significantly declined with increasing female SVL on day 1 and 304 

day 2, in the presence of an unfamiliar male, while no significant correlation existed in females exposed 305 

to a familiar male on day 2 (Table 3, Fig. B1). Females were more submissive towards males than 306 

females (d = 0.57), and submissive behaviour towards the male, compared to the female, decreased 307 

significantly more with increasing female SVL (Table 3, Fig. B2). Corticosterone treatment and the other 308 

interactions were not significant (all P > 0.05). 309 

3.3.2. Interest	(PC2fa)	310 

There was a significant interaction between corticosterone treatment and SVL. Interest in other lizards 311 

decreased with SVL in control females and increased with SVL in Cort females (Table 3, Fig. 3d). 312 

Female interest was significantly lower during Trial B (Table 3, d = 0.99) and day & familiarity was not 313 

significant. 314 

3.4. Treatment	effects	on	male	behaviour	315 

Males exhibited significantly more chases towards Cort, compared to control females (χ21 = 6.28, P = 316 

0.012, d = 0.19; Table A2, Fig. 2b) and the number of escapes from control (χ21 = 10.58, P = 0.002), but 317 

not from Cort females (χ21 = 0.82, P = 0.366), significantly decreased with male body size (Table A2, Fig 318 

A6). In addition, day & familiarity affected the number of tongue extrusions, appeasement displays, and 319 

chases (all χ22 > 8.04, all P ≤ 0.018; Table A2). Males performed more tongue extrusions on day 1 320 

compared to either familiarity group on day 2 (UP: t(1) = 3.26, P = 0.004, d = 0.60; FP: t(1) = 3.82, P < 321 

0.001, d = 0.27; Fig. 2d). On day 2, we also observed a significantly higher number of appeasement 322 

displays exhibited by males towards unfamiliar (UP) females compared to familiar (FP) females (t(1) = 323 

2.67, P = 0.023, d = 0.49; Fig. 2d). Similarly, the number of chases tended to be higher on day 1 than in 324 

the familiar group on day 2 (t(1) = 2.18, P = 0.073, d = 0.26; Fig. 2d). Moreover, there was a significant 325 

interaction between day & familiarity and SVL (Table A2), showing that on day 2 the number of bites 326 
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decreased with male body size in the UP group compared to the FP group (pairwise-posthoc comparison: 327 

χ21 = 6.69, P = 0.029, d = 0.41; Fig. A7). 328 

3.5.	Pre-copulatory	male	behaviour		329 

PCA rendered three principal components with eigenvalues >1. PC1mb explained 28.43% of the variance 330 

and represented “aggressive behaviour” since the number of chases and fights loaded highest. PC2mb 331 

explained 28.71% of the variance and escapes and appeasement displays loaded highest, representing 332 

“submissive behaviour”. PC3mb accounted for 17.23% of variance and described approaches and tongue 333 

extrusions, both representing “interest” in other lizards (Table 4).  334 

Corticosterone treatment did not affect male behaviour (Table 5). However, we found a significant effect 335 

of day & familiarity on aggressive behaviour before copulation (PC1mb, Table 5). On day 1, males were 336 

significantly more aggressive than familiar or unfamiliar males on day 2 (UP: t(1) = 2.35, P = 0.043, d =  337 

0.32; FP: t(1) = 2.57, P = 0.024, d = 0.35) and there were no significant differences among treatments on 338 

day 2. Moreover, submissive behaviour of males decreased with increasing male body size (PC2mb, Table 339 

5). No other effects or interactions were significant (all P > 0.05). 340 

3.6.	Post-copulatory	male	behaviour	341 

No fights occurred after copulation. Three principal components had eigenvalues >1 (Table 4). In PC1ma 342 

(38.16% of variance), the number of bites, chases, and appeasement displays loaded highest, representing 343 

“aggressive behaviour”. PC2ma (28.95% of variance) described “interest” in other lizards, because 344 

approaches and tongue extrusions loaded highest, whereas in PC3ma (18.38%) only escapes loaded high, 345 

which corresponded to “submissive behaviour”.  346 

Males showed no significant differences in post-copulatory behaviour towards Cort or control females 347 

(Table 5). There was a significant interaction between day & familiarity and male SVL on aggressive 348 

(PC1ma) and submissive (PC3ma) behaviour (Table 5). Aggression and submission significantly decreased 349 

with increasing male body size in UP assays on day 2 (PC1ma: χ21 = 51.09, P <0.001; PC3ma: χ21 = 32.84, 350 

P <0.001; Figs. B3 and B4, respectively) and in the FP assays (on day 2) ( PC1ma: χ21 = 173.69, P <0.001; 351 
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PC3ma: χ21 = 3554.77, P <0.001; Figs. B3, B4, respectively), while no significant correlations with SVL  352 

existed on day 1 (P >0.05).  353 

3.7.	Mating	behaviour		354 

Average pre-copulation duration did not depend on corticosterone treatment, day & familiarity, or trial 355 

(all P > 0.05). However, male SVL positively predicted pre-copulation duration (estimate = 0.24 ± 0.10, 356 

χ21 = 6.22, P = 0.012).  357 

Twenty-two of the 80 mating assays (27.5%) resulted in successful copulation. In none of the assays did a 358 

male copulate with more than one female. Of the 22 copulations, 17 occurred with control (9 UP, 8 FP) 359 

and 5 with Cort (0 UP, 5 FP) females. Of these 5 copulations, 3 occurred on day 1, and 2 on day 2, while 360 

all copulations of control females were on day 1. The probability of copulation was significantly affected 361 

by an interaction between corticosterone treatment and female SVL (χ21 = 5.39, P = 0.020). The 362 

probability of copulation increased with female SVL in Cort females and it was not size-dependent in 363 

control females (Fig. 5). Smaller Cort females did not copulate at all, while smaller females of the control 364 

group copulated with the same probability as larger control females. In addition, the probability of 365 

copulating was significantly higher in control than in Cort females (χ21 = 9.30, P < 0.001). Day & 366 

familiarity and its interaction with Corticosterone treatment or SVL were not significant (all P > 0.05).  367 

4. Discussion 368 

The study of stress hormones as mediators of sexual selection has traditionally focused on glucocorticoid 369 

effects on male quality and competitive ability (Hill, 2014; Husak and Moore, 2008), neglecting the 370 

potential, independent impact of stressors on female mating decisions. By experimentally manipulating 371 

the level of blood corticosterone of female common lizards, we showed that this stress hormone 372 

significantly affects female mating behaviour. Corticosterone-treated females (Cort) were significantly 373 

more aggressive towards males than were females of the control group (Control; Fig. 3); they bit and 374 

fought more and they exhibited less tongue extrusions and approaches (Table A1), which points to 375 
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increased female mating reluctance. As a consequence, Cort females copulated significantly less than 376 

control females. 377 

In addition, corticosterone affected female mating behaviour in a size-dependent manner. For example, 378 

interest increased with body size in Cort females before copulation (Fig 2b), as well as the total number of 379 

approaches and tongue extrusions (Table A1). Similarly, the probability of copulation increased with 380 

body size in Cort but was size-independent in control females (Fig. 5). This pattern is consistent with the 381 

effects on female interest, and previous experiments by Le Galliard et al. (2008) and Fitze et al. (2005) 382 

showing that in populations with male-biased sex ratios (populations with higher male harassment to 383 

females) the number of mating partners increased with female body size. This size-dependent 384 

corticosterone effect on a female’s probability of copulation mirrors the effect of corticosterone on the 385 

number of male copulation attempts (see Fig. 1 in Gonzalez-Jimena and Fitze, 2012), suggesting that 386 

corticosterone affects male and female copulatory behaviour similarly. 387 

Several hypotheses could explain the existence of size-dependent effects on copulation probability. First, 388 

the motivation to mate may differ between individuals of different sizes. Larger females generally 389 

produce larger clutches (Bauwens, 1999) and thus larger females—relative to smaller females—may 390 

experience higher benefits from a single reproductive event (and higher costs if no reproduction occurs). 391 

Moreover, Z. vivipara exhibits indeterminate growth and thus body size is correlated with age, suggesting 392 

that age-specific reproductive strategies, such as terminal investment (Massot et al., 2011; Richard et al., 393 

2005) may also play a role. Consequently, larger females may exhibit more interest and a higher 394 

motivation to copulate, and thus corticosterone effects may mainly manifest negatively in smaller 395 

females. Second, mate choice requires time and energy, potentially jeopardizing survival and fecundity 396 

(Andersson, 1994), and male coercion can entail high costs, including injuries and even death (Le 397 

Galliard et al., 2008; Le Galliard et al., 2005b), suggesting that the cost/benefit balance of mating is size-398 

dependent. In this study, all females were sexually mature (SVL ≥ 53 mm), but size-dependent effects on 399 

interest and copulation probability were limited to Cort females. If corticosterone increases the costs of 400 
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reproduction, all Cort females would have copulated less than control females. Moreover, there were no 401 

significant differences among Cort and control females in the size-dependent effect on aggression towards 402 

males (i.e. the interactions Cort treatment × receiver’s sex × female SVL and Cort treatment × female 403 

SVL, P > 0.05) and Cort females were more aggressive than control females. Thus, it is unlikely that size-404 

dependency of female interest and copulation probability in Cort females arose due to differences in the 405 

cost/benefit balance between smaller and larger females as a whole.  406 

Third, larger and shorter females may exhibit different physiological responses to raises in corticosterone 407 

levels. For example, Summers (1995) found that, in Anolis carolinensis, an increase in blood 408 

corticosterone inhibits ovarian growth only in small females. This is congruent with the observed pattern 409 

of mating probability, where small control females mated and Cort females did not (Fig. 5), but it does 410 

not explain why interest of small females was similar in Cort and control females nor why size-dependent 411 

treatment differences in behaviour mainly manifested in large females (e.g. Fig. 4b, d). Fourth, 412 

differential blood corticosterone levels between smaller and larger females could lead to the observed 413 

differences in interest and copulation probability between different-sized females. However, at least in Z. 414 

vivipara, basal and post-treatment corticosterone levels are independent of female body size and 415 

corpulence (Meylan et al., 2003; Summers, 1995) and circulating corticosterone levels do not differ 416 

among adult females of different ages (Massot et al., 2011). Moreover, there is no reason to believe that 417 

larger females were healthier than smaller females given that they did not differ in body condition, and 418 

survival of adult female Z. vivipara is not necessarily body size-dependent (e.g. Le Galliard et al., 2010). 419 

This suggests that size- or age-specific strategies that benefit larger/older females (see first hypothesis), 420 

rather than the latter hypotheses, may explain the observed patterns. 421 

Unpredictable extrinsic events can increase corticosterone levels within minutes or hours (Wingfield et 422 

al., 1998). Such events include the presence of predators, conspecifics, parasites, infection, and wounding, 423 

and at the population scale, parameters like population density (e.g. crowding), food-predator balance, 424 

and weather conditions (Le Galliard et al., 2008; Summers and Norman, 1988; Svensson et al., 2001; 425 
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Wingfield, 2003; Wingfield and Kitaysky, 2002). The here observed body size-dependent effects of 426 

increased corticosterone levels on females thus suggest that many other intrinsic or extrinsic sources of 427 

stress, through their effects on glucocorticoid levels, may affect a female’s mating behaviour, 428 

reproductive success and thereby the strength of sexual selection. However, we emphasize that 429 

glucocorticoid release is only one of the multiple aspects of the physiological stress response, and thus 430 

more information about other concurrent processes and how these may interact is needed for a complete 431 

understanding of the overall effects of stress on mating and reproduction.  432 

We predicted that familiarity may affect corticosterone effects on mating behaviour or mating probability; 433 

however, we found no evidence of either. Here, partner familiarity mainly affected post-copulatory 434 

behaviour or males, and thus familiarity had limited and no direct impact on female mating probability. 435 

Interestingly, the effects of day & familiarity on female appeasement displays and male aggressive and 436 

submissive behaviour were also size-dependent. For instance, smaller unfamiliar males were more 437 

aggressive (e.g. they bit more) on day 2 (Table A2, Fig. B3). Since male and female body sizes were 438 

matched, this suggests that post-copulatory submissive behaviour (e.g. appeasement displays) of smaller 439 

females (Table A1, Fig. B1) may have been in response to the male’s behaviour, rather than directly 440 

induced by the treatment. The submissive behaviour of females, their overall reduced interest during Trial 441 

B (i.e. when presented with either a second [FP group], or with a third and fourth [UP group] male) and 442 

the virtual absence of multiple copulations is in line with female reluctance to re-mate, female choosiness 443 

and previous findings showing that females copulate on average with 2 males (Fitze et al., 2010; Fitze et 444 

al., 2005). Thus, our results show a lack of support for familiarity-dependent inter-sexual female mating 445 

behaviour, including familiarity-dependent effects of corticosterone. 446 

Importantly, male pre-copulatory behaviour was independent of a female’s corticosterone treatment and 447 

familiarity (Table 5), which agrees with classical sex roles, where females optimize mate quality whereas 448 

males optimize the number of mating partners (Andersson, 1994; Bateman, 1948; Trivers, 1972). On day 449 

1, males were significantly more aggressive before copulation, suggesting that they were more motivated 450 
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to mate. On day 2, males exhibited reduced post-copulatory interest and significantly less interest in the 451 

FP treatment (Fig. B5), in line with a preference for unfamiliar females (Pizzari et al., 2003). Because 452 

male pre-copulatory behaviour was not affected by corticosterone treatment nor familiarity, increased 453 

aggression of Cort females towards males cannot be explained by increased interest or harassment of 454 

males towards Cort, compared to control females. This indicates that male behaviour during sexual 455 

selection is independent of a female’s corticosterone level and familiarity. Given that males and females 456 

can distinguish familiar from unfamiliar conspecifics (Léna and De Fraipont, 1998), this also suggests 457 

that, prior to copulation, males are less choosy than females (Gonzalez-Jimena and Fitze, 2012).  458 

Our findings agree with a large body of literature that indicates a strong association between 459 

corticosterone (or cortisol) and reproduction in many species, including fish, amphibians, reptiles, birds 460 

and mammals (Crespi et al., 2013; Moore and Jessop, 2003). They support the idea that in stress-inducing 461 

situations, where glucocorticoids are released, intrinsic factors can importantly influence the magnitude of 462 

this association. For example, individual size or age (present study), body mass, immune state (Hau et al., 463 

2016), or sex (Vitousek et al., 2018), are some of the factors that have been shown to influence the effects 464 

of corticosterone on reproduction. This intrinsic context-dependency may in part be responsible for the 465 

lack of a consistent functional relationship between corticosterone and reproductive success, both across 466 

and within species (Bonier et al., 2009; Breuner et al., 2008; Crespi et al., 2013).  467 

In conclusion, here we show that exogenous stressors, simulated by the administration of corticosterone, 468 

led to higher female aggression towards males and reduced interest, suggesting increased female 469 

reluctance to mate, which manifested in significantly fewer copulations. These results, stemming from 470 

PCAs of behavioural data, were supported by independent analyses on the observed frequencies. 471 

Moreover, the copulation probability of corticosterone-treated females increased with body size, 472 

suggesting that an acute increase of corticosterone may only negatively affect smaller females. Because 473 

male reproductive success is not affected by blood corticosterone differences (Gonzalez-Jimena and Fitze, 474 

2012), our results suggest that exogenous stressors may modify the intensity of sexual selection and 475 
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female reproductive strategy by altering female glucocorticoid levels and thus impose direct selection on 476 

mating biases (Kokko et al., 2003; Kokko and Monaghan, 2001). Given the phylogenetic conservation of 477 

the stress response in vertebrates, these results further suggest that factors affecting glucocorticoid levels 478 

(and possibly other physiological components) may directly affect the opportunity and intensity of sexual 479 

selection and sexual conflict over mating rate in a large number of organisms. 480 
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Tables 489 

Table 1: Ethogram of recorded behaviours in this study. 

Behaviour Description Interpretation 
Tongue extrusion A synonym of tongue flicking. A rapid extrusion of 

the tongue directed towards another individual. 
Tongue extrusion is associated with 
exploratory activity and interest1,2. 

Approach When a lizard moves closer to another individual or 
passes by at a distance smaller than the body length 
(SVL) of one lizard. 

The number of approaches are a 
measure of interest3,4. 

Escape When a lizard moves away from another lizard by 
accelerating explosively.  
 

Escaping reflects avoidance and thus 
it is interpreted as a submissive 
behaviour5.  
 

Chase When a lizard pursues another lizard to catch it.  Unlike approaches, chases usually 
end up in biting or fighting and thus 
are considered an aggressive 
behaviour6.  

Appeasement 
display 

A series of rapid side-to-side movements of the tail 
or tail tip, and/or rapid up-and-down movements of 
the forelimbs. 

Appeasement displays are exhibited 
in order to avoid costly interactions 
and reflect submissive behaviour7,8. 

Bite When a lizard bites or snaps at another individual. 
This behaviour can be in response to aggression by 
another individual or initiated by the focal individual. 
Note that there exists a difference between biting and 
gripping with the mouth (in the context of pre-
copulation and copulation). 

The number of bites is an indicator 
of the level of aggressiveness5. 

Fight When two lizards engage in an exchange of bites, this 
may escalate into a ‘fight’. During fights, one lizard 
bites the other, and the latter tries to escape the 
former’s grip by intensely turning and twisting its 
body. This behaviour can result into the rivals rolling 
over each other considerable distances. 

Fighting is positively correlated with 
chasing and biting and is interpreted 
as a more intense form of 
aggression. 

Pre-copulation When a male grips the female on the posterior 
abdomen with his mouth and then tries to twist his 
body around hers to introduce his hemipenis into the 
female’s cloaca. 

Mating behavior. 

Copulation Copulation corresponds to the successful introduction 
of the male’s hemipenis into the female’s cloaca. 

Mating behavior. 

Walking and/or 
climbing 

When a lizard exhibits directional movement within 
the wooden box for longer than 1 second. Climbing 
was considered “walking” but on vertical surfaces, 
namely refuges or walls. 

Walking/climbing are general 
measures of activity. 

1 Halpern, M., 1992. Nasal chemical senses in Reptiles: structure and function, in: Gans, C., Crews, D. (Eds.), Hormones, Brain and 
Behaviour. Biology of the Reptilia. The University of Chicago Press, Chicago, pp. 423-523. 
2 Cooper, W.E., Jr., Burghardt, G.M., 1990. A comparative analysis of scoring methods for chemical discrimination of prey by Squamate 
reptiles. J Chem Ecol 16, 45-65. 
3 López, P., Martín, J., 2002. Locomotor capacity and dominance in male lizards Lacerta monticola: a trade-off between survival and 
reproductive success? Biol J Linn Soc 77, 201-209. 
4 Gonzalez-Jimena, V., Fitze, P.S., 2012. Blood corticosterone levels and intersexual selection games: best-of-bad-job strategies of male 
common lizards. Behav Ecol Sociobiol 66, 305-315.5(Vercken and Clobert 2008). 
6 Fitze, P.S., Cote, J., Martínez-Rica, J.P., Clobert, J., 2008. Determinants of male fitness: disentangling intra- and inter-sexual selection. J 
Evol Biol 21, 246-255. 
7 Thoen, C., Bauwens, D., Verheyen, R.F., 1986. Chemoreceptive and behavioural responses of the common lizard Lacerta vivipara to snake 
chemical deposits. Anim Behav 34, 1805-1813. 
8 Punzo, F., 2007. Chemosensory cues associated with snake predators affect locomotor activity and tongue flick rate in the whiptail lizard, 
Aspidoscelis dixoni Scudday 1973 (Squamata Teiidae). Ethol Ecol Evol 19, 225-235. 
  490 
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Table 2: Principal component analysis of pre- (fb; females before) and post-copulatory (fa; females after) female 491 

intra- and intersexual behaviour. Shown are component loadings for rotated components with eigenvalues 492 

≥1. Main explanatory variables are depicted in bold (cut-off = 0.6; the difference between highest and 493 

lowest loading above the cut-off is smaller than between the lowest loading above and the highest loading 494 

below the cut-off). PC1fb and PC1fa describe “submissive behaviour”, PC2fb and PC2fa “interest” in other 495 

lizards, PC3fb “aggressive behaviour” and No. indicates “number”. 496 

 component loadings 

 pre-copulatory post-copulatory 

behaviour PC1fb PC2fb PC3fb PC1fa PC2fa 

No. tongue extrusions -0.213 0.764 0.311 -0.149 0.771 

No. approaches 0.101 0.755 -0.188 -0.032 0.816 

No. escapes 0.759 -0.112 0.051 0.897 0. 199 

No. chases 0.425 0.418 -0.409 -0.096 -0.208 

No. appeasement displays 0.739 0.063 0.138 0.918 0.078 

No. bites 0.578 0.090 0.605 0.545 -0.271 

No. fights 0.123 -0.018 0.738   

  497 
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Table 3: Treatment effects on female pre- (fb; females before) and post-copulatory (fa; females after) submissive 498 

behaviour (PC1), interest (PC2), and aggressive behaviour (PC3). Shown are estimates ± SE, test 499 

statistics, degrees of freedom (d. f.), and P values of the parameters included in the minimal adequate 500 

model derived from GEEs. Significance is depicted in bold. Estimates ± SE correspond to the factor level 501 

given in brackets. CORT: Corticosterone treatment; DF: day & familiarity; UP: unfamiliar partner; FP: 502 

familiar partner. 503 

parameter estimate ± SE χ2(d. f.) P estimate ± SE χ2(d. f.) P 

Submissive behaviour PC1fb PC1fa 

DF [day1, UP ]     -7.31±3.10 18.30(2) <0.001 

DF [day2, FP]     -12.38±2.96   

female SVL -0.01±0.00 4.29(1)  0.038 -0.16±0.04 14.51(1) <0.001 

receiver’s sex [males] 0.94±0.32 8.83(1) 0.003 4.20±1.86 5.06(1) 0.024 

DF × female SVL [day1, UP]    0.12±0.05 18.80(2) <0.001 

DF × female SVL [day2, FP]    0.21±0.05   

receiver’s sex × female SVL [males] -0.01±0.00 7.04(1) 0.008 -0.06±0.03  4.25(1) 0.039 

Interest PC2fb PC2fa 

CORT [control] 2.85±1.00 8.13(1) 0.004 3.58±1.52 5.52(1) 0.019 

female SVL 0.06±0.01 24.75(1) <0.001 0.03±0.02 2.65(1) 0.103 

receiver’s sex [male] 1.36±0.56 5.93(1)   0.015    

trial [Trial B]  -0.15±0.06 5.28(1) 0.021 -0.44±0.10 23.43(1) <0.001 

CORT × female SVL [control]  -0.05±0.02 8.80(1) 0.003 -0.06±0.02 6.21(1) 0.013 

receiver’s sex × female SVL [male] -0.02±0.01 5.72(1)  0.017    

Aggressive behaviour PC3fb  

CORT 0.01±0.02 0.49(1) 0.484    

DF [day1, UP] 0.05±0.02 6.17(2) 0.046    

DF [day2, FP] -0.00±0.02      
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female SVL 0.01±0.00 8.70(1) 0.003    

receiver’s sex [male] 0.09±0.03 6.45(1) 0.011    

CORT × receiver’s sex [control, male] -0.09±0.04 4.80(1) 0.028    

 504 

  505 
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Table 4: Principal component analysis of pre- (mb; males before) and post-copulatory (ma; males after) male 506 

intersexual behaviour. Shown are component loadings for rotated components with eigenvalues ≥1. Main 507 

explanatory variables (cut-off = 0.6; the difference between highest and lowest loading above the cut-off 508 

is smaller than between the lowest loading above and the highest loading below the cut-off) are depicted 509 

in bold. PC1mb and PC1ma describe “aggressive behaviour”, PC2mb and PC3ma “submissive behaviour”, 510 

PC3mb and PC2ma “interest” in other lizards, and No. indicates “number”. 511 

 component loadings 

 pre-copulatory post-copulatory 

behaviour PC1mb PC2mb PC3mb PC1ma PC2ma PC3ma 

No. tongue extrusions 0.057 -0.193 0.827 -0.028 0.948 -0.086 

No. approaches 0.107 0.243 0.785 -0.050 0.948 0.072 

No. escapes 0.035 0.819 -0.013 -0.022 0.011 0.927 

No. chases 0.904 -0.069 0.045 0.961 -0.054 0.121 

No. appeasement displays -0.020 0.805 0.040 0.911 -0.011 -0.146 

No. bites 0.518 0.097 0.085 0.621 -0.065 0.524 

No. fights 0.891 -0.051 0.042    

  512 



27 
 

Table 5: Treatment effects on pre- (mb; males before) and post-copulatory (ma; males after) aggressive behaviour 513 

(PC1mb, PC1ma), submissive behaviour (PC2mb, PC3ma), and interest (PC3mb, PC2ma) of males. Shown are 514 

estimates ± SE, test statistics, degrees of freedom (d. f.), and P values of the parameters included in the 515 

minimal adequate model derived from GEEs. Significance is depicted in bold. Estimates ± SE correspond 516 

to the factor level given in brackets. CORT: Corticosterone treatment; DF: day & familiarity; UP: 517 

unfamiliar partner; FP: familiar partner. 518 

parameter estimate ± SE χ2(d. f.) P estimate ± SE χ2(d. f.) P 

Submissive behaviour PC2mb PC3ma 

DF [day1, UP]    -25.23±5.2 25.8(2) <0.001 

DF [day2, FP]    -19.84±4.14   

male SVL -0.01±0.00 4.88(1)  0.027 -0.44±0.08 32.8(1) <0.001 

DF × male SVL [day1, UP]    0.46±0.10 24.6(2) <0.001 

DF × male SVL [day2, FP]    0.36±0.08   

Interest PC3mb PC2ma 

DF [day1,UP]    0.33±0.16 5.86(2) 0.053 

DF [day2,FP]    -0.07±0.13   

Aggressive behaviour PC1mb PC1ma 

DF [day1,UP] 0.32±0.14 7.42(2) 0.024 -28.02±4.08 47.60(2) <0.001 

DF [day2, FP] -0.03±0.03   -23.89±3.85   

male SVL    -0.51±0.07 51.10(1) <0.001 

DF × male SVL [day1, UP]    0.51±0.08 44.76(2) <0.001 

DF × male SVL [day2, FP]    0.43±0.07   

  519 
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Figure legends 713 

Fig. 1. Experimental design. A full treatment-combination consisted of four sets of mating assays (rows), 714 

two trials (Trial A and Trial B, see columns), and a total of 16 mating assays. Blocks 1 and 2 consisted of 715 

twice the here shown mating assays, thus eight sets of mating assays and 32 mating assays in total, and 716 

block 3 consisted of the 16 here shown mating assays. In each mating assay, one Cort (●) and one control 717 

(○) female were presented with one male. Half of the female pairs were presented with the same partner 718 

on two consecutive days, i.e. on day 2 with a familiar partner (FP, shaded area), while the other half were 719 

presented with two unfamiliar partners (UP). Each female pair was used in two consecutive trials (A and 720 

B) following the same experimental design, while males were only used in one trial. See text for 721 

additional details. 722 

Fig. 2. Mean ± SE observed counts of female (left panels: a, c) and male (right panels: b, d) behaviour by 723 

Corticosterone treatment (above panels: a, b) and day & familiarity (below panels: c, d). See Table 1 for a 724 

description of each behaviour and the results section and Tables A1 and A2 for statistical tests. 725 

Fig. 3. Relationship of pre- and post-copulatory female behaviour and body size (SVL) depending on the 726 

sex of the receiver (a, c) or the corticosterone treatment (b, d). Shown are pre-copulatory submissive 727 

behaviour (PC1fb) and interest (PC2fb), and post-copulatory interest (PC2fa). The vertical dashed line 728 

depicts average female SVL and solid lines represent predictions from GEE models. Thicker lines denote 729 

significant slopes (P < 0.05). 730 

Fig. 4. Female pre-copulatory aggressive behaviour (PC3fb) in relation to corticosterone treatment and sex 731 

of the receiver. Shown are means ± SE. Significant differences from post-hoc contrasts between treatment 732 

groups are depicted by an asterisk (* P < 0.05). 733 

Fig. 5. Probability of copulation in relation to corticosterone treatment and female SVL. Model 734 

predictions for Cort (grey) and control (black) groups are depicted with solid lines. Larger Cort females 735 

copulated with higher probability than small Cort females, while the probability of copulation was size-736 
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independent in control females. Overall, control females were more likely to copulate than Cort females. 737 

Point size corresponds to the number of females, with the smallest dot representing n = 1 and the biggest 738 

dot n = 18. 739 

 740 

Figure 741 

Fig. 1. 742 
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Fig. 2 745 
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Fig. 5. 756 
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 759 

Appendix A: Supplementary results (raw data) 760 

Table A1: Treatment effects on female behaviour (number [No.] of times a behaviour was observed per 761 

assay). Shown are estimates ± SE for all parameters estimated by the model, test statistics, degrees of 762 

freedom (d. f.), and P values of the minimal adequate model derived from GEEs. Estimates correspond to 763 

the factor level given in brackets. CORT: Corticosterone treatment; DF: day & familiarity; UP: unfamiliar 764 

partner; FP: familiar partner.  765 

Behaviour parameter estimate ± SE χ2(d. f.) P 
No. approaches CORT [control] 4.41 ± 2.21 3.98(1) 0.046 
 female SVL 0.06 ± 0.02 7.65(1) < 0.01 
 CORT × female SVL [control] -0.08 ± 0.04 4.66(1) 0.031 
No. tongue 
extrusions 

CORT [control] 10.07 ± 4.03 6.23(1) 0.012 
DF [day1, UP] -0.05 ± 0.26 7.55(2) 0.023 

 DF [day2, FP] -0.02 ± 0.31   

 
female SVL 0.22 ± 0.03 52.26(1) < 

0.001 

 
receiver’s sex [male] -0.48 ± 0.13 12.87(1) < 

0.001     

 
trial [Trial B]  -0.65 ± 0.16 17.45(1) < 

0.001 
 CORT × female SVL [control]  -0.17 ± 0.07 6.29(1) 0.012 
 DF × receiver’s sex [day1, UP; male] 0.70 ± 0.22 10.30(2) < 0.01 
 DF × receiver’s sex [day2, FP; male] 0.25 ± 0.19   
No. escapes female SVL -0.08 ± 0.04 3.97(1) 0.046 

 
receiver’s sex [male] 0.51 ± 0.15 11.08(1) < 

0.001 
 trial [Trial B]  -0.57 ± 0.25 5.03(1) 0.025 
No. chases - - - n. s. 
No. 
appeasement 
displays 

DF [day1, UP] -3.66 ± 2.53 3.71(2) 0.160 
DF [day2, FP] -6.28 ± 2.55   

 female SVL -0.16 ± 0.05 10.34(1)    < 0.01 
 receiver’s sex [male] 0.20 ± 0.12 2.65(1)    0.104    
 DF × female SVL [day 1, UP] 0.06 ± 0.04 9.37(2) < 0.01 
 DF × female SVL [day 2, FP] 0.11 ± 0.05   
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 DF × receiver’s sex [day1, UP; male] 0.32 ± 0.17 8.52(2) 0.014 
 DF × receiver’s sex [day2, FP; male] -0.09 ± 0.17   
No. bites CORT [control] -0.68 ± 0.36 3.40(1) 0.065 
 DF [day1, UP] -0.01 ± 0.38 4.91(2) 0.086 
 DF [day2, FP] 0.21 ± 0.44   

 
receiver’s sex [male] 1.44 ± 0.22 40.66(1) < 

0.001 

 
DF × receiver’s sex [day1, UP; male] 0.08 ± 0.45 15.40(2) < 

0.001 
 DF × receiver’s sex [day2, FP; male] -1.17 ± 0.38   
No. fights# all cases were between the Cort female and the male: 75% on day1, 25% in 

the FP group on day2. 
# variables that did not exhibit sufficient variance to run statistical tests, thus only quantitative data is given.  766 



44 
 

Table A2: Treatment effects on male behaviour (number [No.] of times a behaviour was observed per 767 

assay). Shown are estimates ± SE, test statistics, degrees of freedom (d. f.), and P values of the minimal 768 

adequate model derived from GEEs. Estimates correspond to the factor level given in brackets. CORT: 769 

Corticosterone treatment; DF: day & familiarity; UP: unfamiliar partner; FP: familiar partner. 770 

Behaviour parameter estimate ± SE χ2(d. f.) P 
No. approaches - - - n. s. 
No. tongue 
extrusions 

DF [day1, UP] 0.48 ± 0.15 24.6(2) < 0.001 
DF [day2, FP] -0.09 ± 0.21   

No. escapes CORT [control] 11.05 ± 2.99 13.70(1) < 0.001       
 male SVL -0.09 ± 0.09 0.82(1) 0.366    
 CORT × male SVL [control] -0.20 ± 0.06 13.09(1) < 0.001       
No. appeasement 
displays 

DF [day1, UP] -0.85 ± 0.49 8.04(2) 0.018 
DF [day2, FP] -1.47 ± 0.55   

No. chases CORT [control] -1.18 ± 0.47 6.28(1)     0.012 
 DF [day1, UP] 0.93 ± 0.47 9.04(2)      0.011 
 DF [day2, FP] -0.22 ± 0.72   
No. bites DF [day1, UP] -10.34 ± 6.29 9.92(2) < 0.01       
 DF [day2, FP] -21.69 ± 8.02   
 male SVL -0.21 ± 0.13 2.66(1)  0.103 
 DF × male SVL [day1, UP] 0.19 ± 0.12 6.78(2)      0.034 
 DF × male SVL [day2, FP] 0.38 ± 0.15   
No. fights# all cases were on day1 between the male and the Cort female. 
# variables that did not exhibit sufficient variance to run statistical tests, thus, only quantitative data is given.  771 
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Figure A1: Interaction between Corticosterone treatment (Cort: corticosterone-treated; control) and 772 

female SVL on the observed number of approaches by females (for statistics see Table A1). . 773 

  774 



46 
 

Figure A2: Interaction between Corticosterone treatment (Cort: corticosterone-treated; control) and 775 

female SVL on the observed number of tongue extrusions by females (for statistics see Table A1).  776 

  777 
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Figure A3: Mean ± SE observed counts of female behaviour towards the other female (a) or towards the 778 

male (b) by day & familiarity (FP: familiar partner; UP: unfamiliar partner). See Table 1 for a description 779 

of each behaviour and the results section and Tables A1 and A2 for statistical tests. 780 

  781 
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Figure A4: Interaction between day & familiarity (FP: familiar partner; UP: unfamiliar partner) and 782 

female SVL on the number of appeasement displays by females (for statistics see Table A1).  783 

 784 
  785 
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Figure A5: Linear regression between female SVL and the observed number of escapes exhibited by 786 
females (for statistics see Table A1).  787 

  788 
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Figure A6: Interaction between the female’s Corticosterone treatment (Cort: corticosterone-treated; 789 

control) and male SVL on the observed number of male escapes (for statistics see Table A2).  790 

  791 
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Figure A7: Interaction between day & familiarity (FP: familiar partner; UP: unfamiliar partner) and male 792 

SVL on the observed number of male bites (for statistics see Table A2).  793 

  794 
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Appendix B: Supplementary results (PCA analyses) 795 

Figure B1: Interaction between day & familiarity (FP: familiar partner; UP: unfamiliar partner) and 796 

female SVL on submissive behavior of females after copulation (PC1fa).  797 

  798 
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Figure B2: Interaction between the sex of the receiver (F: female; M: male) and female SVL on 799 

submissive behavior of females after copulation (PC1fa).  800 

  801 
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Figure B3: Interaction between day & familiarity (FP: familiar partner; UP: unfamiliar partner) and male 802 

SVL on aggressive behavior of males after copulation (PC1ma).  803 
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Figure B4: Interaction between day & familiarity (FP: familiar partner; UP: unfamiliar partner) and male 805 

SVL on submissive behavior of males after copulation (PC3ma).  806 

  807 
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Figure B5: Effect of day & familiarity on male post-copulatory interest (PC2ma). Shown are predicted 808 

means ± SE from the GEE model. Significant post-hoc contrasts between groups are depicted by an 809 

asterisk (* P = 0.057). 810 
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