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Abstract 27 

Individuals can adjust to different social environments via shaping of behavioural and endocrine 28 

phenotypes. As the social environment can change at any time, individuals need to be able to adjust 29 

throughout their lives. Our goal was therefore to examine potential effects of different social 30 

environments on the endocrine and behavioural phenotype in male guinea pigs during juvenility, an 31 

important developmental phase characterized by prominent changes of the social environment. For this 32 

approach, twenty domestic juvenile male guinea pigs (Cavia aperea f. porcellus) were housed in two 33 

distinct social environments: while males of both groups lived in heterosexual pairs, males of one group 34 

were additionally socially stimulated (e.g., an unfamiliar individual is introduced into the focus males’ 35 

home enclosure for 10 minutes) regularly whereas males of the other group were not. This procedure 36 

increased the number of social interactions. We hypothesized males from the two social conditions to 37 

differ in their hormonal and behavioural phenotype. Indeed, only males with additional social 38 

stimulation displayed an initially increased stress responsiveness, enabling them to adequately react to 39 

the unpredictable social encounters. Over time, males then conformed to this challenging environment 40 

and displayed a decrease in stress responsiveness again. Moreover, only males with additional social 41 

stimulation showed a significant increase of courtship and sexual behaviour with age. Taken together, 42 

these findings suggest that already in juvenility the social environment induced hormonal adjustments 43 

and behavioural changes in male guinea pigs, thereby highlighting how juvenile social experiences can 44 

shape individuals’ phenotypes.   45 
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1. Introduction 57 

Individuals can adjust to different social environments via shaping of endocrine and behavioural 58 

phenotypes [1,2], likely to result in an optimized phenotype-environment match [1]. Individuals failing 59 

to adjust to their (social) environment can experience a variety of negative consequences [3,4]. 60 

Maladaptive responses to the social environment have been reported in non-human primates, mice and 61 

rats, where group incompatibility resulted in severe aggression, impaired immune function and elevated 62 

stress levels [5]. In guinea pig males (Cavia aperea f. porcellus), for example, different social 63 

environments (high vs. low population density) during adolescence shape different behavioural 64 

reproductive strategies. Males reared in large groups, i.e., in a high population density, could integrate 65 

into an unknown large mixed-sex colony through a low-aggressive queuing strategy [6]. Males reared in 66 

heterosexual pairs, i.e., in a low population density, initially failed to integrate as they persistently 67 

courting females and fighting males (high-aggressive resource defense strategy) [6]. This high-68 

aggressive tactic led to risk of injury, elevated stress levels and significantly declined body weight [6]. 69 

Yet, when formerly colony- and pair-housed male guinea pigs were placed as pairs into a competitive 70 

reproductive situation with unknown females, pair-housed males displaying such a high-aggressive 71 

tactic had the higher reproductive success [7], demonstrating the fitness consequences of phenotype-72 

environment match. These behavioural tactics and adjustments to the social environment in general 73 

can be mediated through underlying endocrine mechanisms [8]. In this context, the hypothalamic-74 

pituitary-adrenocortical (HPA) axis has a central function. The HPA axis is one of the most important 75 

neuroendocrine systems regulating the secretion of glucocorticoids [9,10]. On a continuous low baseline 76 

level glucocorticoids are released for maintenance of metabolism and homeostasis [11]. Higher 77 

amounts are secreted into the blood stream in response to unpredictable challenges. This stressor-78 

induced HPA function, i.e., HPA reactivity, activates distinct pathways including metabolic processes 79 

such as gluconeogenesis as well as immune redistribution before levels return to baseline by negative 80 

feedback [11–14]. In challenging social encounters, glucocorticoids mainly function to mobilise energy 81 

and modulate different behaviours [15–18]. On the one hand, glucocorticoid concentrations can acutely 82 

change in response to social or environmental challenges. For instance, formerly pair-housed guinea pig 83 

males showed elevated baseline glucocorticoid levels when they were introduced into an unknown 84 

colony [6]. HPA reactivity on the other hand, can also be shaped by environmental factors in the long 85 

term [19,20]. In male guinea pigs for example, frequent social interactions in colony-housed males are 86 

associated with a reduced HPA reactivity and a low-aggression phenotype to facilitate group integration, 87 

whereas pair-housed males with limited options for social interactions show an increased HPA reactivity 88 

which promotes aggressiveness [7,21]. In laboratory male mice (Mus musculus f. domestica), isolated 89 

individuals displayed an enhanced HPA reactivity and increased anxiety-like behaviour in comparison to 90 



socially housed individuals [22–24]. These enhanced endocrine and behavioural responses can reflect 91 

greater vigilance to environmental threats, which can promote survival [25]. 92 

These examples demonstrate how plastic adjustments of behavioural and endocrine phenotypes allow 93 

individuals to effectively cope with their social environment. However, the social environment is rarely 94 

static throughout lifetime but rather dynamic and can thus change any time [26]. In consequence, 95 

individuals should be able to adjust to their social environment throughout lifetime, too. This would 96 

mean plasticity of behavioural and endocrine phenotypes should be found in all ontogenetic phases. 97 

Still, most research on the shaping of endocrine and behavioural phenotypes by the social environment 98 

focused on early life phases (prenatal and lactation phase) and adolescence [27]. These phases are 99 

referred to as sensitive windows of enhanced plasticity [7,28,29] which was often assumed to decline 100 

with age and no longer to be found beyond adolescence [30]. This assumption was historically based on 101 

the belief that the development of the adult brain is completed and that at this point neuronal plasticity 102 

no longer exists [31]. However, it is known for several decades now that adult neurogenesis, i.e., the 103 

addition of new neurons to the brain, occurs [31]. In consequence, plasticity of behavioural and 104 

endocrine phenotypes in response to the (social) environment is also possible in adult individuals and 105 

has been reported across multiple taxa [19,32–34]. 106 

Nonetheless, it is known that the levels of neurogenesis are significantly higher during the juvenile phase 107 

than in adulthood [35]. Juvenility, i.e., time between weaning and adolescence, is an important 108 

developmental phase where the focus of social interactions starts to shift from parents to peers. Social 109 

exploration and play behaviour increase during juvenility, suggesting this phase represents an important 110 

window for socialization [35]. While a lot of studies are investigating the effects of the early social 111 

environment on behaviour and hormones in later life [28,36–38], research on the effects on juvenile 112 

individuals themselves are still scarce. One of the few studies shows that in African cichlid fish 113 

(Astatotilapia burtoni) pair-reared juveniles were less active and more subordinate than group-reared 114 

juveniles and glucocorticoid receptors were elevated in the latter [39]. In laboratory mice, juveniles 115 

displayed a higher vulnerability for social defeat stress regarding glucocorticoid activation and social 116 

avoidance behaviour compared to adults [40]. These findings indicate that the juvenile phase represents 117 

another sensitive window for shaping of behavioural and endocrine phenotypes. Guinea pigs are a well-118 

suited model organism to address this topic further since they are highly flexible in their social 119 

organization [41] and plastic shaping of behavioural and endocrine phenotypes in other life phases has 120 

already been investigated in this species [6,7,19,28,42–46].   121 

The aim of the present study was therefore to examine potential effects of different social environments 122 

on the endocrine and behavioural phenotype in juvenile male guinea pigs. In this regard, we were also 123 

interested in potential interactions between time and social environment. This contributes to a better 124 



understanding of possible adjustment processes during this developmental phase. As established in 125 

former work [43,44], the distinct social environments used in the present study were males in 126 

heterosexual pairs versus males in heterosexual pairs that received additional social stimulation via 127 

regular encounters with unfamiliar animals of both sexes (for details see methods).  Regarding 128 

endocrine phenotypes, baseline testosterone and cortisol (stress) responsiveness are known to be 129 

shaped by the social environment, as shown previously in adolescent and adult male guinea pigs 130 

[19,43,44]. Baseline cortisol and body weight in turn, often reflect more immediate responses to socially 131 

challenging environments [4,6]. For these reasons, we tested the hypothesis that baseline cortisol, 132 

baseline testosterone, cortisol responsiveness and body weight differ between males from the two 133 

social conditions. Concerning behavioural phenotype, we considered courtship and sexual behaviour as 134 

well as sociopositive and agonistic behaviour, since these behaviours have been formerly shown to be 135 

influenced by the early social environment [37,39,40,47]. In addition, we examined play behaviour, 136 

which occurs predominantly during juvenility [48] and is typically observed in social environments that 137 

are perceived as safe and non-stressful [49]. We tested the hypothesis that the frequencies of these 138 

behavioural measures differ between males from the two social conditions. We had no a priori 139 

expectation in which direction an interaction of time and social conditions would shape endocrine and 140 

behavioural phenotype. 141 

Above and beyond the relation between social environment and endocrine and behavioural phenotype 142 

detectable by group comparisons, recent work indicates that the social environment can further 143 

influence the stability of trait expression [50]. The relative stability in trait expression is commonly 144 

quantified by the repeatability R that is the proportion of total phenotypic variance attributable to 145 

between-individual differences [51,52]. Studies in guinea pigs provided first evidence that social 146 

complexity can affect the repeatability of hormonal traits [50]. Examining repeatability therefore offers 147 

insight into how consistently individuals express their endocrine phenotype under different social 148 

conditions, and whether additional social stimulation affects this stability. Against this background, we 149 

determined the repeatability of hormonal phenotype within the two social conditions to assess the 150 

stability of endocrine trait expression. We tested the hypothesis that repeatability of baseline cortisol, 151 

baseline testosterone, and cortisol responsiveness would differ between them without having an a 152 

priori expectation regarding the direction of these differences. 153 

2. Material and methods 154 

2.1 Animals and housing conditions 155 

All animals used for this study were bred from a breeding program of multi-coloured shorthaired guinea 156 

pigs (Cavia aperea f. porcellus) at the Department of Behavioural Biology at the University of Münster. 157 

They were born and reared in a total of six to eight harem groups within one breeding room, each 158 



consisting of one male, one to three females and their pre-weaned offspring. The offspring was routinely 159 

taken out of the harems after weaning at post-natal day (PND) 21 (±1) and adults were removed and 160 

replaced at around 18-24 months of age. Each harem was kept in wooden enclosures with a base area 161 

of approximately 1.5 m2 and a wall height of 0.5 m. The enclosures were filled with wood shavings 162 

(Tierwohl Super, J. Rettenmaier & Söhne GmbH + Co KG, Rosenberg, Germany) as bedding and enriched 163 

with red plastic shelters and wooden bridges.  164 

The experimental animals were transferred to enclosures in a different housing room after weaning at 165 

PND 21 (±3). These enclosures had a base area of 0.5 m2, a wall height of 0.5 m, were also filled with 166 

wood shavings and enriched with a big and a small red plastic shelter. Food (hasfit Cavia C pellets, 167 

EQUOVIS GmbH, Münster, Germany) and water were available ad libitum. Since guinea pigs are 168 

incapable of synthesizing ascorbic acid [53,54] and therefore prone to vitamin C deficiency [55], a 169 

vitamin C supplement (100% L-ascorbic acid, altapharma, Dirk Rossmann GmbH, Burgwedel, Germany) 170 

was added to the water three times per week (approximately 120 mg vitamin C in 900 ml water shared 171 

between the focus male and his female partner). Additionally, hay was replenished daily and fresh 172 

fodder (carrots, cucumbers, apples) was fed regularly. All guinea pig housing rooms were kept under 173 

controlled conditions with a 12 h: 12 h light/ dark cycle (lights on at 07:00), temperature of 174 

approximately 22 °C and relative humidity of approximately 48 %. 175 

2.2 Experimental design  176 

For this study, twenty male guinea pigs were used. The experimental phase started after weaning at 177 

PND 21 (±3) and lasted six weeks, meaning the animals were 60 (±3) days of age when the experiments 178 

ended. In guinea pig males, sexual maturity is usually reached around PND 70 [56]. Each male was paired 179 

with a female which was the same age. The male and his respective female partner stem from different 180 

harem groups, meaning they were neither half nor full siblings. To investigate the influence of distinct 181 

social environments on behavioural and hormonal phenotypes, they were randomly assigned to one of 182 

two social conditions. Males of both groups lived in heterosexual pairs, but males of one group were 183 

additionally socially stimulated (see 2.3 Social stimulation) regularly (pair-housed male with additionally 184 

social stimulation; PM+S condition), while males of the other group were not (pair-housed male without 185 

additional social stimulation; PM-S condition).  The twenty males were organized into ten experimental 186 

pairs, each consisting of one PM+S male and one PM-S male. To control for variability in housing 187 

conditions the home enclosures of both males within an experimental pair- each housed together with 188 

their respective female partner- were placed side by side in the same housing room. All experimental 189 

procedures (cortisol response tests, body weight measurements, video recordings) were conducted in 190 

parallel within each experimental pair to minimise variability in timing of the experiments. 191 



In total, four cortisol response tests (CRTs) to measure basal and reaction cortisol values (see 2.4 192 

Assessment of hormone concentrations) were conducted within the six week long experimental 193 

phase (Fig. 1). The first CRT was conducted before the social stimulation treatment started and is thus 194 

referred to as CRT0. CRT0 was conducted in the first experimental week, CRT1 and CRT2 followed 195 

14 (±2) days after the preceding one, while CRT3 was carried out 7 (±2) days after CRT2 (Fig. 1). The 196 

shorter interval between CRT2 and CRT3 was chosen because guinea pigs reach the end of the juvenile 197 

phase and the onset of early adolescence around PND 55 [43]. Extending the interval to 14 days would 198 

have meant that some males might already have reached sexual maturity. Social stimulation and 199 

recording of home enclosure behaviour were randomly distributed across the week to avoid possible 200 

habituation effects and to observe behaviour on different day times. As a results, it was possible that 201 

CRTs, social stimulations and video recordings happened on the same day. 202 

Please note: as part of another project, a battery of behavioural tests to further evaluate social and risk-203 

taking behaviour plus fur swabbing with PDMS (Polydimethylsiloxane) tubes to analyse chemical 204 

fingerprints was conducted in the last week. These procedures took place in the same week as CRT3. 205 

The procedural order of CRT3, behavioural tests and fur swabbing varied across individuals, but was 206 

identical within each experimental pair. The focus males never experienced more than one of these 207 

procedures per day.  208 

 

Figure 1: Procedure of behavioural observations in the home enclosure and cortisol response tests (CRT). Focal males were 
housed with a female partner. One group (PM+S) was regularly additionally stimulated by introducing other individuals into 
the home enclosure while the other group (PM-S) was not. This social stimulation started after CRT0 and lasted until the 
experimental phase was finished at post-natal day (PND) 60±3. Developmental milestones are indicated along the timeline: 
birth (PND 0), weaning (PND 21), and sexual maturity (around PND 70). 
 

2.3 Social stimulation 209 

The social stimulation procedure applied in the present study was adapted from Lürzel and colleagues 210 

[43,44], where additional social stimulation successfully influenced hormonal profiles in adolescent 211 

guinea pig males.  The social stimulation treatment for the respective males (PM+S) started after CRT0. 212 

From then on, social stimulation was applied three times per week for the whole experimental phase. 213 



Social stimulation was conducted by introducing an unknown individual into the home enclosure of the 214 

focus male and his female partner for a maximum of ten minutes.  In each week, two of these 215 

stimulations were done with another male and one with a female. In total, the focus males had a total 216 

of twelve social stimulation sessions with another male and six social stimulation sessions with a female. 217 

The female stimulation animals always came from the harems to ensure they were pregnant and thus 218 

in the same reproductive stadium, preventing a confounding influence of oestrus. While stimulus 219 

females were always adult, the age of stimulus males ranged from 44 to 994 days in total. However, the 220 

vast majority of social stimulations with stimulus males was conducted with a male that was at least 100 221 

days old and thus adult. In only six out of 120 cases in total, three focus males were stimulated with a 222 

male younger than 100 days. Still, they were always older than the focus male. The pool of stimulus 223 

males for each PM+S male included eight to twelve individuals and the pool of stimulus females four to 224 

six individuals. The overall pool of stimulus animals changed over time as stimulus animals left the 225 

experiment and new ones were added at irregular intervals. In total, 29 stimulus animals were used for 226 

the whole experiment. Among those, kinship relations existed. Specifically, the overall pool of stimulus 227 

animals included four full sibling pairs, 25 half-sibling pairs and five parent-offspring pairs. However, not 228 

all stimulus animal were related, and no focus male was stimulated exclusively with stimulus animals 229 

that were all related to each other. If the focus male was stimulated more than once with the same 230 

stimulus animal, there was always a minimum interval of seven days between these stimulation 231 

sessions.  232 

PM+S males never experienced more than one social stimulation session per day and the day and time 233 

of day at which social stimulation occurred was varied in order to avoid possible habituation effects by 234 

introducing unpredictability. Before the stimulation itself begun, the red plastic shelters were 235 

temporarily removed from the home enclosure of the focus male and the video camera was turned on, 236 

since all stimulation sessions were recorded. After the stimulation animals were introduced into the 237 

home enclosure, a timer was started as the sessions had maximum length of ten minutes. When males 238 

displayed escalated aggressive behaviour, the sessions were aborted beforehand to minimise the risk 239 

of injury. Out of a total of 120 stimulation sessions using males as stimulus animals, eight had to be 240 

terminated because aggression escalated. 241 

2.4 Assessment of hormone concentrations 242 

Hormones were measured using blood samples obtained in cortisol response tests (CRTs), a 243 

standardized test in which the endocrine stress response was assessed at different time points following 244 

exposure to a novel environment as stressor [57,58]. The test started between 12:30 and 13:30, as 245 

plasma cortisol concentrations fluctuate throughout the day and a peak is observed at 13:00 [59]. Prior 246 

to that, the animals were undisturbed for one hour.  247 



At the start of the CRT the male was taken out of his home enclosure and placed on the experimenter’s 248 

lap outside of the housing room. To facilitate blood flow, a muscle salve (Finalgon® Wärmesalbe DUO, 249 

Zentiva Pharma GmbH, Frankfurt am Main, Germany) for expanding the blood vessels was applied to 250 

the guinea pig’s ear and wiped off again. After that, the marginal ear vessel was punctured with a lancet 251 

(Solofix® Blutlanzetten, B. Braun Melsungen AG, Melsungen, Germany) and blood was collected in 252 

heparinized capillary tubes (Capillary tubes for microhaematocrits, 100 μl, Paul Marienfeld GmbH & Co 253 

KG, Lauda Königshofen, Germany) to later on determine basal cortisol (c0) and basal testosterone (t) 254 

levels. For cortisol, this procedure had to be completed within 3 minutes to prevent the sampling 255 

process itself from influencing the hormone values in the obtained sample itself [59]. Such stress-256 

induced changes in hormone values appear later in testosterone than in cortisol [59] and collecting a 257 

sufficient amount of blood for testosterone assays requires slightly more time. Therefore, blood samples 258 

for testosterone were collected within 6 minutes, which represents a compromise between sample 259 

quality and animal welfare and follows the procedure applied in earlier studies (e.g., [6,7,19,60]). Then, 260 

the guinea pig was singly placed into an unfamiliar enclosure in a different housing room where it stayed 261 

for a total of two hours. This enclosure had a size of 1 m2, wall height of 0.5 m and was equipped with 262 

wood shavings, food and water. Exactly one and two hours after the first one, blood sampling was 263 

repeated to determine first (c1) and second (c2) cortisol responsiveness. The guinea pigs were weighed 264 

after each blood sampling and returned to their home enclosure after the last one.  265 

To separate the blood plasma, the sample was centrifugated (13,000 × g for 5 min), transferred into a 266 

1.5 mL Eppendorf tube and deep frozen at -20°C until assayed. Hormone concentrations were 267 

determined in duplicate using enzyme-linked immunosorbent assays (ELISA) (cortisol: RE52061, 268 

IBL International, Hamburg, Germany; antibody cross-reactivity: cortisol (100%), prednisolone (30%), 269 

11-deoxycortisol (20%), cortisone (10.7%), prednisone (6.5%), 17 α-hydroxyprogesterone (5.4%), 6β-270 

hydroxycortisol (4.4%), corticosterone 3.8%, desoxycorticosterone (1.8%); testosterone: RE52151, IBL 271 

International, Hamburg, Germany; antibody cross-reactivity: testosterone 100%, 11β-OH-testosterone 272 

8.7%, 11α-OHtestosterone, 3.2%, dihydrotestosterone 1.9%). Intra- and inter-assay CVs were 273 

determined 2.09% and 3.98% for cortisol and 4.7% and 5.7% for testosterone. 274 

In some cases, it was not possible to collect a sufficient amount of blood for the ELISA, resulting in a 275 

decreased sample size. For each CRT, the sample size per group ranged between n = 4 and n = 10.   276 

2.5 Assessment of behavioural parameters 277 

To analyse how distinct social environments influence (social) behaviour, the home enclosure behaviour 278 

(i.e., outside social stimulation sessions for PM+S males) of the focus males in both conditions was 279 

observed by filming them at least two times per week for one hour each. For this purpose, a video 280 

camera (Panasonic HC-V785 or SONY HDR-CX405) was installed approximately 1.5 m above each 281 



experimental home enclosure. The day and time (usually between 09:00 and 15:00) at which the videos 282 

were recorded was randomized. In total, a minimum of 12 h of home enclosure behaviour was collected 283 

for each individual, with some animals contributing up to 18 h. The total observation time was the same 284 

for one PM+S male and one PM-S male within an experimental pair. Since behaviour was analysed as 285 

frequency per hour, variation in total observation time was accounted for. The subsequent analysis was 286 

done with the program Interact (Interact, Lab Suite Version 2022, Program version 20.8.3.0, Mangold 287 

International GmbH, Arnstorf, Germany). The videos were blinded and randomized, ensuring ID and 288 

treatment of the respective individual as well as the time of recording were unknown to the observer.  289 

The observed behaviours were summarized into the following categories: courtship and sexual 290 

behaviour, sociopositive behaviour, agonistic behaviour and play. The full ethogram can be found in the 291 

supplementary material (Tab. S1). 292 

2.6 Statistical analysis 293 

Data analysis was carried out with RStudio version 2022.07.0 [61]. A priori sample-size calculation was 294 

conducted using the software G*Power version 3.1.9.7 [62]. The calculations were based on baseline 295 

and response cortisol values. Previous studies showed that effects of the social environment on cortisol 296 

concentrations are large, with estimated effect size of f = 0.69 [57,63]. To detect effects with f = 0.69 297 

with an α error probability of 0.05 and a power of 80% a total sample size of at least 19 animals would 298 

be needed. Thus, we decided to use a total sample size of n = 20 animals with n = 10 animals per 299 

treatment group. 300 

Linear mixed-effect models were used to analyse the influence of the social condition on hormone 301 

concentrations using the lme4 [64] and lmerTest package [65]. In total, four models were fit with 1) 302 

baseline cortisol, 2) baseline testosterone, 3) cortisol responsiveness after 1 hour and 4) cortisol 303 

responsiveness after 2 hours as a respective response variable. Although baseline cortisol, cortisol 304 

responsiveness after 1 hour and cortisol responsiveness after 2 hours were significantly correlated 305 

(Tab. S5), these measures reflect distinct biological aspects of the stress response. Baseline cortisol 306 

represents basal stress levels, cortisol responsiveness after 1 hour reflects the speed of the stress 307 

response and cortisol responsiveness after 2 hours its magnitude [45,66]. Therefore, these variables 308 

were analysed separately. To improve model fit, all response variables were square root transformed. 309 

To investigate changes in hormone concentrations over time, we added the interaction between social 310 

condition (additional social stimulation versus no additional stimulation) and the variable CRT, 311 

representing the first, second and third CRT conducted after treatment, as a fixed effect. We excluded 312 

data from the CRT conducted before the treatment (CRT0) from the analyses for the following reasons: 313 

first, the focus of this study was to analyse the effects of social stimulation on hormone concentrations 314 

over time, and CRT0 was conducted before social stimulation started. Second, it is known that young 315 



animals generally show higher corticosteroid concentrations due to the ongoing maturation of the HPA 316 

axis [42]. In their study, Kaiser and Sachser [42] found high baseline cortisol levels in guinea pigs at 20 317 

days of age, which declined by day 34 and remained constant thereafter, marking the completion of 318 

HPA axis maturation [42].  Since CRT0 was performed when the experimental animals were around 21 319 

days of age, including this data in the analyses would likely have introduced outliers caused by these 320 

maturation processes, potentially confounding the interpretation of treatment-related effects. 321 

However, hormone concentrations at CRT0 were still compared between the treatment groups using 322 

Wilcoxon rank-sum test to confirm there were indeed no differences between the groups prior to 323 

treatment. Furthermore, the continuous variable body weight was first mean-centered and then 324 

included as a fixed effect because earlier studies in guinea pigs have shown that body weight can 325 

influence hormone concentrations [45,50]. Last, we fitted ID as a random effect. We used the 326 

performance [67] and DHARMa package [68] to check model assumptions. Marginal and conditional R2 327 

values were calculated using the performance package [67], while partial R2 values for individual 328 

predictors were calculated using the sensemakr package [69]. Pair-wise comparisons for treatment, CRT 329 

and treatment*CRT interaction were done by applying Tukey’s adjustment for multiple comparison 330 

using the emmeans package [70]. 331 

Another linear-mixed effect model was fitted to analyse whether treatment affected body weight. Body 332 

weight measured after the first blood sampling in CRT1, CRT2 and CRT3 was modelled as a continuous 333 

response variable. The interaction between treatment and CRT was used as fixed effect to investigate 334 

the influence of treatment over time. ID was included as random effect. Pairwise comparison and R2 335 

estimations were conducted as described for the hormone concentrations. Also, body weight at CRT0 336 

was compared between the treatment groups using Wilcoxon rank-sum tests to confirm there were 337 

indeed no differences prior to treatment. As previously mentioned, body weight was included as a fixed 338 

effect in the linear mixed-effect models for hormone concentrations. Any significant effect of body 339 

weight was further examined by calculating Pearson’s correlation coefficients for each treatment group 340 

separately. Body weight was mean-centered for each time point (CRT1, CRT2, CRT3) and the correlation 341 

coefficients were then calculated across all time points and for each time point separately. To determine 342 

whether the correlations for each time point differed significantly between treatment groups, Fisher’s 343 

z-test was conducted using the cocor package [71]. 344 

Adjusted repeatability estimates of hormone concentrations and body weight were calculated for each 345 

of the treatment groups using the rprR package [72]. 95% confidence intervals were determined by 346 

parametric bootstrapping (N = 1000), and likelihood ratio tests were used for significance testing. The 347 

models used to estimate adjusted repeatability were the same as mentioned before, with the only 348 

exception that treatment was removed as fixed effect. 349 



For the analysis of the home enclosure behaviour, count data of behaviours from the coded videos was 350 

transformed into frequencies (occurrence per hour). Several behaviours were observed in only a few 351 

individuals, resulting in a zero-inflation of data which was detected using the performance package [67]. 352 

Therefore, we pooled behaviour into three categories: sociopositive behaviour, courtship and sexual 353 

behaviour and play behaviour, with individual behaviours being summed within each category. Agonistic 354 

behaviour was excluded from the analysis since it only occurred in a single individual. Generalized linear 355 

mixed-effect models with negative binomial distribution accounting for the zero-inflated data were fit 356 

for each behavioural category using the lme4 package [64]. Again, interaction between treatment and 357 

time was used as fixed effect in the models to investigate the influence of treatment over time. Time 358 

was categorized into “Phase 1” (1st and 2nd experimental week), “Phase 2” (3rd and 4th experimental 359 

week) and “Phase 3” (5th and 6th experimental week). ID was again fitted as a random effect. Model 360 

assumptions as well as the estimation of the different R2 values were conducted in the same manner as 361 

for the analysis of hormone concentrations. Pair-wise comparisons for treatment, phase and 362 

treatment*phase interaction were done by applying Tukey’s adjustment for multiple comparison using 363 

the emmeans package [70]. 364 

Model summaries and detailed test statistics can be found in the supplementary material 365 

3. Results 366 

Descriptive statistics for all hormone measurements, body weight and behaviour for each respective 367 

time point can be found in the supplementary material (Tab. S2-S4). 368 

3.1 Effects of social environment on hormone concentrations and body weight 369 

The comparison of hormone concentrations (c0, c1, c2, t) at CRT0 using Wilcoxon rank-sum tests 370 

revealed no significant differences between the social conditions prior to treatment (see supplementary 371 

material, Tab. S6). 372 

Regarding baseline cortisol and testosterone levels (Fig. 2), neither a significant effect of treatment 373 

condition or time (CRT), nor a significant treatment-by-time interaction effect was found (see 374 

supplementary material, Tab. S11 + S14). 375 



 

Figure 2: Baseline cortisol (a) and testosterone (b) concentrations (ng ml-1) two weeks (CRT1), four weeks (CRT2) and five 
weeks (CRT3) after treatment start. Males were either additionally socially stimulated (PM+S) or not (PM-S). Plotted are 
medians (horizontal lines), first to third quartiles (boxes), whiskers and all data points.  
 

Regarding cortisol responsiveness at 1 hour (c1) of exposure to a novel environment a significant 376 

treatment-by-time interaction effect was found between CRT1 and CRT2 (ß = 3.92 ± 1.34, t = 2.92, p = 377 

0.006) as well as between CRT1 and CRT3 (ß = 2.94 ± 1.34, t = 2.19, p = 0.035), where c1 values 378 

decreased for the PM+S group (Fig. 3a). For cortisol responsiveness at 2 hours (c2) of exposure to a 379 

novel environment (Fig. 3b), a significant treatment-by-time interaction effect between CRT1 and CRT2 380 

(ß = 4.2 ± 1.7, t = 2.46, p = 0.019) was found, with c2 values decreasing for the PM+S group. 381 

 

Figure 3: Cortisol concentrations (ng ml-1) at one hour (a) and two hours (b) of exposure to a novel environment two 
weeks (CRT1), four weeks (CRT2) and five weeks (CRT3) after treatment start. Males were either additionally socially stimulated 
(PM+S) or not (PM-S). Plotted are medians (horizontal lines), first to third quartiles (boxes), whiskers and all data points. 
Horizontal lines indicate significant treatment-by-time interaction effects. *p < 0.05 **p < 0.01. 



Regarding body weight, the comparison at CRT0 using a Wilcoxon rank-sum test revealed no significant 382 

differences between the social conditions prior to treatment (see supplementary material, Tab. S6). In 383 

both social conditions, body weight significantly increased over time: In the PM-S group, significant 384 

effects occurred from CRT1 to CRT2 (ß = -101.2 ± 6.62, t = -15.28, p < 0.001), CRT1 to CRT3 (ß = -143.1 385 

± 6.62, t = -21.61, p < 0.001) and CRT2 to CRT3 (ß = -41.9 ± 6.62, t = -6.33, p < 0.001). In the PM+S group, 386 

significant effects also occurred from CRT1 to CRT2 (ß = -116.1 ± 6.62, t = -17.53, p < 0.001), CRT1 to 387 

CRT3 (ß = -151.7 ± 6.62, t = -22.91, p < 0.001) and CRT2 to CRT3 (ß = -35.6 ± 6.62, t = -5.38, p < 0.001). 388 

The statistical analysis of hormone concentrations showed that c1 concentrations are significantly 389 

associated with body weight (ß = -0.03 ± -0.01 t = -4.32, p < 0.001), indicating that males with higher 390 

body weight displayed lower c1 concentrations. This association was further examined in more detail 391 

by calculating Pearson’s correlation coefficients.  At CRT1, body weight and c1 had a significant, strong 392 

negative correlation in the PM+S group (r = -0.81, t = -3.88, p = 0.005) and a weak negative correlation 393 

in the PM-S group (r = -0.26, t = -0.76, p = 0.472). At CRT2, body weight and c1 had a significant, 394 

moderate negative correlation in the PM+S group (r = -0.69, t = -2.67, p = 0.028) and a weak, negative 395 

correlation in the PM-S group (r = -0.11, t = -0.31, p = 0.762). At CRT3, body weight and c1 had a 396 

significant, strong negative correlation in the PM+S group (r = -0.74, t = -3.13, p = 0.014) and a significant, 397 

strong negative correlation in the PM-S group (r = -0.71, t = -2.89, p = 0.02). Comparisons between the 398 

correlations of the social conditions were however not significant for any time point (see supplementary 399 

material, Tab. S17). These correlations between body weight and c1 concentrations over all timepoints 400 

(CRT1, CRT2, CRT3) are displayed in Figure 4. 401 

 

Figure 4: Linear association between cortisol concentrations (ng ml-1) at one hour of exposure to a novel environment and 
body weight two weeks (CRT1), four weeks (CRT2) and five weeks (CRT3) after treatment start. Males were either additionally 
socially stimulated (PM+S) or not (PM-S). Plotted are regression lines, confidence intervals and all data points. Pearson’s 
correlation coefficients (r) and p-values are shown in each panel. 

 



Adjusted repeatability was analysed for hormone concentrations (baseline cortisol, baseline 402 

testosterone, cortisol responsiveness after 1 and 2 hours) in both social conditions (Fig. 5). 403 

Baseline cortisol (c0) was not significantly repeatable under any social condition (PM+S group: R = 0, CI 404 

= [0, 0.81], p = 1; PM-S group: R = 0.18, CI = [0, 0.74], p = 0.331). Similarly, also baseline testosterone (t) 405 

was not repeatable in either of the two social conditions (PM+S group: R = 0.07, CI = [0, 0.55], p = 0.44; 406 

PM-S group (R = 0, CI = [0, 0.47], p = 1) In contrast to this, repeatability of cortisol responsiveness after 407 

1 hour (c1) differs between the two social conditions: while it showed very low and non-significant 408 

repeatability in the PM+S group (R = 0.04, CI = [0, 0.51], p = 0.495), it was significantly repeatable in the 409 

PM-S group with moderate repeatability estimates (R = 0.45, CI = [0.03, 0.79], p = 0.014). For cortisol 410 

responsiveness after 2 hours (c2) we found moderate and significant repeatability under both social 411 

conditions (PM+S group: R = 0.42, CI = [0, 0.55], p = 0.04; PM-S group: R = 0.52, CI = [0.09, 0.85], p = 412 

0.015). Please note, that the significant p-value for c2 in the PM+S group has to be interpreted with 413 

caution as the confidence intervals included zero [51,73]. 414 

 

Figure 5: Repeatability (R) of baseline cortisol (c0), cortisol responsiveness after 1 (c1) and 2 hours (c2) of exposure to a novel 
environment and baseline testosterone (t). Males were either additionally socially stimulated (PM+S) or not (PM-S). Plotted 
are adjusted repeatability (data points) and confidence intervals (whisker). *p < 0.05, *** p < 0.001. 

 415 

 416 

 417 



3.2 Effects of social environment on social behaviour 418 

For sociopositive behaviour, there was a significant effect of time (phase) between phase 1 and phase 419 

3 for both the PM-S group (ß = -0.92 ± 0.34, z = -2.74, p = 0.017) and the PM+S group (ß = -1.29 ± 0.33, 420 

z = -3.9, p < 0.001). In both groups, the frequency of sociopositive behaviour increased over time (Fig. 421 

6a). Furthermore, a significant increase of courtship and sexual behaviour was only found in the PM+S 422 

group (ß = -2.38 ± 0.76, z = -3.13, p = 0.005) (Fig. 6b). Play behaviour was observed in both social 423 

conditions (see supplementary material, Tab. S4), however, neither a significant effect of treatment or 424 

time (phase), nor a significant treatment-by-time interaction effect was found (see supplementary 425 

material, Tab. S24). 426 

 

Figure 6: Frequency (per h) of (a) sociopositive behaviour and (b) courtship and sexual behaviour in “Phase 1” (1st and 2nd 
experimental week), “Phase 2” (3rd and 4th experimental week) and “Phase 3” (5th and 6th experimental week). Males were 
either additionally socially stimulated (PM+S) or not (PM-S). Plotted are medians (data points) and first to third quartiles 
(whiskers). *p < 0.05, ** < 0.01, *** p < 0.001. 

 

Discussion 427 

In this study, we examined potential effects of different social environments on the endocrine and 428 

behavioural phenotype in juvenile male guinea pigs.  By repeatedly analysing hormonal and behavioural 429 

parameters during juvenility, we aimed to explore how time and social environment might interact in 430 

the way they affect these phenotypes during this early phase. For this purpose, male guinea pigs kept 431 

under pair-housing conditions with one female only (PM-S) were compared with males who lived with 432 

one female, too, but received additional social stimulation by interactions with unfamiliar males and 433 

females (PM+S). PM+S males showed an initially increased cortisol responsiveness which decreased 434 

again over time. Cortisol responsiveness was also significantly affected by body weight, this finding was 435 



however independent of social condition. Baseline cortisol and baseline testosterone concentrations, 436 

by contrast, were not affected by social condition. Repeatability analyses revealed that baseline cortisol 437 

and testosterone were not repeatable in either social condition, whereas cortisol responsiveness was 438 

repeatable in the PM-S condition and partly repeatable in the PM+S condition. Regarding behaviour, 439 

the frequency of sociopositive behaviour significantly increased over time in both social conditions, 440 

while an increase in the frequency of courtship and sexual behaviour was shown in the PM+S condition 441 

only. Play behaviour was not affected by social condition.  442 

4.1 Modulation of cortisol responsiveness by the social environment 443 

Cortisol responsiveness was different between social conditions. Males without additional social 444 

stimulation (PM-S) showed no changes in cortisol responsiveness over time, indicating a stable stress 445 

response across the experimental phase. This pattern is in line with earlier studies in adolescent [43,44] 446 

and adult guinea pigs [19], where pair-housed males without additional social stimulation likewise 447 

showed no difference in cortisol responsiveness before and after the treatment phase.  448 

Males with additional social stimulation (PM+S), however, displayed an initially elevated cortisol 449 

responsiveness. More specifically, in the cortisol response test (CRT) conducted two weeks after start 450 

of social stimulation, cortisol responsiveness was higher in PM+S males than in PM-S males. In earlier 451 

studies, additional social stimulation led to a significantly decreased cortisol responsiveness in 452 

adolescent male guinea pigs compared to males without additional social stimulation [43,44]. Those 453 

studies however compared cortisol responsiveness before and after the end of the social stimulation 454 

treatment, whereas the heightened stress response in PM+S males in this study occurred during the 455 

experimental phase. One might argue that two weeks of social stimulation constituted a stressful 456 

environment, as shown in other rodent studies where short-term (one to two weeks) exposure to 457 

chronic mild or unpredictable stress increased basal serum corticosterone levels [74–77]. But in this 458 

study, baseline cortisol values did not differ between males of both social conditions, suggesting social 459 

stimulation per se did not lead to prolonged higher stress levels. However, animals confronted with 460 

unpredictable interactions with unfamiliar conspecifics live in a more challenging environment than 461 

pair-housed males without additional social stimulation [50]. Under such conditions, a higher endocrine 462 

responsiveness to social stressors in such a situation could be beneficial. This reactivity provides the 463 

organism with energy and shifts it into a state of heightened reactivity which is a prerequisite for 464 

responding to environmental challenges in an appropriate way [78]. This has already been 465 

demonstrated in birds, where individuals with higher corticosterone responses are more successful in 466 

unpredictable conditions and thus better able to cope with environmental change [79,80]. 467 

Consequently, the initially heightened stress responsiveness in PM+S males could hint towards a 468 

possible endocrine adjustment process to the unpredictable and socially challenging environment. In 469 



the subsequent CRTs cortisol responsiveness in PM+S males significantly decreased again. Hence, at the 470 

end of the experimental phase cortisol responsiveness of PM+S and PM-S males almost converged. This 471 

finding could also be explained in terms of endocrine adjustment. As previously mentioned, additional 472 

social stimulation did not elevate baseline stress levels and only eight out of 180 social stimulation 473 

sessions had to be terminated due to escalated aggression. Thus, the PM+S males might have learned 474 

that social stimulations were not inherently harmful. A stress-induced HPA activation (i.e., heightened 475 

cortisol responsiveness) is metabolically costly [18] and it is therefore beneficial for an organism to 476 

reduce HPA activity to stressors without harm [81]. Endocrine adjustments to the social environment 477 

have already been reported in multiple studies in adolescent and adult guinea pigs (e.g., 478 

[6,7,19,43,44,82]). More recently, such findings have been conceptually integrated into the framework 479 

of social niche conformance, which has gained prominence in behavioural ecology [1,8,83]. The 480 

individualized social niche describes the unit that is shaped by social interactions of a focal individual 481 

with conspecifics [1,50], whereas social niche conformance refers to the process by which individuals 482 

adjust to an existing social environment through shaping of their hormonal and/ or behavioural 483 

phenotype [1,8,83,84]. This concept has also been applied to guinea pigs, where endocrine mechanisms 484 

are known to mediate adjustments to the social environment [8]. The results support our hypothesis 485 

that cortisol responsiveness differs between the two social conditions during juvenility. Additionally, 486 

they could be viewed as consistent with the social niche conformance concept. Males with additional 487 

social stimulation displayed an initially increased stress responsiveness, enabling them to adequately 488 

react to the unpredictable social encounters. Over times, they then conformed to this challenging 489 

environment and displayed a decrease in cortisol responsiveness again. 490 

Finally, we investigated the repeatability of hormone concentrations to assess the stability of endocrine 491 

trait expression within individuals and to examine whether social environment affects this stability, as 492 

suggested by previous studies [50,85–87]. In adolescent and adult male guinea pigs, baseline 493 

testosterone was repeatable in males housed in mixed-sex colonies but not in males housed in mixed-494 

sex pairs [50]. This finding was attributed to the occupation of individual social niches by males under 495 

more complex colony-housing conditions [50]. In the present study, baseline testosterone was not 496 

repeatable in either social condition. This could be explained by the juvenile life stage of the males and 497 

the absence of treatment-related differences in testosterone levels, suggesting that effects of social 498 

environment on endocrine trait stability, particularly for testosterone, may emerge only later in life 499 

when individual social niches are more established. For baseline cortisol and cortisol responsiveness, 500 

repeatability estimates also did not differ systematically between social conditions, consistent with 501 

previous findings in adolescent and adult male guinea pigs [50]. However, these results should be 502 

interpreted with caution, as the confidence intervals were wide and either close to or included zero 503 

[51,73]. Nevertheless, our findings align with a general pattern reported in a meta-analysis, showing 504 



that repeatability estimates tend to be higher for peak hormone levels than for baseline levels [88]. The 505 

reason for this might be elevated hormone responses (e.g., through stress) capturing a more defined 506 

aspect of endocrine function, while baseline hormone levels can represent multiple different biological 507 

functions [85,89].   508 

4.2 Social environment affected courtship and sexual behaviour, but not testosterone 509 

concentrations 510 

Sociopositive behaviour significantly increased from the beginning to the end of the experimental phase 511 

in both treatment groups, suggesting a social relationship has been established between the males and 512 

their respective female partners [41].  513 

Regarding play behaviour, no differences between treatment groups were found, however, play 514 

behaviour occurred in both social conditions. The occurrence of play behaviour is an indicator of positive 515 

affective state [90] and of environmental conditions that are perceived as safe and non-stressful [49]. 516 

Together with the almost complete absence of agonistic behaviour, this supports the interpretation that 517 

males in both social conditions did not perceive their housing condition as generally stressful [49,91,92]. 518 

These findings are consistent with the endocrine results, as baseline cortisol values did not differ 519 

between social conditions, indicating that social stimulation per se did not lead to prolonged higher 520 

stress levels.  521 

Regarding courtship and sexual behaviour, we hypothesized that males with and without additional 522 

social stimulation show differences in these behaviours, based on previous research demonstrating that 523 

early social experience influences sexual behaviour [37]. For example, male guppies (Poecilia reticulata) 524 

reared with adult males showed earlier and more frequent courtship displays than males reared with 525 

adult females only [37]. In our study, this hypothesis was only partly supported: although no significant 526 

differences between treatment groups were found, courtship and sexual behaviour significantly 527 

increased over time in PM+S males only. An earlier onset of sexual maturity in those males seems 528 

unlikely, as this is typically accompanied by a peak in testosterone in male rodents [93,94]. In this study, 529 

however, we neither found differences in testosterone levels between PM+S and PM-S males, nor did 530 

testosterone levels significantly increase over time in PM+S males. In a study where baseline 531 

testosterone levels between colony-housed and individually-housed males were measured repeatedly 532 

from juvenility until adulthood, significant differences were also only found from an age of 90 days (i.e., 533 

adolescence), but not an age of 30 or 60 days (i.e., juvenility) [95]. Instead, two non-exclusive 534 

explanations could account for the results obtained here. First, it is possible that PM+S males were able 535 

to observe such behaviour from adult stimulus males courting the focus male’s female partner during 536 

the stimulation sessions. Immature guppies, for example, also learn courtship behaviour by observing 537 

experienced male conspecifics [37]. Second, dramatic changes in testosterone levels are not necessarily 538 



required for the development of sexual behaviour [96].  In laboratory rats (Rattus norvegicus f. 539 

domestica), males pair-housed during adolescence displayed more sexual behaviour than single-housed 540 

males, regardless of pubertal testosterone levels [96]. This suggests that social experiences during 541 

critical developmental phases can organize neural structures that mediate sexual behaviour [96,97]. In 542 

another rat study for example, single-housed males showed smaller volume and neuronal soma size in 543 

a sexually relevant brain nucleus and, in parallel, displayed less frequent and delayed sexual behaviours 544 

compared to group-housed males [97]. Similarly, social stimulation during the juvenile phase may have 545 

promoted the development or reorganization of neural circuits underlying courtship and sexual 546 

behaviour [96,97] through increased opportunities to observe and practice courtship behaviour [37]. 547 

The influence of social environment on behavioural phenotypes has also been discussed within the 548 

framework of social niche conformance. For example, in zebra finches (Taeniopygia guttata), males 549 

adjusted their courtship and competitive behaviour to the social environment without corresponding 550 

changes in testosterone or corticosterone levels, suggesting that such adjustments of behavioural 551 

phenotype can occur independently of endocrine modulation [84]. In guinea pigs, living in different 552 

social environments during adolescence leads to adaptive shaping of the behavioural phenotype 553 

[1,8,19,82]. Males conform to the respective social environment (low vs. high population density) using 554 

either a high-aggressive resource defense or low-aggressive queuing strategies, thereby realizing 555 

different individualized social niches [1,8,82]. In this context, the observed increase in courtship and 556 

sexual behaviour in PM+S males in the present study could also reflect a social niche conformance 557 

process, helping individuals to adjust to a more complex social environment characterized by both 558 

increased potential mating opportunities and mating competition. 559 

4.3 Body weight and its negative association with cortisol responsiveness 560 

Body weight can reflect immediate responses to socially challenging environments [4,6]. In adolescent 561 

guinea pigs, for example, males reared in heterosexual pairs showed significant weight loss during the 562 

initial days in an unfamiliar mixed-sex colony, whereas body weight of males reared in such colonies 563 

remained unaffected [6]. Thus, we hypothesized that juvenile body weight would also differ between 564 

males with and without additional social stimulation. However, no differences regarding body weight 565 

were found between males of the two social conditions in this study. This finding further supports the 566 

assumption that social stimulation per se did not lead to prolonged higher stress levels, which are often 567 

associated with decreased body weight resulting from reduced food intake and enhanced catabolic 568 

processes through elevated glucocorticoid secretion [4,98]. 569 

Interestingly, body weight was significantly negatively correlated with cortisol responsiveness after 1 570 

hour. In guinea pigs, cortisol responsiveness after 1 hour reflects the speed of the stress response, 571 

whereas cortisol responsiveness after 2 hours indicates its magnitude [45,66]. The observation of only 572 



cortisol responsiveness after 1 hour, but neither baseline cortisol levels nor cortisol responsiveness after 573 

2 hours being negatively affected by body weight, suggests guinea pig males with higher body weights 574 

have a slower cortisol response. This would mean the maximum stress response might not be different 575 

between bigger and smaller individuals, but the time it takes to reach this maximum. In rats, diet-576 

induced obese animals were hyporesponsive to chronic stress [99] and had a blunted stress response 577 

following psychosocial stress exposure [100].  Reasons for this could involve body weight dependent 578 

differences in the adrenal gland [101] and availability or secretion of cortisol or cortisol binding globulins 579 

[102,103]. However, it remains unclear whether similar physiological processes were involved here, as 580 

the animals in this study were neither obese nor under chronic stress, and findings from such studies 581 

are therefore difficult to directly compare with our results.  582 

Even though no statistical differences between treatment groups could be found (which might become 583 

detectable with a larger sample size), the negative correlation between body weight and cortisol 584 

responsiveness seemed to be more pronounced in PM+S males. At the end of the experimental phase, 585 

however, the correlation between body weight and cortisol responsiveness in PM-S males was almost 586 

as high as in PM+S males and also significant. This might suggest an earlier onset of the effect that causes 587 

higher body weight to negatively influence cortisol responsiveness in PM+S males. Previous studies in 588 

mice and rats have shown that social factors can for example influence adrenal gland weight and thus 589 

HPA reactivity [104–106], but the mechanisms underlying such patterns in guinea pigs remain rather 590 

unexplored. Earlier studies in guinea pigs have also reported associations between body weight and 591 

cortisol responsiveness [45,50]. However, these effects vary in their direction and the underlying causes 592 

remain unclear, thus highlighting the need for further investigations. 593 

4.4 Conclusion 594 

The present study demonstrates that distinct social environments during juvenility influence both 595 

hormonal and behavioural phenotypes in male guinea pigs. Juvenile males exposed to additional social 596 

stimulation displayed a decrease in cortisol responsiveness and an increase in courtship and sexual 597 

behaviour over time, which could possibly promote niche conformance processes to a more complex 598 

social environment. These findings emphasize juvenility as another important developmental phase 599 

during which early-life experiences can shape hormonal and behavioural phenotypes. 600 

Ethics 601 

All procedures complied with the regulations covering animal experimentation within Germany (Animal 602 

Welfare Act) and the EU (European Communities Council Directive 2010/ 63/ EU), and were approved 603 

by the local and federal authorities (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-604 

Westfalen “LANUV NRW”, reference number: 81-02.04.2022.A080). 605 



 606 

Funding 607 

This research was funded by the German Research Foundation (DFG) as part of the SFB TRR 212 (NC3), 608 

project numbers 316099922 and 396777165 (responsible PI: S.K.).  609 

CRediT authorship contribution statement 610 

Melanie Gleske: Methodology; writing – original draft; investigation; formal analysis; visualization; data 611 

curation. S. Helene Richter: Conceptualization; Writing – review and editing. Sylvia Kaiser: 612 

Conceptualization; methodology; supervision, writing – review and editing; funding acquisition. 613 

Carolin Mundinger: Formal analysis. All authors critically revised the manuscript and gave final approval 614 

for publication. 615 

Declaration of competing interests 616 

The authors declare no conflict of interests. 617 

Data availability 618 

Open data/code are not available yet but will be accessible with peer-reviewed publication. 619 

Acknowledgements  620 

We would like to thank Sabine Kruse for conducting the endocrine analysis and Raphael Beermann and 621 

Clarissa Lindemann for animal caretaking and assistance with the experiments. We are furthermore 622 

grateful to Maximilian Baldy for assistance with the experiments and for constructive comments and 623 

suggestions that improved the manuscript. We also thank Alexandra Mutwill for valuable scientific input 624 

and insightful suggestions. 625 

Appendix A. Supplementary data 626 

References 627 

[1] M.I. Kaiser, J. Gadau, S. Kaiser, C. Müller, S.H. Richter, Individualized social niches in animals: 628 

Theoretical clarifications and processes of niche change, Bioscience 74 (2024) 146–158. 629 

https://doi.org/10.1093/biosci/biad122. 630 

[2] F. Mery, J.G. Burns, Behavioural plasticity: an interaction between evolution and experience, Evol. 631 

Ecol. 24 (2010) 571–583. https://doi.org/10.1007/s10682-009-9336-y. 632 

[3] B. Li, Y. Wang, L. Rong, W. Zheng, Research progress on animal environment and welfare, Anim. 633 

Res. One Health 1 (2023) 78–91. https://doi.org/10.1002/aro2.16. 634 



[4] K. Schumann, A. Guenther, K. Jewgenow, F. Trillmich, Animal housing and welfare: effects of 635 

housing conditions on body weight and cortisol in a medium-sized rodent (Cavia aperea), J. Appl. 636 

Anim. Welf. Sci. 17 (2014) 111–124. https://doi.org/10.1080/10888705.2014.884407. 637 

[5] I.A.S. Olsson, K. Westlund, More than numbers matter: The effect of social factors on behaviour 638 

and welfare of laboratory rodents and non-human primates, Appl. Anim. Behav. Sci. 103 (2007) 639 

229–254. https://doi.org/10.1016/j.applanim.2006.05.022. 640 

[6] T.D. Zimmermann, S. Kaiser, N. Sachser, The adaptiveness of a queuing strategy shaped by social 641 

experiences during adolescence, Physiol. Behav. 181 (2017) 29–37. 642 

https://doi.org/10.1016/j.physbeh.2017.08.025. 643 

[7] T.D. Zimmermann, S. Kaiser, M.B. Hennessy, N. Sachser, Adaptive shaping of the behavioural and 644 

neuroendocrine phenotype during adolescence, Proc. Biol. Sci. 284 (2017) 20162784. 645 

https://doi.org/10.1098/rspb.2016.2784. 646 

[8] C. Müller, B.A. Caspers, J. Gadau, S. Kaiser, The Power of Infochemicals in Mediating Individualized 647 

Niches, Trends Ecol. Evol. 35 (2020) 981–989. https://doi.org/10.1016/j.tree.2020.07.001. 648 

[9] L. Jacobson, R. Sapolsky, The role of the hippocampus in feedback regulation of the hypothalamic-649 

pituitary-adrenocortical axis, Endocr. Rev. 12 (1991) 118–134. https://doi.org/10.1210/edrv-12-2-650 

118. 651 

[10] N. Sachser, M.B. Hennessy, S. Kaiser, Adaptive modulation of behavioural profiles by social stress 652 

during early phases of life and adolescence, Neurosci. Biobehav. Rev. 35 (2011) 1518–1533. 653 

https://doi.org/10.1016/j.neubiorev.2010.09.002. 654 

[11] R.M. Sapolsky, Endocrinology of the stress-response, in: J.B. Becker, Breedlove, D., Crews, D., 655 

McCarthy, M. M. (Eds.), Behavioral endocrinology, Second edition, MIT Press, Cambridge, MA, US, 656 

2002: pp. 409–450. 657 

[12] M. Hau, S. Casagrande, J.Q. Ouyang, A.T. Baugh, Glucocorticoid-Mediated Phenotypes in 658 

Vertebrates: Multilevel Variation and Evolution, in: M. Naguib, J.C. Mitani, L.W. Simmons, L. 659 

Barrett, S. Healy, M. Zuk (Eds.), Advances in the Study of Behavior, Elsevier Academic Press, 660 

Amsterdam, 2016: pp. 41–115. https://doi.org/10.1016/bs.asb.2016.01.002. 661 

[13] B.S. McEwen, J.C. Wingfield, The concept of allostasis in biology and biomedicine, Horm. Behav. 662 

43 (2003) 2–15. https://doi.org/10.1016/s0018-506x(02)00024-7. 663 

[14] F. Vera, R. Zenuto, C.D. Antenucci, Expanding the actions of cortisol and corticosterone in wild 664 

vertebrates: A necessary step to overcome the emerging challenges, Gen. Comp. Endocrinol. 246 665 

(2017) 337–353. https://doi.org/10.1016/j.ygcen.2017.01.010. 666 

[15] J.M. Koolhaas, S.M. Korte, S.F. De Boer, B.J. Van Der Vegt, C.G. Van Reenen, H. Hopster, I.C. De 667 

Jong, M.A. Ruis, H.J. Blokhuis, Coping styles in animals: current status in behavior and stress-668 



physiology, Neurosci. Biobehav. Rev. 23 (1999) 925–935. https://doi.org/10.1016/s0149-669 

7634(99)00026-3. 670 

[16] J.M. Koolhaas, A. Bartolomucci, B. Buwalda, S.F. de Boer, G. Flügge, S.M. Korte, P. Meerlo, R. 671 

Murison, B. Olivier, P. Palanza, G. Richter-Levin, A. Sgoifo, T. Steimer, O. Stiedl, G. van Dijk, M. 672 

Wöhr, E. Fuchs, Stress revisited: a critical evaluation of the stress concept, Neurosci. Biobehav. 673 

Rev. 35 (2011) 1291–1301. https://doi.org/10.1016/j.neubiorev.2011.02.003. 674 

[17] E. Mikics, M.R. Kruk, J. Haller, Genomic and non-genomic effects of glucocorticoids on aggressive 675 

behavior in male rats, Psychoneuroendocrinology 29 (2004) 618–635. 676 

https://doi.org/10.1016/S0306-4530(03)00090-8. 677 

[18] R.M. Sapolsky, L.M. Romero, A.U. Munck, How do glucocorticoids influence stress responses? 678 

Integrating permissive, suppressive, stimulatory, and preparative actions, Endocr. Rev. 21 (2000) 679 

55–89. https://doi.org/10.1210/edrv.21.1.0389. 680 

[19] A.M. Mutwill, T.D. Zimmermann, A. Hennicke, S.H. Richter, S. Kaiser, N. Sachser, Adaptive 681 

reshaping of the hormonal phenotype after social niche transition in adulthood, Proc. Biol. Sci. 682 

287 (2020) 20200667. https://doi.org/10.1098/rspb.2020.0667. 683 

[20] E.C. Snell-Rood, An overview of the evolutionary causes and consequences of behavioural 684 

plasticity, Anim. Behav. 85 (2013) 1004–1011. https://doi.org/10.1016/j.anbehav.2012.12.031. 685 

[21] N. Sachser, S. Kaiser, M.B. Hennessy, Behavioural profiles are shaped by social experience: when, 686 

how and why, Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368 (2013) 20120344. 687 

https://doi.org/10.1098/rstb.2012.0344. 688 

[22] A. Berry, V. Bellisario, S. Capoccia, P. Tirassa, A. Calza, E. Alleva, F. Cirulli, Social deprivation stress 689 

is a triggering factor for the emergence of anxiety- and depression-like behaviours and leads to 690 

reduced brain BDNF levels in C57BL/6J mice, Psychoneuroendocrinology 37 (2012) 762–772. 691 

https://doi.org/10.1016/j.psyneuen.2011.09.007. 692 

[23] A.L. Heck, J.A. Sheng, A.M. Miller, S.A. Stover, N.J. Bales, S.M.L. Tan, R.M. Daniels, T.K. Fleury, R.J. 693 

Handa, Social isolation alters hypothalamic pituitary adrenal axis activity after chronic variable 694 

stress in male C57BL/6 mice, Stress Amst. Neth. 23 (2020) 457–465. 695 

https://doi.org/10.1080/10253890.2020.1733962. 696 

[24] C. Ros-Simó, O. Valverde, Early-life social experiences in mice affect emotional behaviour and 697 

hypothalamic-pituitary-adrenal axis function, Pharmacol. Biochem. Behav. 102 (2012) 434–441. 698 

https://doi.org/10.1016/j.pbb.2012.06.001. 699 

[25] P.J. Brunton, Effects of maternal exposure to social stress during pregnancy: consequences for 700 

mother and offspring, Reproduction 146 (2013) R175–R189. https://doi.org/10.1530/REP-13-701 

0258. 702 



[26] A.K. Beery, D. Kaufer, Stress, social behavior, and resilience: Insights from rodents, Neurobiol. 703 

Stress 1 (2015) 116–127. https://doi.org/10.1016/j.ynstr.2014.10.004. 704 

[27] N. Sachser, T.D. Zimmermann, M.B. Hennessy, S. Kaiser, Sensitive phases in the development of 705 

rodent social behavior, Curr. Opin. Behav. Sci. 36 (2020) 63–70. 706 

https://doi.org/10.1016/j.cobeha.2020.07.014. 707 

[28] S. Kaiser, N. Sachser, The effects of prenatal social stress on behaviour: mechanisms and function, 708 

Neurosci. Biobehav. Rev. 29 (2005) 283–294. https://doi.org/10.1016/j.neubiorev.2004.09.015. 709 

[29] T.A. Mousseau, C.W. Fox, The adaptive significance of maternal effects, Trends Ecol. Evol. 13 710 

(1998) 403–407. https://doi.org/10.1016/s0169-5347(98)01472-4. 711 

[30] J.A. Stamps, V.V. Krishnan, Age-dependent changes in behavioural plasticity: insights from 712 

Bayesian models of development, Anim. Behav. 126 (2017) 53–67. 713 

https://doi.org/10.1016/j.anbehav.2017.01.013. 714 

[31] C.G. Gross, Neurogenesis in the adult brain: death of a dogma, Nat. Rev. Neurosci. 1 (2000) 67–73. 715 

https://doi.org/10.1038/35036235. 716 

[32] S.D. Cardoso, M.C. Teles, R.F. Oliveira, Neurogenomic mechanisms of social plasticity, J. Exp. Biol. 717 

218 (2015) 140–149. https://doi.org/10.1242/jeb.106997. 718 

[33] J.A. Fox, M. Wyatt Toure, A. Heckley, R. Fan, S.M. Reader, R.D.H. Barrett, Insights into adaptive 719 

behavioural plasticity from the guppy model system, Proc. R. Soc. B Biol. Sci. 291 (2024) 720 

20232625. https://doi.org/10.1098/rspb.2023.2625. 721 

[34] G. Gheusi, I. Ortega-Perez, K. Murray, P.-M. Lledo, A niche for adult neurogenesis in social 722 

behavior, Behav. Brain Res. 200 (2009) 315–322. https://doi.org/10.1016/j.bbr.2009.02.006. 723 

[35] L. Wei, M.J. Meaney, R.S. Duman, A. Kaffman, Affiliative behavior requires juvenile, but not adult 724 

neurogenesis, J. Neurosci. 31 (2011) 14335–14345. https://doi.org/10.1523/JNEUROSCI.1333-725 

11.2011. 726 

[36] M.H. González, Post-weaning social isolation alters the development of behavioral indices of 727 

sexual maturation and leads to deficits in the sexual behavior of male rats, E-CUCBA (2015). 728 

https://doi.org/10.32870/e-cucba.v0i3.32. 729 

[37] P. Guevara-Fiore, Early social experience significantly affects sexual behaviour in male guppies, 730 

Anim. Behav. 84 (2012) 191–195. https://doi.org/10.1016/j.anbehav.2012.04.031. 731 

[38] T. Ruploh, H.-J. Bischof, N. von Engelhardt, Adolescent social environment shapes sexual and 732 

aggressive behaviour of adult male zebra finches (Taeniopygia guttata), Behav. Ecol. Sociobiol. 67 733 

(2013) 175–184. https://doi.org/10.1007/s00265-012-1436-y. 734 

[39] T.K. Solomon-Lane, H.A. Hofmann, Early-life social environment alters juvenile behavior and 735 

neuroendocrine function in a highly social cichlid fish, Horm. Behav. 115 (2019) 104552. 736 

https://doi.org/10.1016/j.yhbeh.2019.06.016. 737 



[40] A. Mouri, M. Ukai, M. Uchida, S. Hasegawa, M. Taniguchi, T. Ito, H. Hida, A. Yoshimi, K. Yamada, S. 738 

Kunimoto, N. Ozaki, T. Nabeshima, Y. Noda, Juvenile social defeat stress exposure persistently 739 

impairs social behaviors and neurogenesis, Neuropharmacology 133 (2018) 23–37. 740 

https://doi.org/10.1016/j.neuropharm.2018.01.016. 741 

[41] N. Sachser, Of domestic and wild guinea pigs: studies in sociophysiology, domestication, and social 742 

evolution, Naturwissenschaften 85 (1998) 307–317. https://doi.org/10.1007/s001140050507. 743 

[42] S. Kaiser, N. Sachser, Social stress during pregnancy and lactation affects in guinea pigs the male 744 

offsprings’ endocrine status and infantilizes their behaviour, Psychoneuroendocrinology 26 (2001) 745 

503–519. https://doi.org/10.1016/s0306-4530(01)00009-9. 746 

[43] S. Lürzel, S. Kaiser, N. Sachser, Social interaction, testosterone, and stress responsiveness during 747 

adolescence, Physiol. Behav. 99 (2010) 40–46. https://doi.org/10.1016/j.physbeh.2009.10.005. 748 

[44] S. Lürzel, S. Kaiser, N. Sachser, Social interaction decreases stress responsiveness during 749 

adolescence, Psychoneuroendocrinology 36 (2011) 1370–1377. 750 

https://doi.org/10.1016/j.psyneuen.2011.03.010. 751 

[45] T.L. Rystrom, Y. Wesseler, S.H. Richter, N. Sachser, S. Kaiser, Shaped by you: The effect of social 752 

partner on cortisol and behavior during adolescence in a female rodent, Ethology 130 (2024) 753 

e13414. https://doi.org/10.1111/eth.13414. 754 

[46] T.L. Rystrom, S.H. Richter, N. Sachser, S. Kaiser, Social niche shapes social behavior and cortisol 755 

concentrations during adolescence in female guinea pigs, Horm. Behav. 162 (2024) 105539. 756 

https://doi.org/10.1016/j.yhbeh.2024.105539. 757 

[47] A.P. Auger, K.M. Olesen, Brain Sex Differences and the Organisation of Juvenile Social Play 758 

Behaviour, J. Neuroendocrinol. 21 (2009) 519–525. https://doi.org/10.1111/j.1365-759 

2826.2009.01871.x. 760 

[48] S.D.E. Held, M. Špinka, Animal play and animal welfare, Anim. Behav. 81 (2011) 891–899. 761 

https://doi.org/10.1016/j.anbehav.2011.01.007. 762 

[49] A.F.S. Oliveira, A.O. Rossi, L.F.R. Silva, M.C. Lau, R.E. Barreto, Play behaviour in nonhuman animals 763 

and the animal welfare issue, J. Ethol. 28 (2010) 1–5. https://doi.org/10.1007/s10164-009-0167-7. 764 

[50] A.M. Mutwill, H. Schielzeth, S.H. Richter, S. Kaiser, N. Sachser, Conditional on the social 765 

environment? Roots of repeatability in hormone concentrations of male guinea pigs, Horm. 766 

Behav. 155 (2023) 105423. https://doi.org/10.1016/j.yhbeh.2023.105423. 767 

[51] S. Nakagawa, H. Schielzeth, Repeatability for Gaussian and non-Gaussian data: a practical guide 768 

for biologists, Biol. Rev. Camb. Philos. Soc. 85 (2010) 935–956. https://doi.org/10.1111/j.1469-769 

185X.2010.00141.x. 770 

[52] M.E. Wolak, D.J. Fairbairn, Y.R. Paulsen, Guidelines for estimating repeatability, Methods Ecol. 771 

Evol. 3 (2012) 129–137. https://doi.org/10.1111/j.2041-210X.2011.00125.x. 772 



[53] I.B. Chatterjee, Evolution and the Biosynthesis of Ascorbic Acid, Science 182 (1973) 1271–1272. 773 

https://doi.org/10.1126/science.182.4118.1271. 774 

[54] A. Nandi, C.K. Mukhopadhyay, M.K. Ghosh, D.J. Chattopadhyay, I.B. Chatterjee, Evolutionary 775 

significance of vitamin C biosynthesis in terrestrial vertebrates, Free Radic. Biol. Med. 22 (1997) 776 

1047–1054. https://doi.org/10.1016/s0891-5849(96)00491-1. 777 

[55] S. Kaiser, C. Krüger, N. Sachser, The guinea pig, in: H. Golledge, C. Richardson (Eds.), The UFAW 778 

Handbook on the Care and Management of Laboratory and Other Research Animals, Ninth 779 

edition, Wiley-Blackwell, Hoboken, NJ, 2024: pp. 465–483. 780 

https://doi.org/10.1002/9781119555278.ch27. 781 

[56] F. Trillmich, C. Laurien-Kehnen, A. Adrian, S. Linke, Age at maturity in cavies and guinea-pigs (Cavia 782 

aperea and Cavia aperea f. porcellus): influence of social factors, J. Zool. 268 (2006) 285–294. 783 

https://doi.org/10.1111/j.1469-7998.2005.00015.x. 784 

[57] M.B. Hennessy, G. Hornschuh, S. Kaiser, N. Sachser, Cortisol responses and social buffering: a 785 

study throughout the life span, Horm. Behav. 49 (2006) 383–390. 786 

https://doi.org/10.1016/j.yhbeh.2005.08.006. 787 

[58] T.L. Rystrom, R.C. Prawitt, S.H. Richter, N. Sachser, S. Kaiser, Repeatability of endocrine traits and 788 

dominance rank in female guinea pigs, Front. Zool. 19 (2022) 4. https://doi.org/10.1186/s12983-789 

021-00449-2. 790 

[59] N. Sachser, Sozialphysiologische Untersuchungen an Hausmeerschweinchen: Gruppenstrukturen, 791 

soziale Situation und Endokrinium, Wohlergehen, Parey, Berlin, 1994. 792 

https://books.google.de/books?id=741USQAACAAJ. 793 

[60] A.M. Mutwill, H. Schielzeth, T.D. Zimmermann, S.H. Richter, S. Kaiser, N. Sachser, Individuality 794 

meets plasticity: Endocrine phenotypes across male dominance rank acquisition in guinea pigs 795 

living in a complex social environment, Horm. Behav. 131 (2021) 104967. 796 

https://doi.org/10.1016/j.yhbeh.2021.104967. 797 

[61] R Core Team, R: A Language and Environment for Statistical Computing, (2022). https://www.R-798 

project.org/. 799 

[62] F. Faul, E. Erdfelder, A.-G. Lang, A. Buchner, G*Power 3: a flexible statistical power analysis 800 

program for the social, behavioral, and biomedical sciences, Behav. Res. Methods 39 (2007) 175–801 

191. https://doi.org/10.3758/bf03193146. 802 

[63] S. Kaiser, A. Korte, J. Wistuba, M. Baldy, A. Wissmann, M. Dubičanac, S.H. Richter, N. Sachser, 803 

Effects of castration and sterilization on baseline and response levels of cortisol—A case study in 804 

male guinea pigs, Front. Vet. Sci. 9 (2023) 1093157. https://doi.org/10.3389/fvets.2022.1093157. 805 

[64] D. Bates, M. Mächler, B. Bolker, S. Walker, Fitting Linear Mixed-Effects Models Using lme4, J. Stat. 806 

Softw. 67 (2015) 1–48. https://doi.org/10.18637/jss.v067.i01. 807 



[65] A. Kuznetsova, P.B. Brockhoff, R.H.B. Christensen, lmerTest Package: Tests in Linear Mixed Effects 808 

Models, J. Stat. Softw. 82 (2017) 1–26. https://doi.org/10.18637/jss.v082.i13. 809 

[66] C.C. Taff, J.C. Wingfield, M.N. Vitousek, The relative speed of the glucocorticoid stress response 810 

varies independently of scope and is predicted by environmental variability and longevity across 811 

birds, Horm. Behav. 144 (2022) 105226. https://doi.org/10.1016/j.yhbeh.2022.105226. 812 

[67] D. Lüdecke, M.S. Ben-Shachar, I. Patil, P. Waggoner, D. Makowski, performance: An R Package for 813 

Assessment, Comparison and Testing of Statistical Models, J. Open Source Softw. 6 (2021) 3139. 814 

https://doi.org/10.21105/joss.03139. 815 

[68] Hartig, Florian, DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression 816 

Models. R package version 0.4.6, (2022). https://doi.org/10.32614/CRAN.package.DHARMa. 817 

[69] C. Cinelli, J. Ferwerda, C. Hazlett, Sensemakr: Sensitivity Analysis Tools for OLS in R and Stata, Obs. 818 

Stud. 10 (2024) 93–127. 819 

[70] R.V. Lenth, emmeans: Estimated Marginal Means, aka Least-Squares Means. R package version 820 

1.10.4, (2024). https://CRAN.R-project.org/package=emmeans. 821 

[71] B. Diedenhofen, J. Musch, cocor: A Comprehensive Solution for the Statistical Comparison of 822 

Correlations, PLoS ONE 10 (2015) e0121945. https://doi.org/10.1371/journal.pone.0121945. 823 

[72] M.A. Stoffel, S. Nakagawa, H. Schielzeth, rptR: repeatability estimation and variance 824 

decomposition by generalized linear mixed-effects models, Methods Ecol. Evol. 8 (2017) 1639–825 

1644. https://doi.org/10.1111/2041-210X.12797. 826 

[73] S. Nakagawa, I.C. Cuthill, Effect size, confidence interval and statistical significance: a practical 827 

guide for biologists, Biol. Rev. Camb. Philos. Soc. 82 (2007) 591–605. 828 

https://doi.org/10.1111/j.1469-185X.2007.00027.x. 829 

[74] D. Evertse, P. Alves-Martinez, G. Treccani, M.B. Müller, F.J. Meye, M.A. van der Kooij, Transient 830 

impact of chronic social stress on effort-based reward motivation in non-food restricted mice: 831 

Involvement of corticosterone, Neurobiol. Stress 33 (2024) 100690. 832 

https://doi.org/10.1016/j.ynstr.2024.100690. 833 

[75] V. Kazlauckas, E. Kalinine, R. Leke, J.P. Oses, F. Nunes, J. Espinosa, S. Mioranzza, F. Lulhier, L.V. 834 

Portela, L.O. Porciúncula, D.R. Lara, Distinctive effects of unpredictable subchronic stress on 835 

memory, serum corticosterone and hippocampal BDNF levels in high and low exploratory mice, 836 

Behav. Brain Res. 218 (2011) 80–86. https://doi.org/10.1016/j.bbr.2010.11.030. 837 

[76] K.J. Norman, J.A. Seiden, J.A. Klickstein, X. Han, L.S. Hwa, J.F. DeBold, K.A. Miczek, Social stress and 838 

escalated drug self-administration in mice I. Alcohol and corticosterone, Psychopharmacology 839 

(Berl.) 232 (2015) 991–1001. https://doi.org/10.1007/s00213-014-3733-9. 840 



[77] D.M. Silberman, M. Wald, A.M. Genaro, Effects of chronic mild stress on lymphocyte proliferative 841 

response. Participation of serum thyroid hormones and corticosterone, Int. Immunopharmacol. 2 842 

(2002) 487–497. https://doi.org/10.1016/s1567-5769(01)00190-4. 843 

[78] J.P. Herman, J.M. McKlveen, S. Ghosal, B. Kopp, A. Wulsin, R. Makinson, J. Scheimann, B. Myers, 844 

Regulation of the Hypothalamic-Pituitary-Adrenocortical Stress Response, Compr. Physiol. 6 845 

(2016) 603–621. https://doi.org/10.1002/cphy.c150015. 846 

[79] J.F. Cockrem, Stress, corticosterone responses and avian personalities, J. Ornithol. 148 (2007) 847 

169–178. https://doi.org/10.1007/s10336-007-0175-8. 848 

[80] J.F. Cockrem, Corticosterone responses and personality in birds: Individual variation and the ability 849 

to cope with environmental changes due to climate change, Gen. Comp. Endocrinol. 190 (2013) 850 

156–163. https://doi.org/10.1016/j.ygcen.2013.02.021. 851 

[81] N. Grissom, S. Bhatnagar, Habituation to repeated stress: get used to it, Neurobiol. Learn. Mem. 852 

92 (2009) 215–224. https://doi.org/10.1016/j.nlm.2008.07.001. 853 

[82] N. Sachser, M.B. Hennessy, S. Kaiser, The adaptive shaping of social behavioural phenotypes 854 

during adolescence, Biol. Lett. 14 (2018) 20180536. https://doi.org/10.1098/rsbl.2018.0536. 855 

[83] R. Trappes, B. Nematipour, M.I. Kaiser, U. Krohs, K.J. van Benthem, U.R. Ernst, J. Gadau, P. 856 

Korsten, J. Kurtz, H. Schielzeth, T. Schmoll, E. Takola, How Individualized Niches Arise: Defining 857 

Mechanisms of Niche Construction, Niche Choice, and Niche Conformance, Bioscience 72 (2022) 858 

538–548. https://doi.org/10.1093/biosci/biac023. 859 

[84] N.D. Lilie, S. Riyahi, A. Kalinowski, S.M. Salazar, S. Kaiser, T. Schmoll, P. Korsten, Male social niche 860 

conformance? Effects of manipulated opportunity for extra-pair mating on behavior and 861 

hormones of male zebra finches, Horm. Behav. 146 (2022) 105243. 862 

https://doi.org/10.1016/j.yhbeh.2022.105243. 863 

[85] K.V. Fanson, P.A. Biro, Meta-analytic insights into factors influencing the repeatability of hormone 864 

levels in agricultural, ecological, and medical fields, Am. J. Physiol. Regul. Integr. Comp. Physiol. 865 

316 (2019) R101–R109. https://doi.org/10.1152/ajpregu.00006.2018. 866 

[86] S.S. Killen, B. Adriaenssens, S. Marras, G. Claireaux, S.J. Cooke, Context dependency of trait 867 

repeatability and its relevance for management and conservation of fish populations, Conserv. 868 

Physiol. 4 (2016) cow007. https://doi.org/10.1093/conphys/cow007. 869 

[87] T. Norin, H. Malte, T.D. Clark, Differential plasticity of metabolic rate phenotypes in a tropical fish 870 

facing environmental change, Funct. Ecol. 30 (2016) 369–378. https://doi.org/10.1111/1365-871 

2435.12503. 872 

[88] C.C. Taff, L.A. Schoenle, M.N. Vitousek, The repeatability of glucocorticoids: A review and meta-873 

analysis, Gen. Comp. Endocrinol. 260 (2018) 136–145. 874 

https://doi.org/10.1016/j.ygcen.2018.01.011. 875 



[89] M. Hau, R.E. Ricklefs, M. Wikelski, K.A. Lee, J.D. Brawn, Corticosterone, testosterone and life-876 

history strategies of birds, Proc. Biol. Sci. 277 (2010) 3203–3212. 877 

https://doi.org/10.1098/rspb.2010.0673. 878 

[90] A.J. Harrup, N. Rooney, Current welfare state of pet guinea pigs in the UK, Vet. Rec. 186 (2020) 879 

282. https://doi.org/10.1136/vr.105632. 880 

[91] Y. Delville, J.T. David, K. Taravosh-Lahn, J.C. Wommack, Stress and the development of agonistic 881 

behavior in golden hamsters, Horm. Behav. 44 (2003) 263–270. https://doi.org/10.1016/s0018-882 

506x(03)00130-2. 883 

[92] Y.S. Mineur, D.J. Prasol, C. Belzung, W.E. Crusio, Agonistic behavior and unpredictable chronic mild 884 

stress in mice, Behav. Genet. 33 (2003) 513–519. https://doi.org/10.1023/a:1025770616068. 885 

[93] M.R. Bell, Comparing Postnatal Development of Gonadal Hormones and Associated Social 886 

Behaviors in Rats, Mice, and Humans, Endocrinology 159 (2018) 2596–2613. 887 

https://doi.org/10.1210/en.2018-00220. 888 

[94] L. Ayala Guanga, S. Astiz, P. Nieto Escandon, J. Dutan Saramago, R. Rodas Carpio, J.L. Pesantez-889 

Pacheco, C. Rosales Jaramillo, Relationship between testosterone and penile spicules in Guinea 890 

pigs (Cavia porcellus), Theriogenology 158 (2020) 368–374. 891 

https://doi.org/10.1016/j.theriogenology.2020.09.034. 892 

[95] N. Sachser, E. Pröve, Plasma‐Testosterone Development in Colony and Individually Housed Male 893 

Guinea Pigs, Ethology 79 (1988) 62–70. https://doi.org/10.1111/j.1439-0310.1988.tb00699.x. 894 

[96] H.A. Molenda-Figueira, M.R. Bell, K.C. De Lorme, C.L. Sisk, Pubertal pair-housing facilitates adult 895 

sexual behavior in male rats, Dev. Psychobiol. 59 (2017) 111–117. 896 

https://doi.org/10.1002/dev.21475. 897 

[97] B.M. Cooke, W. Chowanadisai, S.M. Breedlove, Post-weaning social isolation of male rats reduces 898 

the volume of the medial amygdala and leads to deficits in adult sexual behavior, Behav. Brain 899 

Res. 117 (2000) 107–113. https://doi.org/10.1016/s0166-4328(00)00301-6. 900 

[98] I.I. Rybkin, Y. Zhou, J. Volaufova, G.N. Smagin, D.H. Ryan, R.B. Harris, Effect of restraint stress on 901 

food intake and body weight is determined by time of day, Am. J. Physiol. 273 (1997) R1612-1622. 902 

https://doi.org/10.1152/ajpregu.1997.273.5.R1612. 903 

[99] B.E. Levin, D. Richard, C. Michel, R. Servatius, Differential stress responsivity in diet-induced obese 904 

and resistant rats, Am. J. Physiol. Regul. Integr. Comp. Physiol. 279 (2000) R1357-1364. 905 

https://doi.org/10.1152/ajpregu.2000.279.4.R1357. 906 

[100] J. Sierra, T.B. Simon, D.A. Hilal, Y.A. Torres, J.M. Santiago Santana, J.D. Figueroa, Impact of 907 

adolescent high-fat diet and psychosocial stress on neuroendocrine stress responses and binge 908 

eating behavior in adult male Lewis rats, Horm. Behav. 171 (2025) 105744. 909 

https://doi.org/10.1016/j.yhbeh.2025.105744. 910 



[101] J. Navarrete, B. Vásquez, A. Vasconcellos, M. del-Sol, E. Olave, C. Sandoval, Effects of High-fat 911 

Diets on Biochemical Profiles and Morpho- Quantitative Characteristics of C57BL/6 Mice Adrenal 912 

Glands, Int. J. Morphol. 36 (2018) 722–729. https://doi.org/10.4067/S0717-95022018000200722. 913 

[102] M.M. Grasa, C. Cabot, J.A. Fernández-López, X. Remesar, M. Alemany, Modulation of 914 

corticosterone availability to white adipose tissue of lean and obese Zucker rats by corticosteroid-915 

binding globulin, Horm. Metab. Res. 33 (2001) 407–411. https://doi.org/10.1055/s-2001-16228. 916 

[103] M.-P. Moisan, N. Castanon, Emerging Role of Corticosteroid-Binding Globulin in 917 

Glucocorticoid-Driven Metabolic Disorders, Front. Endocrinol. 7 (2016) 160. 918 

https://doi.org/10.3389/fendo.2016.00160. 919 

[104] C. Becker, B. Zeau, C. Rivat, A. Blugeot, M. Hamon, J.-J. Benoliel, Repeated social defeat-920 

induced depression-like behavioral and biological alterations in rats: involvement of 921 

cholecystokinin, Mol. Psychiatry 13 (2008) 1079–1092. https://doi.org/10.1038/sj.mp.4002097. 922 

[105] C. Brouillard, P. Carrive, F. Camus, J.-J. Bénoliel, T. Similowski, C. Sévoz-Couche, Long-lasting 923 

bradypnea induced by repeated social defeat, Am. J. Physiol. Regul. Integr. Comp. Physiol. 311 924 

(2016) R352-364. https://doi.org/10.1152/ajpregu.00021.2016. 925 

[106] L. van Doeselaar, H. Yang, J. Bordes, L. Brix, C. Engelhardt, F. Tang, M.V. Schmidt, Chronic 926 

social defeat stress in female mice leads to sex-specific behavioral and neuroendocrine effects, 927 

Stress 24 (2021) 168–180. https://doi.org/10.1080/10253890.2020.1864319.  928 



Supplementary material 

 

Shaped from an early age: hormonal and behavioural phenotypes in juvenile 

male guinea pigs living in distinct social environments 

Melanie Gleske a, b, *, Carolin Mundinger a, S. Helene Richter a, b, c Sylvia Kaiser a, b, c 

 

 

a Department of Behavioural Biology, University of Münster, Badestr. 13, 48149 Münster, Germany 

b Münster Graduate School of Evolution, University of Münster, Hüfferstr. 1a, 48149 Münster, 

Germany 

c Joint Institute for Individualisation in a Changing Environment (JICE), University of Münster, Münster, 

Germany and Bielefeld University, Bielefeld, Germany 

 

 

 

* Corresponding author at: Department of Behavioural Biology, University of Münster,  

Badestr. 13, 48149 Münster, Germany 

E-mail address: melanie.gleske@uni-muenster.de (M. Gleske) 

 

 

 

 

 

 

 

 

mailto:melanie.gleske@uni-muenster.de


Supplementary material 

 
Material and Methods: Ethogram 
 

Table S1: Ethogram used for the observation of home enclosure behaviour. The abbreviation “FA” stands for “focus animal”, 
e.g., the experimental male. 

Category Behaviour Description 
Courtship and sexual behaviour Ano-genital licking The FA stretches its snout towards or 

touches another animals’ ano-genital 
region and lick or nuzzles the other 
animals’ genital region. The distance 
between the two animals is less than 
one snout-width. 

Courtship and sexual behaviour Chin-rest The FA lays the bottom of its head on 
another animals’ torso. 

Courtship and sexual behaviour Mounting The FA moves the forepart of its body 
onto the back of another animal from 
behind. 

Courtship and sexual behaviour Pelvic thrust The FA mounts the other animal and 
moves the lower part of its body fast 
and rhythmically. 

Courtship and sexual behaviour Mating attempt The FA puts at least one of its forepaws 
on another animal and tries to mate 
with the other animal, but the other 
animal prevents this. 

Courtship and sexual behaviour Rumba The FA approaches the other animal 
slowly and visibly shifts its weight from 
one hind leg to the other and back, it 
can also move forward while doing so. 
This is often accompanied by a low 
purring noise. Behaviour ends when 
the FA stops for more than 3s. 

Courtship and sexual behaviour Flank The FA walks parallel to another 
animal, touches its side with its own 
and slightly raises the hind leg on the 
side that is touching the other animal 
while moving forward. 

Courtship and sexual behaviour Chin-rump following The FA walks or runs behind another 
animal with its nose towards the other 
animal’s rear, trying to make contact 
with the chased animal. There is a 
maximum of 1 body length of distance 
between the two animals. Behaviour 
ends when the FA stops chasing for at 
least 3s. 

Sociopositive behaviour Naso-nasal sniffing The FA stretches its nose towards 
another animal’s nose or snout. The 
distance between the two animals is 
less than one snout-width. 

Sociopositive behaviour Naso-anal sniffing The FA stretches its nose towards or 
touches another animals’ anal region 
with its nose. The distance between 
the two animals is less than one snout-
width. 

Sociopositive behaviour Social resting The FA rests next to another animal at 
least 3s with a distance of less than a 
half a body length. Behaviour ends 
when not shown for at least 3s. 



Play Play The FA makes one or a series of 
upward leaps and turns the head or 
foreparts sharply while in the air, or 
the FA starts with a short and fast run 
and then stops suddenly and changes 
the direction. 

Agonistic behaviour Displace The FA approaches another animal or 
shows agonistic behaviour towards it, 
causing the other animal to move at 
least one body length away from the 
FA. 

Agonistic behaviour Evade The FA moves at least one body length 
away from another animal that 
approached or interacted otherwise 
with it.. 

Agonistic behaviour Head-thrust The FA abruptly moves its head 
towards another animal, hitting or 
narrowly missing it, or biting it. The 
distance between the two animals is 
maximum half a body length. 

Agonistic behaviour Fight A prolonged agonistic interaction of at 
least 3s between at least two animals. 
Head-thrusts, kicks and attack lunges 
can occur. The behaviour ends when 
one or both animals back away. 

Agonistic behaviour Kick The FA abruptly moves one of its hind 
legs towards another animal. 

Agonistic behaviour Paw The FA repeatedly moves one or both 
of its front paws across the bedding 
without moving in any direction. 

Agonistic behaviour Urine spray The FA slightly arches its back and, 
with a small jolt, squirts urine behind 
it, usually towards another animal, 
which often reacts by stopping and 
cleaning itself. The urine squirt itself is 
not always directly or indirectly (wet 
spots on the enclosure wall) visible. 

Agonistic behaviour Curved body posture The FA is standing within a distance of 
one body length in front of or sideways 
to another animal. Its body is usually 
curved with head and rump directed to 
the other animal, which is also 
displaying the same behaviour. This 
behaviour is often accompanied by 
growling and teeth chattering. 

Agonistic behaviour Head up The FA is standing still but lifts its head 
up in such a way that the chin is facing 
upwards and towards another animal. 
The distance between both animals is 
maximum one body length. 

Agonistic behaviour Attack lunge The FA jumps on or towards another 
animal, with the landing happening 
within one body length of the other 
animal. 

Agonistic behaviour Chase The FA follows another animal over a 
distance of at least one body length. 
This happens with high velocity. During 
this interaction, the distance between 
both animals never exceeds two body 
lengths. Chasing is terminated, if the 
distance between the animals exceeds 
to body lengths for more than 3 s. 



Results: Descriptive statistics  

Table S2: Descriptive statistics for baseline cortisol (c0), cortisol responsiveness after 1 hour (c1) and 2 hours (c2) of 
exposure to a novel environment and baseline testosterone (t). All hormones were measured as concentration in blood 
plasma (ng/ml). 

Social condition Hormone Time point n mean median SD min max 

PM+S c0 CRT0 8 520.70 425.13 298.84 199.23 979.73 

CRT1 9 192.44 115.50 126.20 78.06 431.48 

CRT2 6 95.93 79.17 58.19 50.22 208.83 

CRT3 4 162.71 169.18 44.02 106.60 205.88 

c1 CRT0 10 1583.90 1606.60 365.44 968.58 2110.78 

CRT1 10 1036.95 1001.34 236.58 718.33 1454.35 

CRT2 10 712.83 710.19 137.68 475.50 1017.43 

CRT3 10 729.12 809.46 193.55 380.30 942.00 

c2 CRT0 9 1736.53 1824.05 525.90 732.33 2296.40 

CRT1 10 1249.38 1347.59 336.44 505.60 1599.15 

CRT2 10 959.57 913.23 197.91 660.11 1222.77 

CRT3 7 1029.25 1092.23 196.66 630.45 1262.53 

t CRT0 7 1.00 0.85 0.44 0.66 1.87 

CRT1 10 1.91 1.90 0.68 0.98 2.84 

CRT2 10 2.17 2.18 0.94 0.95 3.87 

CRT3 10 2.68 2.13 1.63 1.14 5.38 

PM-S c0 CRT0 9 414.35 478.83 184.21 141.28 712.00 

CRT1 8 145.56 132.01 69.33 69.57 254.20 

CRT2 9 136.86 112.05 61.10 73.58 264.23 

CRT3 5 146.43 137.93 23.05 126.85 185.23 

c1 CRT0 9 1438.96 1484.93 221.49 1032.23 1635.13 

CRT1 10 883.41 909.91 163.18 696.33 1110.35 

CRT2 10 822.30 874.00 131.59 580.20 969.28 

CRT3 10 768.61 790.94 166.59 530.18 1009.53 

c2 CRT0 9 1645.85 1700.43 175.58 1370.85 1835.45 

CRT1 9 1158.78 1105.53 227.61 736.08 1467.13 

CRT2 10 1155.06 1223.49 189.08 892.17 1373.48 

CRT3 9 1136.01 1158.83 234.90 799.63 1481.10 

t CRT0 9 1.18 1.01 0.87 0.25 3.22 

CRT1 9 2.30 1.83 1.35 0.34 4.96 

CRT2 10 2.69 2.31 1.38 1.30 5.68 

CRT3 10 2.40 2.46 0.76 1.17 4.02 

 
 
 
 
 



Table S3: Descriptive statistics for body weight (g). 

Social condition Time point  n mean median  SD min max 

PM+S CRT0 10 254.20 247.50 44.17 211 359 

CRT1 10 360.60 362.00 58.31 293 488 

CRT2 10 476.70 468.50 72.12 343 605 

CRT3 10 512.30 504.00 66.15 417 628 

PM-S CRT0 10 263.50 259.50 32.76 193 313 

CRT1 10 359.80 371.00 35.49 271 395 

CRT2 10 461.00 466.50 36.16 372 495 

CRT3 10 502.90 519.00 38.18 411 538 

 

 

Table S4: Descriptive statistics for sociopositive, courtship and sexual and play behaviour. All behaviours were measured as 
frequencies per hour. 

Social condition Behaviour Time point  n mean median SD min max 

PM+S Sociopositive Phase 1 20 2.12 1.25 2.02 0 6.50 

Phase 2 20 4.65 3.17 3.78 0.50 15.00 

Phase 3 20 7.78 5.75 7.27 0 26.00 

Courtship and sexual Phase 1 20 0.15 0 0.29 0 1.00 

Phase 2 20 0.48 0 0.72 0 2.33 

Phase 3 20 1.70 0.83 3.16 0 13.50 

Play Phase 1 20 0.54 0 1.80 0 7.50 

Phase 2 20 0.48 0 1.27 0 5 

Phase 3 20 0.66 0 1.30 0 4.50 

PM-S Sociopositive Phase 1 20 2.52 0.5 3.75 0 10.67 

Phase 2 20 3.43 2 5.08 0 20.50 

Phase 3 20 5.98 3.42 8.06 0 36.33 

Courtship and sexual Phase 1 20 0.60 0 1.05 0 3.33 

Phase 2 20 1.23 0 2.86 0 12.50 

Phase 3 20 1.72 0.33 4.41 0 19.67 

Play Phase 1 20 0.25 0 0.79 0 3 

Phase 2 20 0.08 0 0.18 0 0.50 

Phase 3 20 0.48 0 1.34 0 5 

 

 
 
 
 
 
 

 



Results: Correlation between baseline cortisol, cortisol responsiveness after 
1 hour and cortisol responsiveness after 2 hours  

Table S5: Calculation of correlation coefficient (Spearman’s rho) and significance testing for correlations between baseline 
cortisol (c0), cortisol responsiveness after 1 hour of exposure to a novel environment (c1) and cortisol responsiveness after 2 
hours of exposure to a novel environment (c2). Significant (p < 0.05) results are indicated in bold. 

Spearman's rank correlations 

Variable 1 Variable 2 rho p-value 

c0 c1 0.663 < 0.001 

c0 c2 0.404 0.002 

c1 c2 0.812 < 0.001 

 

Results: Wilcoxon test for treatment comparisons of hormone concentrations 
and body weight at CRT0 

Table S6: Wilcoxon rank sum test of hormone concentrations and body weight calculated for the first cortisol response test 
(CRT) conducted before treatment (PM+S; PM-S). 

Wilcoxon rank sum test (CRT0) W r p-value 

Baseline cortisol 30 0.118 0.596 

Cortisol responsiveness, 1h 31 0.246 0.270 

Cortisol responsiveness, 2h 31 0.178 0.427 

Baseline testosterone 35.5 0.083 0.711 

Body weight 62.5 0.203 0.364 

 

Results: Model summaries of linear mixed effect models for hormone 
concentrations 

Table S7: Model summary from mixed effect model used to analyse baseline cortisol. Data was square root 
transformed (N = 41). The model included the interaction between treatment (social condition) and time (CRT) and body 
weight as fixed effects, with individual ID as random effect. CRT1 (time) and PM-S (treatment) were set as reference level by 
default. 

Baseline cortisol  Estimate Std. error [95% CI] t-value p-value R2 
     

Full  model: Marginal R2 0.165 
     

Full model: Conditional R2 NA 
       

Intercept 11.298 1.106 [9.051, 13.546] 10.217 < 0.001 
 

Fixed effects 
      

Treatment (social condition) 1.541 1.418 [-1.341, 4.423] 1.087 0.285 0.034 

CRT1 - CRT2 (time) 0.982 1.793 [-2.662, 4.627] 0.548 0.587 0.009 

CRT1 - CRT3 (time) 2.084 2.255 [-2.500, 6.667] 0.924 0.362 0.025 

Body weight -0.011 0.010 [-0.031, 0.008] -1.164 0.253 0.038 

Treatment*CRT1-CRT2 -3.117 2.115 [-7.416, 1.181] -1.474 0.150 0.060 

Treatment*CRT1-CRT3 -1.033 2.419 [-5.948, 3.883] -0.427 0.672 0.005 



Table S8: Model summary from mixed effect model used to analyse cortisol responsiveness after 1 hour of exposure to a 
novel environment. Data was square root transformed (N = 60). The model included the interaction between treatment 
(social condition) and time (CRT) and body weight as fixed effects, with individual ID as random effect. CRT1 (time) and PM-S 
(treatment) were set as reference level by default. 

Cortisol responsiveness 1h  Estimate Std. error [95% CI] t-value p-value R2 
     

Full  model: Marginal R2 0.511 
     

Full model: Conditional R2 0.642 
       

Intercept 28.320 0.837 [26.631, 30.010] 33.836 < 0.001 
 

Fixed effects 
      

Treatment (social condition) 2.435 1.106 [0.207, 4.662] 2.201 0.033 0.085 

CRT1 - CRT2 (time) 2.312 1.221 [-0.137, 4.761] 1.894 0.064 0.071 

CRT1 - CRT3 (time) 2.674 1.444 [-0.234, 5.583] 1.852 0.071 0.079 

Body weight -0.033 0.008 [-0.049, -0.017] -4.315 < 0.001 0.374 

Treatment*CRT1-CRT2 -3.917 1.342 [-6.641, -1.194] -2.918 0.006 0.105 

Treatment*CRT1-CRT3 -2.936 1.339 [-5.654, -0.218] -2.192 0.035 0.062 

 

Table S9: Model summary from mixed effect model used to analyse cortisol responsiveness after 2 hours of exposure to a 
novel environment. Data was square root transformed (N = 55). The model included the interaction between treatment 
(social condition) and time (CRT) and body weight as fixed effects, with individual ID as random effect. CRT1 (time) and PM-S 
(treatment) were set as reference level by default. 

Cortisol responsiveness 2h Estimate Std. error [95% CI] t-value p-value R2 
     

Full  model: Marginal R2 0.175 
     

Full model: Conditional R2 0.543 
       

Intercept 32.914 1.245 [30.383, 35.444] 26.430 < 0.001 
 

Fixed effects 
      

Treatment (social condition) 1.414 1.609 [-1.856, 4.684] 0.879 0.386 0.011 

CRT1 - CRT2 (time) 2.031 1.707 [-1.402, 5.465] 1.190 0.240 0.045 

CRT1 - CRT3 (time) 2.547 2.112 [-1.720, 6.813] 1.206 0.235 0.056 

Body weight -0.017 0.012 [-0.042, 0.008] -1.431 0.167 0.149 

Treatment*CRT1-CRT2 -4.198 1.702 [-7.675, -0.722] -2.467 0.020 0.056 

Treatment*CRT1-CRT3 -3.101 1.832 [-6.839, 0.636] -1.693 0.101 0.032 

 

 
 
 
 
 

 

 



Table S10: Model summary from mixed effect model used to analyse baseline testosterone. Data was square root 
transformed (N = 59). The model included the interaction between treatment (social condition) and time (CRT) and body 
weight as fixed effects, with individual ID as random effect. CRT1 (time) and PM-S (treatment) were set as reference level by 
default. 

Baseline testosterone Estimate Std. error [95% CI] t-value p-value R2 
     

Full  model: Marginal R2 0.053 
     

Full model: Conditional R2 NA 
       

Intercept 1.475 0.130 [1.215, 1.736] 11.364 < 0.001 
 

Fixed effects 
      

Treatment (social condition) -0.094 0.171 [-0.437, 0.249] -0.549 0.585 0.006 

CRT1 - CRT2 (time) 0.087 0.197 [-0.307, 0.482] 0.445 0.658 0.004 

CRT1 - CRT3 (time) 0.001 0.219 [-0.439, 0.441] 0.003 0.997 0.000 

Body weight 0.001 0.001 [-0.001, 0.002] 0.567 0.573 0.006 

Treatment*CRT1-CRT2 -0.070 0.239 [-0.549, 0.409] -0.293 0.771 0.002 

Treatment*CRT1-CRT3 0.130 0.239 [-0.349, 0.609] 0.545 0.588 0.006 

 

Results: Multiple comparisons of linear mixed effect models of hormone 
concentrations 

Table S11: Multiple comparisons (Tukey’s) of linear mixed effect model to determine effects of treatment (social condition), 
time (CRT) and treatment*time interaction on baseline cortisol. 

Baseline cortisol Estimate Std. error df [95% CI] t-value p-value 

Pair-wise comparison (between social conditions)   

CRT1 -1.541 1.438 33.951 [-4.463, 1.381] -1.072 0.291 

CRT2 1.577 1.605 33.909 [-1.686, 4.839] 0.982 0.333 

CRT3 -0.508 2.044 33.965 [-4.663, 3.646] -0.249 0.805 

Pair-wise comparison (between time points)   

CRT 1 - CRT 2 (PM-S) -0.982 1.844 33.998 [-5.502, 3.537] -0.533 0.856 

CRT 1 - CRT 3 (PM-S) -2.084 2.357 30.936 [-7.886, 3.719] -0.884 0.654 

CRT 2 - CRT 3 (PM-S) -1.101 1.728 26.512 [-5.391, 3.188] -0.637 0.801 

CRT 1 - CRT 2 (PM+S) 2.135 2.161 33.034 [-3.168, 7.439] 0.988 0.590 

CRT 1 - CRT 3 (PM+S) -1.051 2.335 29.630 [-6.811, 4.709] -0.450 0.895 

CRT 2 - CRT 3 (PM+S) -3.186 1.944 26.604 [-8.010, 1.637] -1.639 0.247 

Interaction contrasts (social condition*time point)   

CRT1 - CRT2 3.117 2.152 24.259 [-1.321, 7.556] 1.449 0.160 

CRT1 - CRT3 1.033 2.513 29.198 [-4.105, 6.170] 0.411 0.684 

CRT2 - CRT3 -2.085 2.604 25.472 [-7.443, 3.273] -0.801 0.431 

 



Table S12: Multiple comparisons (Tukey’s) of linear mixed effect model to determine effects of treatment (social condition), 
time (CRT) and treatment*time interaction on cortisol responsiveness after 1 hour of exposure to a novel environment. 
Significant (p < 0.05) results are indicated in bold. 

Cortisol responsiveness, 1h Estimate Std. error df [95% CI] t-value p-value 

Pair-wise comparison (between social conditions)   

CRT1 -2.435 1.106 45.448 [-4.662, -0.207] -2.201 0.033 

CRT2 1.483 1.113 45.143 [-0.758, 3.724] 1.333 0.189 

CRT3 0.502 1.109 45.339 [-1.731, 2.734] 0.452 0.653 

Pair-wise comparison (between time points)   

CRT 1 - CRT 2 (PM-S) -2.312 1.229 52.686 [-5.275, 0.651] -1.882 0.154 

CRT 1 - CRT 3 (PM-S) -2.674 1.457 45.455 [-6.205, 0.856] -1.835 0.170 

CRT 2 - CRT 3 (PM-S) -0.362 1.000 42.549 [-2.791, 2.066] -0.362 0.930 

CRT 1 - CRT 2 (PM+S) 1.605 1.305 50.823 [-1.546, 4.757] 1.230 0.441 

CRT 1 - CRT 3 (PM+S) 0.262 1.509 43.677 [-3.398, 3.922] 0.174 0.984 

CRT 2 - CRT 3 (PM+S) -1.344 0.985 40.817 [-3.740, 1.053] -1.364 0.369 

Interaction contrasts (social condition*time point)   

CRT1 - CRT2 3.917 1.343 36.269 [1.195, 6.640] 2.918 0.006 

CRT1 - CRT3 2.936 1.339 35.960 [0.220, 5.653] 2.192 0.035 

CRT2 - CRT3 -0.981 1.339 35.888 [-3.696, 1.734] -0.733 0.468 

 

Table S13: Multiple comparisons (Tukey’s) of linear mixed effect model to determine effects of treatment (social condition), 
time (CRT) and treatment*time interaction on cortisol responsiveness after 2 hours of exposure to a novel environment. 
Significant (p < 0.05) results are indicated in bold. 

Cortisol responsiveness, 2h Estimate Std. error df [95% CI] t-value p-value 

Pair-wise comparison (between social conditions)   

CRT1 -1.414 1.611 35.989 [-4.681, 1.853] -0.878 0.386 

CRT2 2.784 1.589 34.510 [-0.444, 6.013] 1.752 0.089 

CRT3 1.687 1.731 40.019 [-1.812, 5.186] 0.975 0.336 

Pair-wise comparison (between time points)   

CRT 1 - CRT 2 (PM-S) -2.031 1.727 47.495 [-6.208, 2.145] -1.177 0.473 

CRT 1 - CRT 3 (PM-S) -2.547 2.144 41.493 [-7.757, 2.664] -1.188 0.467 

CRT 2 - CRT 3 (PM-S) -0.515 1.320 39.457 [-3.730, 2.699] -0.390 0.920 

CRT 1 - CRT 2 (PM+S) 2.167 1.844 44.515 [-2.303, 6.637] 1.175 0.474 

CRT 1 - CRT 3 (PM+S) 0.555 2.225 37.425 [-4.875, 5.985] 0.249 0.966 

CRT 2 - CRT 3 (PM+S) -1.612 1.382 38.321 [-4.981, 1.756] -1.167 0.480 

Interaction contrasts (social condition*time point)   

CRT1 - CRT2 4.198 1.704 31.886 [0.728, 7.669] 2.464 0.019 

CRT1 - CRT3 3.101 1.838 32.550 [-0.640, 6.843] 1.687 0.101 

CRT2 - CRT3 -1.097 1.813 31.909 [-4.790, 2.596] -0.605 0.549 

 

 

 



Table S14: Multiple comparisons (Tukey’s) of linear mixed effect model to determine effects of treatment (social condition), 
time (CRT) and treatment*time interaction on baseline testosterone. 

Baseline testosterone Estimate Std. error df [95% CI] t-value p-value 

Pair-wise comparison (between social conditions)   

CRT1 0.094 0.171 51.967 [-0.250, 0.437] 0.548 0.586 

CRT2 0.164 0.167 51.932 [-0.171, 0.499] 0.980 0.332 

CRT3 -0.036 0.167 51.955 [-0.370, 0.298] -0.218 0.828 

Pair-wise comparison (between time points)   

CRT 1 - CRT 2 (PM-S) -0.087 0.198 50.284 [-0.565, 0.390] -0.443 0.898 

CRT 1 - CRT 3 (PM-S) -0.001 0.220 51.403 [-0.533, 0.531] -0.003 1.000 

CRT 2 - CRT 3 (PM-S) 0.087 0.171 38.726 [-0.330, 0.504] 0.507 0.868 

CRT 1 - CRT 2 (PM+S) -0.018 0.200 51.749 [-0.501, 0.465] -0.088 0.996 

CRT 1 - CRT 3 (PM+S) -0.131 0.221 50.309 [-0.664, 0.403] -0.592 0.825 

CRT 2 - CRT 3 (PM+S) -0.113 0.170 37.724 [-0.527, 0.301] -0.667 0.784 

Interaction contrasts (social condition*time point)   

CRT1 - CRT2 0.070 0.239 35.905 [-0.415, 0.555] 0.292 0.772 

CRT1 - CRT3 -0.130 0.239 35.737 [-0.614, 0.354] -0.545 0.589 

CRT2 - CRT3 -0.200 0.235 35.050 [-0.677, 0.278] -0.850 0.401 

 

Results: Model summary of linear mixed effect model for body weight 

Table S15: Model summary from mixed effect model used to analyse body weight. Data was square root 
transformed (N = 41). The model included the interaction treatment (social condition) and time (CRT) and body weight as 
fixed effects, with individual ID as random effect. CRT1 (time) and PM-S (treatment) were set as reference level by default. 

Body weight Estimate Std. error [95% CI] t-value p-value R2 
     

Full  model: Marginal R2 0.585 
     

Full model: Conditional R2 0.968 
       

Intercept 359.8 16.834 [324.683, 394.917] 21.374 < 0.001 
 

Fixed effects 
      

Treatment (social condition) 0.8 23.807 [-48.862, 50.462] 0.034 0.974 < 0.001 

CRT1 - CRT2 (time) 101.2 6.623 [87.768, 114.632] 15.280 < 0.001 0.251 

CRT1 - CRT3 (time) 143.1 6.623 [129.668, 156.532] 21.606 < 0.001 0.401 

Treatment*CRT1-CRT2 14.9 9.366 [-4.096, 33.896] 1.591 0.120 0.004 

Treatment*CRT1-CRT3 8.6 9.366 [-10.396, 27.596] 0.918 0.365 0.001 

 

 

 

 

 

 



Results: Multiple comparisons of linear mixed effect model of body weight 

Table S16: Multiple comparisons (Tukey’s) of linear mixed effect model to determine treatment (social condition), time 
(CRT) and treatment*time interaction on body weight. Significant (p < 0.05) results are indicated in bold. 

Body weight Estimate Std. error df [95% CI] t-value p-value 

Pair-wise comparison (between social conditions) 
 

CRT1 -0.800 23.807 19.982 [-50.462, 48.862] -0.034 0.974 

CRT2 -15.700 23.807 19.982 [-65.362, 33.962] -0.659 0.517 

CRT3 -9.400 23.807 19.982 [-59.062, 40.262] -0.395 0.697 

Pair-wise comparison (between time points) 
 

CRT 1 - CRT 2 (PM-S) -101.200 6.623 36 [-117.389, -85.011] -15.280 < 0.001 

CRT 1 - CRT 3 (PM-S) -143.100 6.623 36 [-159.289, -126.911] -21.606 < 0.001 

CRT 2 - CRT 3 (PM-S) -41.900 6.623 36 [-58.089, -25.711] -6.326 < 0.001 

CRT 1 - CRT 2 (PM+S) -116.100 6.623 36 [-132.289, -99.911] -17.530 < 0.001 

CRT 1 - CRT 3 (PM+S) -151.700 6.623 36 [-167.889, -135.511] -22.905 < 0.001 

CRT 2 - CRT 3 (PM+S) -35.600 6.623 36 [-51.789, -19.411] -5.375 < 0.001 

Interaction contrasts (social condition*time point) 
 

CRT1 - CRT2 -14.900 9.366 36 [-33.896, 4.096] -1.591 0.120 

CRT1 - CRT3 -8.600 9.366 36 [-27.596, 10.396] -0.918 0.365 

CRT2 - CRT3 6.300 9.366 36 [-12.696, 25.296] 0.673 0.505 

 

Results: Correlation between body weight and cortisol responsiveness after 
1 hour of exposure to a novel environment 

Table S17: Calculation of correlation coefficient (Pearson) and significance testing for correlations (z-test) between body 
weight and cortisol responsiveness after 1 hour of exposure to a novel environment. Significant (p < 0.05) results are indicated 
in bold. 

Correlation between c1 and body weight at different time points 

Within social conditons r t-value p-value 

CRT1 (PM+S) -0.808 -3.883 0.005 

CRT2 (PM+S) -0.687 -2.671 0.028 

CRT3 (PM+S) -0.742 -3.131 0.014 

Overall (PM+S) -0.586 -3.829 < 0.001 

CRT1 (PM-S) -0.258 -0.755 0.472 

CRT2 (PM-S) -0.110 -0.314 0.762 

CRT3 (PM-S) -0.714 -2.885 0.020 

Overall (PM-S) -0.350 -1.979 0.058 

Comparison between social conditions   z-value p-value 

CRT1 
 

-1.606 0.108 

CRT2 
 

-1.367 0.172 

CRT3 
 

-0.111 0.911 

Overall    -1.125 0.261 

 



Results: Adjusted repeatability analysis of hormone concentrations and body 
weight  

Table S18: Adjusted repeatability analysis of linear mixed effects models of baseline cortisol (c0), cortisol responsiveness after 
1 hour of exposure to a novel environment (c1), cortisol responsiveness after 2 hours of exposure to a novel environment 
(c2) and baseline testosterone (t). Significant (p < 0.05) results are indicated in bold. 

Repeatability PM-S PM+S 

  Std. error [95% CI] R p-value Std. error [95% CI] R p-value 

c0 0.232 [0, 0.74] 0.175 0.331 0.254 [0, 0.805] 0 1 

c1 0.196 [0.03, 0.793] 0.453 0.014 0.155 [0, 0.509] 0.042 0.495 

c2 0.194 [0.085, 0.849] 0.523 0.015 0.210 [0, 0.786] 0.416 0.040 

t 0.143 [0, 0.466] 0 1 0.164 [0, 0.549] 0.069 0.440 

 

Results: Model summaries of generalized linear mixed effect models for 
behaviour 

Table S19: Model summary from generalized linear mixed effect model used to analyse sociopositive behaviour (N = 60). The 
model included the interaction between treatment (social condition) and time (phase) with individual ID as random effect. 
Phase 1 (time) and PM-S (treatment) were set as reference level by default. 

Sociopositive behaviour Estimate Std. error [95% CI] z-value p-value R2 
     

Full  model: Marginal R2 0.213 
     

Full model: Conditional R2 0.376 
       

Intercept 0.726 0.294 [0.150, 1.303] 2.469 0.014 
 

Fixed effects 
      

Treatment (social condition) -0.004 0.407 [-0.801, 0.794] -0.009 0.993 < 0.001 

Phase 1 - Phase 2 (time) 0.311 0.350 [-0.374, 0.996] 0.890 0.374 0.002 

Phase 1 - Phase 3 (time) 0.917 0.335 [0.261, 1.573] 2.741 0.006 0.035 

Treatment*Phase 1 - Phase 2 0.430 0.484 [-0.518, 1.378] 0.890 0.374 0.004 

Treatment*Phase 1 - Phase 3 0.376 0.471 [-0.548, 1.299] 0.797 0.426 0.007 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 



Table S20: Model summary from generalized linear mixed effect model used to analyse courtship and sexual behaviour 
(N = 60). The model included the interaction between treatment (social condition) and time (phase) with individual ID as 
random effect. Phase 1 (time) and PM-S (treatment) were set as reference level by default. 

Courtship and sexual behaviour Estimate Std. error [95% CI] z-value p-value R2 
     

Full  model: Marginal R2 0.304 
     

Full model: Conditional R2 0.373 
       

Intercept -0.607 0.472 [-1.532, 0.318] -1.286 0.198 
 

Fixed effects 
      

Treatment (social condition) -1.344 0.811 [-2.933, 0.245] -1.658 0.097 0.003 

Phase 1 - Phase 2 (time) 0.622 0.598 [-0.551, 1.795] 1.040 0.298 0.005 

Phase 1 - Phase 3 (time) 0.988 0.579 [-0.146, 2.122] 1.707 0.088 0.016 

Treatment*Phase 1 - Phase 2 0.555 1.001 [-1.406, 2.516] 0.555 0.579 0.001 

Treatment*Phase 1 - Phase 3 1.391 0.950 [-0.471, 3.254] 1.464 0.143 0.001 

 

Table S21: Model summary from generalized linear mixed effect model used to analyse play behaviour (N = 60). The model 
included the interaction between treatment (social condition) and time (phase) with individual ID as random effect. Phase 1 
(time) and PM-S (treatment) were set as reference level by default. 

Play behaviour Estimate Std. error [95% CI] z-value p-value R2 
     

Full  model: Marginal R2 0.143 
     

Full model: Conditional R2 0.277 
       

Intercept -1.567 0.784 [-3.103, -0.031] -2.000 0.045 
 

Fixed effects 
      

Treatment (social condition) 0.444 1.048 [-1.611, 2.499] 0.424 0.672 0.005 

Phase 1 - Phase 2 (time) -1.176 1.209 [-3.545, 1.194] -0.972 0.331 0.002 

Phase 1 - Phase 3 (time) 0.590 0.980 [-1.331, 2.511] 0.602 0.547 0.003 

Treatment*Phase 1 - Phase 2 1.203 1.509 [-1.754, 4.160] 0.797 0.425 < 0.001 

Treatment*Phase 1 - Phase 3 -0.222 1.331 [-2.830, 2.387] -0.167 0.868 < 0.001 

 

 

 

 

 

 

 

 



Results: Multiple comparisons of generalized linear mixed effect models of 
behaviour 

Table S22: Multiple comparisons (Tukey’s) of generalized linear mixed effect model to determine effects of treatment (social 
condition), time (phase) and treatment*time interaction on sociopositive behaviour. Significant (p < 0.05) results are 
indicated in bold. 

Sociopositive behaviour Estimate Std. error [95% CI] z-ratio p-value 

Pair-wise comparison (between social conditions) 
 

Phase 1 0.004 0.407 [-0.794, 0.801] 0.009 0.993 

Phase 2 -0.427 0.381 [-1.174, 0.321] -1.119 0.263 

Phase 3 -0.372 0.362 [-1.081, 0.337] -1.028 0.304 

Pair-wise comparison (between time points) 
 

Phase 1 - Phase 2 (PM-S) -0.311 0.350 [-1.131, 0.508] -0.890 0.647 

Phase 1 - Phase 3 (PM-S) -0.917 0.335 [-1.702, -0.133] -2.741 0.017 

Phase 2 - Phase 3 (PM-S) -0.606 0.329 [-1.378, 0.165] -1.842 0.156 

Phase 1 - Phase 2 (PM+S) -0.742 0.334 [-1.524, 0.041] -2.220 0.068 

Phase 1 - Phase 3 (PM+S) -1.293 0.331 [-2.070, -0.516] -3.900 < 0.001 

Phase 2 - Phase 3 (PM+S) -0.551 0.307 [-1.271, 0.169] -1.795 0.171 

Interaction contrasts (social condition*time point) 
 

Phase 1 - Phase 2 -0.430 0.484 [-1.378, 0.518] -0.890 0.374 

Phase 1 - Phase 3 -0.376 0.471 [-1.299, 0.548] -0.797 0.426 

Phase 2 - Phase 3 0.055 0.449 [-0.826, 0.936] 0.122 0.903 

 

Table S23: Multiple comparisons (Tukey’s) of generalized linear mixed effect model to determine effects of time (Phase), 
treatment and time*treatment interaction on courtship and sexual behaviour. Significant (p < 0.05) results are indicated in 
bold. 

Courtship and sexual behaviour Estimate Std. error [95% CI] z-ratio p-value 

Pair-wise comparison (between social conditions)   

Phase 1 1.344 0.811 [-0.245, 2.933] 1.658 0.097 

Phase 2 0.789 0.653 [-0.491, 2.069] 1.208 0.227 

Phase 3 -0.047 0.560 [-1.145, 1.050] -0.084 0.933 

Pair-wise comparison (between time points)   

Phase 1 - Phase 2 (PM-S) -0.622 0.598 [-2.025, 0.780] -1.040 0.552 

Phase 1 - Phase 3 (PM-S) -0.988 0.579 [-2.344, 0.368] -1.707 0.202 

Phase 2 - Phase 3 (PM-S) -0.366 0.557 [-1.672, 0.941] -0.656 0.789 

Phase 1 - Phase 2 (PM+S) -1.177 0.800 [-3.053, 0.698] -1.472 0.305 

Phase 1 - Phase 3 (PM+S) -2.379 0.758 [-4.156, -0.603] -3.139 0.005 

Phase 2 - Phase 3 (PM+S) -1.202 0.592 [-2.588, 0.185] -2.032 0.105 

Interaction contrasts (social condition*time point)   

Phase 1 - Phase 2 -0.555 1.001 [-2.516, 1.406] -0.555 0.579 

Phase 1 - Phase 3 -1.391 0.950 [-3.254, 0.471] -1.464 0.143 

Phase 2 - Phase 3 -0.836 0.818 [-2.440, 0.767] -1.022 0.307 

 

 



 

Table S24: Multiple comparisons (Tukey’s) of generalized linear mixed effect model to determine effects of time (Phase), 
treatment and time*treatment interaction on play behaviour. 

Play behaviour Estimate Std. error [95% CI] z-ratio p-value 

Pair-wise comparison (between social conditions)   

Phase 1 -0.444 1.048 [-2.499, 1.611] -0.424 0.672 

Phase 2 -1.647 1.209 [-4.016, 0.722] -1.363 0.173 

Phase 3 -0.223 0.946 [-2.076, 1.631] -0.235 0.814 

Pair-wise comparison (between time points)   

Phase 1 - Phase 2 (PM-S) 1.176 1.209 [-1.658, 4.009] 0.972 0.594 

Phase 1 - Phase 3 (PM-S) -0.590 0.980 [-2.887, 1.707] -0.602 0.819 

Phase 2 - Phase 3 (PM-S) -1.766 1.164 [-4.494, 0.963] -1.517 0.283 

Phase 1 - Phase 2 (PM+S) -0.027 0.910 [-2.160, 2.106] -0.030 1.000 

Phase 1 - Phase 3 (PM+S) -0.368 0.891 [-2.456, 1.719] -0.413 0.910 

Phase 2 - Phase 3 (PM+S) -0.341 0.886 [-2.419, 1.737] -0.385 0.922 

Interaction contrasts (social condition*time point)   

Phase 1 - Phase 2 -1.203 1.509 [-4.160, 1.754] -0.797 0.425 

Phase 1 - Phase 3 0.222 1.331 [-2.387, 2.830] 0.167 0.868 

Phase 2 - Phase 3 1.425 1.461 [-1.439, 4.289] 0.975 0.330 
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