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Abstract
Glucocorticoids (i.e. cortisol) are involved in the modulation of social behavior, and previous studies have linked baseline as well as challenge glucocorticoid concentrations to dominance rank. It is known that cortisol responsiveness is repeatable and mediates social behavior in male mammals. However, it is unclear whether this is also true for females. Using guinea pigs as a model system, the aim of this study was to investigate whether cortisol concentrations are repeatable in females and whether dominance rank is stable and correlated to baseline cortisol concentration and/or cortisol responsiveness. For this purpose, we observed agonistic interactions in stable social groups of six females each to quantify dominance rank of the individual group members and measured baseline and response cortisol levels. Measurements were repeated after a break of six weeks to estimate repeatability. Our results show that cortisol responsiveness and dominance rank were significantly repeatable but not correlated in female guinea pigs. Baseline cortisol was not repeatable and also did not correlate to dominance rank. Therefore, individuals occupying different dominance ranks did not have long-term differences in cortisol concentrations, and cortisol responsiveness does not seem to be significantly involved in the maintenance of dominance rank. Overall, this study reveals the remarkable stability of cortisol responsiveness and dominance rank in a female rodent, and it remains an open question whether the magnitude of cortisol responsiveness is adaptive in social contexts for females.
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1	Introduction
Social interactions with conspecifics are an important aspect of the environment for group-living animals and often lead to the formation of dominance hierarchies. There are benefits to dominance hierarchies such as social stability and reduction of conflict over limited space and resources (Clutton-Brock, 2016). There are also fitness consequences of rank; it is generally assumed that dominance will confer fitness benefits due to increased access to or priority of resources (Clutton-Brock & Huchard, 2013), although these fitness consequences are not identical among males and females. High rank often confers rapid fitness benefits to males via increased access to females while female fitness benefits of rank generally accrue slowly over the lifespan (Majolo, Lehmann, de Bortoli Vizioli, & Schino, 2012). However, female dominance hierarchies have been largely overlooked since dominance displays are often less conspicuous in females (Stockley & Bro-Jørgensen, 2011), and surprisingly little is known about female dominance hierarchies in rodents (but see Chelini, Palme, & Otta, 2011; Karamihalev et al., 2020; Schuhr, 1987; Williamson et al., 2019;). 
Glucocorticoids (e.g. cortisol) have been proposed as an endocrine mechanism contributing to dominance rank acquisition (Creel, Dantzer, Goymann, & Rubenstein, 2013). They are secreted through the activation of the hypothalamic-pituitary-adrenal (HPA) axis and are involved in the modulation of behavioral responses (Hau & Goymann, 2015). More specifically, cortisol responsiveness, which is the increase in cortisol concentration in response to an acute challenge, has been identified as a potential endocrine mechanism triggering levels of aggressive behavior (Pottinger & Carrick, 2001; Sachser, Hennessy, & Kaiser, 2018; Touma et al., 2008; Zimmermann, Kaiser, Hennessy, & Sachser, 2017). Thus, individual differences in cortisol responsiveness could contribute to dominance behavior and dominance rank acquisition and maintenance. Baseline glucocorticoids have also been linked to dominance rank, although an overarching directional relationship has proved elusive. This relationship varies among species and seems rather to be dictated by factors such as type of social system, dominance maintenance style, and sex (Cavigelli & Caruso, 2015; Creel, 2001; Creel et al., 2013; Ode et al., 2015). Notably, males and females differ in their baseline glucocorticoid concentrations as well as in their response to stressors (Haller, Fuchs, Halász, & Makara, 1999; Heck & Handa, 2019), and therefore the interplay of baseline and response glucocorticoid concentrations with social behaviors should be investigated not only in males but also in females.
A current question is whether behavioral patterns are stable within individuals, and indeed many different behaviors show stability across time and context (Bell, Hankison, & Laskowski, 2009). Recent work has also demonstrated that hormonal patterns can be temporally stable (Fanson & Biro, 2019; Mutwill et al., 2021; Schoenemann & Bonier, 2018; Taff, Schoenle, & Vitousek, 2018). Specifically, testosterone and cortisol responsiveness are generally stable, but results are mixed on the stability of baseline cortisol. Baseline glucocorticoid levels fluctuate throughout the day with current activity, and meta-analyses have indicated that baseline cortisol is less stable than cortisol responsiveness (Fanson & Biro, 2019; Schoenemann & Bonier, 2018; Taff et al., 2018). Therefore it is recommended to differentiate between baseline cortisol and cortisol responsiveness in studies investigating cortisol levels and their link to behavior (Mutwill et al., 2021).
It is furthermore interesting to explore behavioral stability and suites of correlated behavioral traits independently for each sex. Female behavior has previously been dismissed as less stable due to the influence of reproductive state on several aspects of behavior such as aggression (Wise, 1974), although recent studies have shown that female behavior is at least as stable as male behavior (Beery, 2018). Selection pressures often differ for males and females and thus an adaptive behavioral strategy for males might be maladaptive for females (Schuett, Tregenza, & Dall, 2010). When sexual selection acts on behavioral strategies mediated by endocrine mechanisms, sex differences in correlations between behavior and hormones can arise (Hämäläinen, Immonen, Tarka, & Schuett, 2018; Immonen, Hämäläinen, Schuett, & Tarka, 2018; Tarka, Guenther, Niemelä, Nakagawa, & Noble, 2018). Taken together, it is of utmost importance to quantify the stability of both behavioral phenotypes and the potential underlying endocrine mechanisms when investigating causal relationships.
This study aims to investigate the stability of dominance rank, baseline cortisol levels, and cortisol responsiveness in females, using guinea pigs (Cavia aperea f. porcellus) as a model species. Guinea pigs are highly social mammals, and females form linear dominance hierarchies (Thyen & Hendrichs, 1990). It has been previously shown that dominance rank and cortisol responsiveness are repeatable in male guinea pigs (Zipser, Kaiser, & Sachser, 2013) and that the social environment can have a profound impact on the endocrine profile of males (Lürzel, Kaiser, & Sachser, 2011; Mutwill et al., 2020; Sachser et al., 2018). We hypothesized that dominance rank and cortisol responsiveness, but not baseline cortisol level, would be repeatable in female guinea pigs. Furthermore, we hypothesized that dominance rank would be correlated to cortisol measurements, although we were unsure in which direction this relationship would be. Cortisol responsiveness might be higher in dominant individuals if acute increases in cortisol mobilize energy to win social challenges (Zimmermann et al., 2017), but previous studies selecting over generations for individuals with high or low cortisol responsiveness suggest that individuals with lower cortisol responsiveness become dominant (Pottinger & Carrick, 2001; Touma et al., 2008). Regarding baseline cortisol, it is feasible that baseline cortisol concentrations are higher in subdominant individuals if they experience chronic social stress, however dominant individuals could have elevated baseline cortisol concentrations if maintaining dominance is stressful. 

2	Methods
2.1	Animals and husbandry
The guinea pigs used in this experiment were bred at the Department of Behavioural Biology at the University of Münster. The breeding program was established in 1975 with 40 founder multicolored shorthair guinea pigs from a professional breeder, and individuals from other breeders are routinely added to the breeding stock to prevent inbreeding. The breeding program consists of multiple breeding harems, whereby one male and two to three females are housed together in an enclosure with an area of either 1m2 or 1.5m2. The offspring of these individuals remain in the harem groups throughout weaning and are removed at 21±1 days of age. 
The twelve animals used in this study were transferred upon weaning to two groups of six females. Since the females were born at slightly different times, the groups were established when the oldest two females were at least 20 days old, and the younger females were added as they reached 21 days of age. The age difference between the oldest and youngest female was 59 days, and this age range was similar for both groups (58±1 days). No full siblings were used for this experiment; any half-siblings shared a father and were subsequently housed in separate groups. 
The area of each enclosure was 1.5m2; the walls had a height of 0.5m and were made of wood with a red plastic segment at the bottom, and the floor was covered with wood shavings (Tierwohl Super, J. Rettenmaier & Söhne GmbH + Co KG, Rosenberg, Germany). Each enclosure contained two large shelters made of red plastic, hay that was refreshed daily, and commercial guinea pig food (Höveler Meerschweinchenfutter 10700, Höveler Spezialfutterwerke GmbH & Co. KG) and water were supplied ad libitum; water was supplemented weekly with vitamin C powder. The two groups were housed in separate rooms under controlled conditions, with a light dark cycle of 12:12 (lights on 7:00-19:00), average temperature of 22°C, and average humidity of 42%. 
2.2	Experimental procedure
Testing occurred in two four-week testing phases (Fig. 1). In the first week of each testing phase, videos were recorded every other day of social behavior in the home enclosures to be later analyzed to determine dominance rank. In the following three weeks, a cortisol response test was carried out for each female. Two females from each group were tested each week and no two females from one group were tested on the same day. The second testing phase began after a two week break so that there were six weeks between each measurement, and the sequence of individuals tested in weeks 8 through 10 was identical to the order of individuals tested in weeks 2 through 4. The females were between 132 and 166 days old at their first cortisol response test.
2.3	Dominance rank determination
Dominance rank was determined from videos recording the social behavior of the groups over the course of a week. Videos were recorded for multiple hours in the afternoon every other day (Monday, Wednesday, and Friday), and this was repeated after a six week break to assess the stability of dominance rank. The behavioral coding software Interact (Interact, Lab Suite Version 2017, Mangold International GmbH) was used for video analysis. Individuals were observed using focal animal sampling, and each individual was observed until it was involved in 10 interactions resulting in a retreat for each of the three days. Therefore, each female had a total of 30 interactions in which she retreated from another female or another female retreated from the focal female. A retreat was defined as the following: A female moves away from another female so that she maintains a distance of more than one body length; this behavior is shown either after an interaction of the females or after an approach of one of the females involved. A rank order index was calculated for each female as the ratio of the number of times the focal female was retreated from divided by the total number of retreats (30). Therefore, the rank order index was on a scale from 0 to 1, with 0 being completely subdominant and 1 being completely dominant. This rank order index was calculated separately for the first and second measurement for each individual.
2.4	Cortisol response test
The cortisol response test (hereafter: CRT) is used to measure the endocrine stress response to a challenge. Guinea pigs show an increase in plasma cortisol when exposed to a novel environment void of shelter (Hennessy, Hornschuh, Kaiser, & Sachser, 2006). For this experiment, individual females were placed in a novel enclosure for two hours, and blood samples were taken directly before and after one and two hours to capture the baseline and response values of plasma cortisol. The CRT began at 13:00 ± 15 minutes, as plasma cortisol concentrations fluctuate throughout the day and a peak is observed at 13:00 (Sachser, 1994).
The dimensions of the CRT enclosure were 1m × 1m, with walls that were 50cm high constructed of wood with a red plastic section at the bottom. Similar to housing conditions, the floor of the enclosure was covered with wood shavings and water and guinea pig food was provided. The CRT enclosure was in a different guinea pig housing room from where the focal individual was housed. The CRT and blood sampling procedure is explained in detail in Mutwill et al., (2021).
The concentration of cortisol in the blood plasma was determined using an enzyme-linked immunosorbent assay (Cortisol ELISA, RE52061, IBL International GmbH, Hamburg, Germany). The principle of the analysis is based on the following description (IBL International GmbH 2014):
A certain amount of enzyme-labelled antigen and the antigen in the sample compete for the binding sites of the antibody-coated wells. After a certain incubation time, the enzyme-labelled antigens that had not bound were removed by washing. The substances prednisolone (30 %), 11-desoxy-cortisol (7 %), corticosterone (1.4 %), cortisone (4.2 %), prednisone (2.5 %), 17α-oh-progesterone (0.4 %), desoxy-corticosterone (0.9 %) and 6α-methyl-17α-oh-progesterone cross-reacted with the antibody. The intra-assay variances were on average CV = 2.98 % and the inter-assay variances were on average CV = 3.51 %. 
2.5	Statistical analysis
Statistical analysis was carried out with R version 4.0.3 (R Core Team, 2020). Friedman tests and paired Wilcoxon signed rank tests were used to determine whether there was a significant increase in cortisol over the course of the CRT. To estimate adjusted repeatability, standard error, confidence intervals, and P values for repeatability, the package rptR (Stoffel, Nakagawa, & Schielzeth, 2017) was used. In addition, the packages lme4 (Bates, Mächler, Bolker, & Walker, 2015) and lmerTest (Kuznetsova, Brockhoff, & Christensen, 2017) were used to determine the influence of the fixed effects and to verify that the models fulfilled assumptions. When using rptR, permutation was set to 500 and bootstrapping was set to 1000. Two-tailed tests were used and the significance threshold was set at 0.05. In case of multiple comparisons sequential Bonferroni correction was applied (Rice, 1989). P values given in the text are original P values as obtained from the paired Wilcoxon signed rank tests since all P values did remain significant following sequential Bonferroni correction.
All models were linear mixed-effect models in which continuous fixed effects were mean-centered and individual identity was fitted as a random effect. To control for any influence of time or habituation to the testing regime or any influence of the housing group, group and measurement (first or second) were included as fixed effects in all models. Additionally, age was included as a fixed effect in all models. An overview of response variables and fixed effects for all models can be found in Table 1. To determine whether cortisol response was repeatable, two models were fitted, each with one of the cortisol response values (R1: cortisol after one hour stressor; R2: cortisol after two hour stressor) as the response variable and dominance rank as an additional fixed effect. To determine whether baseline cortisol was repeatable, a linear mixed-effect model with baseline cortisol as the response variable was fitted. To improve model fit, baseline cortisol was fourth root transformed. Additionally, a linear mixed-effect model was fitted with absolute change in body weight during the CRT as the response variable to determine whether weight loss in response to an acute stressor was repeatable. This variable was transformed to improve model fit by log transforming the positive values, and initial body weight was included as a fixed effect along with cortisol response value R2. Finally, a model was fitted with rank as the response variable to determine repeatability as well as whether body weight and/or age influenced dominance rank; therefore, in this model body weight and age were included as fixed effects along with group and measurement as covariates.
2.6	STRANGE statement
	The STRANGE framework (Webster & Rutz, 2020) encourages transparency in disclosing potential sampling biases in animal behavior research, broken down into seven categories: social background, trappability and self-selection, rearing history, acclimation and habituation, natural changes in responsiveness, genetic make-up, and experience. We expect disparities between our study population and the general population in some of these categories. All individuals used in this study had a similar social background, rearing history, and experience. From the age of 21±1 days on, the females were housed in groups of six with no contact to males. The lack of male presence might have biased their social behaviour since female guinea pigs display different social patterns based on the presence or absence of a male (Thyen & Hendrichs, 1990). Additionally, group size can have a profound effect on the social structure of a group and the social behavior displayed by individual group members. For example, social behavior of high and low ranking female mice depended on the group size (Schuhr, 1987). Natural changes in responsiveness could be biased by the standardization of age, time of day of CRT, and light and temperature conditions; females of a different age, tested at a different time of day, or under different light and temperature conditions could potentially respond differently. We used females from a long-standing breeding program of a domesticated species for this study, and we strictly controlled breeding partners to prevent inbreeding. Therefore the genetic make-up of this study population should be kept in mind when making generalizations about the findings of this study. 
2.7	Ethical statement 
All procedures complied with the regulations covering animal experimentation within Germany (Animal Welfare Act) and the EU (European Communities Council DIRECTIVE 2010/63/EU) and were approved by the local and federal authorities (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen “LANUV NRW”, reference number: 84-02.04.2015.A439).

3	Results
Overall, cortisol values significantly increased throughout the CRT (Friedman test; first CRT: χ2 = 22.167, df = 2, N = 12, P < 0.001; second CRT: χ2 = 24, df = 2, N = 12, P < 0.001; Fig. 2). This increase occurred both from the baseline level to R1 (Paired Wilcoxon signed-rank test; first CRT: N = 12, Z = 3.06, P < 0.001; second CRT: N = 12, Z = 3.06, P < 0.001; Fig. 2) and from R1 to R2 (Paired Wilcoxon signed-rank test; first CRT: N = 12, Z = 2.98, P < 0.001; second CRT: N = 12, Z = 3.06, P < 0.001; Fig. 2). Cortisol responsiveness was strikingly stable within individuals (Fig 3), and indeed, this stability was significantly repeatable one (R1) and two (R2) hours after exposure to a novel environment (Table 2; Fig 4). Neither R1 nor R2 were significantly influenced by dominance rank, age, group, nor whether the sample was from the first or second measurement (Table 1). Baseline cortisol, however, was not significantly repeatable (Table 2; Fig 4). Baseline cortisol was not significantly influenced by dominance rank, age, measurement, or housing group (Table 1). Change in mass during the CRT was repeatable (Table 2; Fig 4) although statistically the repeatability was only a trend. Change in mass during the CRT was not significantly influenced by cortisol responsiveness, mass, age, or measurement, although one group tended to lose more weight over the course of the test than the other (Table 1). 
Dominance rank was also a significantly repeatable trait (Table 2, Fig 4). Mass and measurement significantly influenced dominance rank; heavier females were more dominant, and in general, higher rank order indices were observed at the second measurement (Table 1). Furthermore, older females tended to be dominant (Table 1). Group did not influence dominance rank, meaning that the range of individual dominance rank order indices observed in each group were not significantly different (Table 1).

4	Discussion
	Here we show that cortisol responsiveness, but not baseline cortisol, was highly stable over time in adult female guinea pigs. Furthermore, dominance rank in adult female guinea pigs was also significantly repeatable over time. However, we found no evidence that dominance rank is correlated to baseline or response cortisol values. Additionally, weight loss during the cortisol response test tended to be repeatable but was not correlated to cortisol responsiveness. 
4.1	Repeatability and correlates of dominance rank
In our study female guinea pigs maintained stable dominance ranks, in line with previous research (Thyen & Hendrichs, 1990). This finding adds to the limited research on female dominance rank in rodents and is crucial for understanding how females cope with the social environment. Long-term individual stability in rank might lead to differential fitness outcomes (Pusey, Williams, & Goodall, 1997), behavior (Murray, Eberly, & Pusey, 2006), or survival (Silk et al., 2010) among individuals of a group, and these consequences of female dominance merit investigation in a variety of species. 
Additionally, our results show that heavier females were more dominant, and older females tended to be more dominant. This finding is not altogether surprising as larger females likely outcompete smaller females for resources, and with priority access to food, one would expect dominant individuals to maintain and potentially increase the asymmetry in body weight. Previous studies in female mammals have found a similar effect of age and size on dominance rank (Deniz, de Sousa, do Vale, & Dittrich, 2021; Favre, Martin, & Festa-Bianchet, 2008; Liu et al., 2020; Šárová et al., 2013). However, we cannot definitively state the direction of this relationship. It remains an open question whether asymmetries in weight precede dominance acquisition or emerge after dominance relationships are settled. It is important to reiterate that the groups of females in the present study were established upon weaning, thus the younger females joined the group later, likely preventing the younger, newer members from becoming dominant over the older residents. This method of group establishment generated an age-graded group structure which is often observed in nature where juveniles integrate into established groups as observed for example in female horses (Equus caballus; Monard & Duncan, 1996), western lowland gorillas (Gorilla gorilla gorilla; Stokes, Parnell, & Olejniczak, 2003), and yellow-bellied marmots (Marmota flaviventris; Armitage, 1991). Therefore, we conclude that the observed relationship between body weight, age, and dominance rank is ecologically relevant.
4.2	Repeatability of baseline cortisol, cortisol responsiveness, and weight loss during CRT
	Cortisol responsiveness was significantly repeatable when measured both one and two hours after exposure to a novel environment, but baseline cortisol was not repeatable. It has previously been shown in male guinea pigs that cortisol responsiveness has a higher repeatability than baseline cortisol (Mutwill et al., 2021; Zipser et al., 2013), and meta-analyses have indeed found this to be an overarching theme (Fanson & Biro, 2019; Schoenemann & Bonier, 2018; Taff et al., 2018). Furthermore, studies have investigated the genetic link between baseline cortisol and cortisol responsiveness and determined that these variables are not genetically correlated (Jenkins, Vitousek, Hubbard, & Safran, 2014; Stedman, Hallinger, Winkler, & Vitousek, 2017). 
Cortisol is involved in metabolic processes that maintain energy homeostasis. Therefore, baseline cortisol concentration fluctuates throughout the day based on energy demands such as activity and social interactions (Hau & Goymann, 2015). Since baseline cortisol levels should fluctuate based on current individual activity rather than showing individual consistency, we interpret baseline cortisol as an indicator of state rather than a trait. However, individual reaction norms of baseline cortisol might be repeatable and linked to behavior; this approach would require repeated measurement of baseline cortisol levels under varying conditions (Fürtbauer, Pond, Heistermann, & King, 2015; Williams, 2008). On the other hand, cortisol responsiveness is a strong indicator of the capacity of the adrenal cortex in a variety of species including the guinea pig (Sachser, 1994; Von Holst, 1998) and thus cortisol responsiveness is more likely to represent a stable individual trait. Acknowledging the difference between baseline and response values is especially important in studies where it is not possible to measure stressor-induced cortisol levels or studies where it is not feasible to repeatedly capture individuals.
Weight loss over the course of the cortisol response test was tendentially repeatable but not correlated to the increase in cortisol during the test. Acute stress commonly induces rapid weight loss (Marin, Cruz, & Planeta, 2007) thus we expected individuals with the highest cortisol responsiveness to lose the most weight during the test. It is unclear why cortisol responsiveness and weight loss were not linked. 
4.3	Link between dominance rank and cortisol
	We did not find evidence for a relationship between dominance rank and baseline cortisol levels or cortisol responsiveness in this population of female guinea pigs. This is in agreement with previous studies with male guinea pigs (Mutwill et al., 2021; Zipser et al., 2013) which failed to detect a correlation between dominance rank and cortisol levels. Extensive research has been carried out on chronic stress due to social dominance, but there is no overarching relationship across species of whether it is more stressful to be dominant or subdominant (Creel, 2001; Creel et al., 2013; Tamashiro, Nguyen, & Sakai, 2005). The females used in the present study were housed in stable social groups for several months prior to the beginning of the study, and indeed we found that dominance rank was stable. Therefore, we assume that living in a stable social group is not particularly stressful for females of different ranks, and thus we find no evidence of a long-term relationship between rank and baseline cortisol. Finally, if baseline cortisol reflects current state, behavior immediately prior to baseline cortisol sampling rather than long-term dominance rank in a stable social environment should predict baseline cortisol concentration. Regarding cortisol responsiveness, as discussed in section 4.1, older individuals founded the groups and had an advantage to become dominant over the younger individuals. Therefore, dominance was possibly settled by differences in age, body size, or prior residency, and not by acute increases in cortisol to mobilize energy and win dominance interactions (Zimmermann et al., 2017). Taken together, we show that in a stable age-graded social environment resembling naturally-occurring social groups, dominance rank is not correlated to cortisol levels, and it remains an open question whether magnitude of cortisol responsiveness is adaptive in social contexts for females. 
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Table 1. Models describing variation in response variables. Bold indicates significant values (p < 0.05); italics indicates trend (0.05 ≤ p < 0.1). The reference category for measurement is the second measurement.
	Response variable
	Fixed effects
	Estimate
	SE
	df
	t value
	P

	Baseline cortisol
	(Intercept)
	5.158
	0.198
	19
	25.998
	

	
	rank
	0.134
	0.629
	19
	0.213
	0.834

	
	age
	-0.014
	0.010
	19
	-1.315
	0.204

	
	measurement
	-0.087
	0.227
	19
	-0.383
	0.706

	
	group
	-0.194
	0.232
	19
	-0.836
	0.413

	
	
	
	
	
	
	

	Cortisol response R1
	(Intercept)
	1685.355
	191.970
	10.230
	8.779
	

	
	rank
	-865.782
	594.962
	16.617
	-1.455
	0.164

	
	age
	8.654
	10.833
	10.513
	0.799
	0.442

	
	measurement
	168.090
	125.889
	10.407
	0.799
	0.210

	
	group
	-391.717
	258.531
	8.240
	-1.515
	0.167

	
	
	
	
	
	
	

	Cortisol response R2
	(Intercept)
	2153.666
	225.423
	9.768
	9.554
	

	
	rank
	-937.657
	638.742
	18.804
	-1.468
	0.159

	
	age
	14.150
	12.577
	11.255
	1.125
	0.284

	
	measurement
	116.538
	117.001
	10.478
	0.996
	0.342

	
	group
	-388.494
	310.168
	8.571
	-1.253
	0.243

	
	
	
	
	
	
	

	Dominance rank
	(Intercept)
	0.628
	0.071
	9.582
	8.882
	

	
	mass
	0.002
	0.0007
	9.976
	2.688
	0.023

	
	age
	0.007
	0.003
	8.370
	2.168
	0.061

	
	measurement
	-0.129
	0.580
	18.179
	-2.230
	0.039

	
	group
	-0.064
	0.091
	8.166
	-0.708
	0.498

	
	
	
	
	
	
	

	Change in body weight
	(Intercept)
	1.517
	0.304
	9.821
	4.994
	

	(absolute difference)
	Cortisol R2
	0.0001
	0.0003
	14.584
	0.384
	0.707

	
	mass
	0.003
	0.003
	8.675
	1.175
	0.271

	
	age
	0.006
	0.014
	7.854
	0.438
	0.673

	
	measurement
	-0.253
	0.275
	17.766
	-0.921
	0.369

	
	group
	0.737
	0.387
	8.032
	1.905
	0.093


Table 2. Repeatability estimates for measured traits from the CRT and dominance rank. Bold indicates significant values (p < 0.05); italics indicates trend (0.05 ≤ p < 0.1).
	Response variable
	R (SE)
	CI
	P

	Baseline cortisol
Cortisol response R1
	0 (0.217)
0.605 (0.201)
	[0, 0.7]
[0.113, 0.912]
	1
0.031

	Cortisol response R2
	0.744 (0.152)
	[0.387, 0.954]
	0.003

	Dominance rank
Change in mass (absolute difference)
	0.710 (0.155)
0.573 (0.217)
	[0.346, 0.948]
[0.036, 0.930]
	0.007
0.054
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Figure 1. Experimental procedure of dominance rank determination and cortisol response tests. Video recording for dominance rank analysis occurred in weeks 1 and 7. Weeks 2 through 4 and 8 through 10 consisted of cortisol response tests; four females were tested per week. The same testing order was maintained for the second measurement; for example, the same four females that underwent the CRT in week 2 had their second CRT in week 8.
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Figure 2. Individual values and box plots of baseline cortisol, cortisol R1, and cortisol R2 values at the first (left) and second (right) measurements. Cortisol significantly increased throughout the CRT at both measurements (Friedman test; ). Specifically, cortisol significantly increased both from baseline level to R1 (Paired Wilcoxon signed-rank test; first CRT: N = 12, Z = 3.06, P < 0.001; second CRT: N = 12, Z = 3.06, P < 0.001; Fig. 2) and from R1 to R2 (Paired Wilcoxon signed-rank test; first CRT: N = 12, Z = 2.98, P < 0.001; second CRT: N = 12, Z = 3.06, P < 0.001; Fig. 2). The values for each individual are plotted by dots connected by lines. For ease of visualization, individual is designated by color; position along the color gradient is based on R2 value at first measurement.
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Figure 3. Scatterplots showing baseline cortisol (left), cortisol R1 (middle), and cortisol R2 (right) values measured for each individual at the first (x axis) and second (y axis) measurement. Baseline cortisol was not repeatable (R = 0, P = 1); cortisol R1 and R2 were significantly repeatable (R1: R = 0.605, P = 0.031; R2: R = 0.744, P = 0.003). Lines for R1 and R2 are for visualization of the relationship and plotted from basic linear regression (second measurement ~ first measurement).
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Figure 4. Forest plot summarizing adjusted repeatability estimates and 95% confidence intervals.
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