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Abstract
Background
Glucocorticoids (e.g. cortisol) are involved in the modulation of social behavior, and previous studies have linked baseline as well as challenge-induced glucocorticoid concentrations to dominance rank. It is known that cortisol responsiveness is repeatable and mediates social behavior in many male mammals. However, it is unclear whether this is also true for females. Using guinea pigs (Cavia aperea f. porcellus) as a model system, the aim of this study was to investigate whether baseline and response cortisol concentrations are repeatable in females and whether dominance rank is stable and correlated to baseline cortisol concentration and/or cortisol responsiveness.
Results
We observed agonistic interactions in two 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 six weeks to estimate repeatability. Our results show that cortisol responsiveness and dominance rank were significantly repeatable but not correlated. Baseline cortisol was not repeatable and also did not correlate to dominance rank. 
Conclusions
Females 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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Background
Social interactions with conspecifics are an important aspect of the environment for group-living animals and often lead to the formation of dominance hierarchies. Dominance hierarchies benefit group members by enhancing social stability and reducing conflict over limited space and resources [1]. There are also fitness consequences of dominance rank; high-ranking individuals generally benefit from increased access to or priority of mates and resources. However, these fitness consequences are not necessarily identical among males and females [2]. Generally, high rank confers rapid fitness benefits to males via increased access to females while female fitness benefits of rank accrue slowly over the lifespan [3,4], although dominant females in cooperatively-breeding species can benefit immensely from reproductive suppression of subdominant females as observed for example in meerkats (Suricata suricatta) [5,6], alpine marmots (Marmota marmota) [7], and naked mole rats (Heterocephalus glaber) [8]. However, female dominance displays are typically less conspicuous than male dominance displays and thus not as well-studied in most group-living mammals [3,9]. Surprisingly little is known about female dominance hierarchies in non-cooperatively breeding rodents [but see 10–14].
Glucocorticoids (e.g. cortisol) have been proposed as an endocrine mechanism related to dominance rank acquisition and maintenance [15]. They are secreted through the activation of the hypothalamic-pituitary-adrenal (HPA) axis and are involved in the modulation of behavioral responses [16]. More specifically, there is some indication that cortisol responsiveness in response to an acute challenge could be a potential endocrine mechanism triggering levels of aggressive behavior [17–21]. 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 [15,22–24]. Notably, males and females often differ in their baseline glucocorticoid concentrations as well as in their behavioral and endocrine responses to social stressors [25,26]. Selection pressures often differ for males and females and thus an adaptive behavioral strategy for males might be maladaptive or unimportant for females [27]. If endocrine mechanisms mediate these behavioral strategies and these strategies differ for males and females, sex differences in correlations between behavior and hormones can arise [28–30]. Therefore, the interplay of baseline and response glucocorticoid concentrations with social behaviors should be investigated not only in males but also in females.
When investigating correlations among traits, it is important to establish whether the traits are stable within individuals. Indeed, many different behavioral traits are stable across time and context [31]. Historically, female behavior has been dismissed as less stable due to the influence of reproductive state [32], although recent studies have shown that female behavior is at least as stable as male behavior [33,34]. Recent work has also demonstrated that hormonal patterns can be temporally stable [35–38]. Specifically, testosterone and cortisol responsiveness are repeatable, but results are mixed on the repeatability of baseline cortisol. Baseline glucocorticoid levels fluctuate throughout the day with current activity, and meta-analyses have indicated that baseline cortisol is less repeatable than cortisol responsiveness [35,37,38]. Therefore it is recommended to differentiate between baseline cortisol and cortisol responsiveness in studies investigating cortisol levels and their link to behavior [36].
This study aims to investigate whether dominance rank, baseline cortisol level, and cortisol responsiveness are repeatable in females and whether dominance rank correlates to cortisol concentrations, using guinea pigs (Cavia aperea f. porcellus) as a model species. Guinea pigs are social mammals, and females form linear dominance hierarchies [14]. Female dominance hierarchies in wild and captive groups of wild cavies (Cavia aperea) follow an age-graded structure [39], with young females integrating into a female group associated with a nearby male [40]. It has been previously shown that dominance rank and cortisol responsiveness are stable in male guinea pigs [41] and that the social environment can have a profound impact on the endocrine profile of males [19,42,43]. However, previous studies have also found that baseline cortisol is either not stable [41] or much less repeatable [36] than cortisol responsiveness. To address this question in female guinea pigs, we analyzed dominance rank for each of 12 individuals housed in two groups at two separate time points and also carried out two cortisol response tests for each individual, in which baseline cortisol and cortisol responsiveness one and two hours after the onset of a stressor were measured. We hypothesized that dominance rank and cortisol responsiveness would be repeatable in female guinea pigs, and that baseline cortisol would be either not significantly repeatable or much less repeatable than cortisol responsiveness. Furthermore, we hypothesized that dominance rank would be correlated to cortisol measurements, although we were unsure in which direction this relationship would be. Previous studies selecting over generations for individuals with high or low cortisol responsiveness suggest that individuals with lower cortisol responsiveness become dominant [18,20]. In the short term, however, increases in cortisol concentrations might be higher in dominant than subdominant individuals, since this endocrine response mobilizes energy needed to become dominant and maintain dominance [21]. 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. 

Results
Overall, cortisol values significantly increased throughout the cortisol response test (hereafter 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, cortisol responsiveness 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, or 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).

Discussion
	Here we show that cortisol responsiveness, but not baseline cortisol, was highly repeatable over time in two groups of 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 was 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. 
Repeatability and correlates of dominance rank
In our two study groups, female guinea pigs maintained stable dominance ranks, in line with previous research [14]. 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 [44], behavior [45], or survival [46] 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 [47–50]. However, 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. This occurs for example in female horses (Equus caballus) [51], western lowland gorillas (Gorilla gorilla gorilla) [52], yellow-bellied marmots (Marmota flaviventris) [53], as well as in the wild form of domestic guinea pigs, wild cavies (Cavia aperea) [39,40]. 
Repeatability of baseline cortisol, cortisol responsiveness, and weight loss during cortisol response test
	Cortisol responsiveness was significantly repeatable at both sampling times (one and two hours after being placed in a novel environment), but baseline cortisol was not repeatable. While we acknowledge that the sample size (N=12) might be insufficient to definitively rule out baseline cortisol repeatability, there is an obvious disparity in the present study between estimated repeatability of baseline cortisol (R=0) and cortisol responsiveness (R=0.635-0.764). Additionally, it is known in male guinea pigs that cortisol responsiveness has a higher repeatability than baseline cortisol [36,41], and meta-analyses have indeed found this to be an overarching theme [35,37,38]. Furthermore, studies have investigated the genetic link between baseline cortisol and cortisol responsiveness and determined that these variables are not genetically correlated [54,55]. 
Baseline cortisol fluctuates based on factors such as circadian rhythm and current individual activity [16]. Circadian rhythm was controlled for by taking baseline samples at 13:00 ± 15 minutes, but activity of individuals directly before sampling was not assessed. Therefore, within-individual variation in baseline cortisol is expected to be high. Individual differences in baseline cortisol might better be measured using a reaction norm approach where baseline cortisol is measured repeatedly across an environmental gradient [56,57]. For example, recent work has found that individual chimpanzees (Pan troglodytes) consistently differ in their reaction norms of urinary cortisol across the circadian gradient [58]. Furthermore, cortisol level in the context of an individual's reaction norm can correlate to the expression level of some behaviors, such as shyness as found in female threespine sticklebacks (Gasterosteus aculeata) [59]. Therefore, we interpret baseline cortisol as an indicator of individual state. 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 [60,61] 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 [62]  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. 
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 [36,41] 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 energetically-costly to be dominant or subdominant [15,23,63]. 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, 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 [21]. 
It is important to frame this lack of correlation between dominance rank and cortisol concentrations within the limitations of the present study. We studied two social groups, each consisting of six individuals. Number of group members can influence social structure and attributes of the dominance hierarchy. Schuhr [12] observed social behavior in different group sizes of female mice and found that the social structure and social behavior of high and low ranking individuals differed based on the group size. Thus, the group size and number of groups observed can have a profound influence on the social structure and whether other measurements correlate to rank. Additionally, it is highly recommended to include repeated measures when investigating correlations between labile traits such as hormones and behavior to account for within-individual variation [64]. Accordingly, we measured each trait twice for each individual, and both measurements were included in our analysis. However, we acknowledge that increasing the number of repeated measurements per individual and/or the number of individuals included in the study would strengthen the interpretation of our results. Taken together, further research addressing these limitations is needed to fully understand whether there is a link between dominance rank and cortisol concentrations in this study system.
Conclusions
It is not well understood in females whether endocrine traits such as cortisol responsiveness are stable and correlated to aspects of the social environment. Cortisol responsiveness and dominance rank were highly repeatable traits. However, baseline cortisol was not repeatable, and we did not detect a correlation between dominance rank and cortisol concentrations (baseline or response) in female guinea pigs living in stable social groups. Therefore, cortisol responsiveness does not seem to be significantly involved in the maintenance of rank, and it remains an open question whether magnitude of cortisol responsiveness mediates adaptive behavioral strategies in social contexts for female guinea pigs. 

Methods
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 of each group was 59 and 57 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%. 
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. Mean age at the first CRT was 172 days (range 151-197 days); mean age at the second CRT was 213 days (range 193-238 days).
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.
Cortisol response test (CRT)
The cortisol response test (hereafter: CRT) is used to measure the endocrine stress response to a challenge. Cortisol is the predominant glucocorticoid in guinea pigs [65], and guinea pigs show an increase in plasma cortisol when exposed to a novel environment void of shelter [66]. 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 [60]. 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 housing room of the focal individual was locked one hour prior to the beginning of the test to prevent any influence of human activity on baseline cortisol levels. At the beginning of the CRT, a stopwatch was started directly when the experimenter knocked on the door to enter the housing room of the focal animal. The focal animal was collected, brought to a separate room, and placed on the lap of an assistant who then applied a small amount of muscle salve (Finalgon® salve, Boehringer Ingelheim International GmbH, Ingelheim on the Rhine, Germany) to the ears of the focal animal; excess salve was removed directly afterward. The assistant then held the ear of the animal taut so that the experimenter could illuminate the blood vessels via a cold-point lamp held beneath the ear and prick a visible blood vessel with a sterile blood lancet (Solofix® Blutlanzetten, B. Braun Melsungen AG, Melsungen, Germany). The assistant massaged the ear to stimulate blood flow while the experimenter collected approximately 150 μl of blood with two capillary tubes (Capillary tubes for microhaematocrits, 100 μl, Paul Marienfeld GmbH & Co KG, Lauda-Königshofen, Germany) within three minutes of entering the housing room of the focal animal. A swab was applied to the ear to stop the blood flow, and the focal animal was weighed (to the decigram) and placed into the CRT enclosure with the rump against the center of the closest wall. The CRT room was then locked to prevent disturbance during the test, and the blood sample and weighing procedure was repeated 60 minutes and 120 minutes after the initial entering of the focal animal housing room. 
The blood plasma was isolated directly after the blood sampling procedure. The capillary tubes were sealed at one end with hematocrit sealing compound (Brand GmbH & Co. KG, Wertheim, Germany). The sealed capillary tubes were then centrifuged at 13000 rpm for five minutes, after which the plasma was separated from the rest of the blood. The capillary tube was broken at this separation point with an electronic file, and the plasma was pipetted into an Eppendorf tube and centrifuged at 13000 rpm for three minutes. The plasma was pipetted into a new Eppendorf tube and centrifuged under the same conditions until no visible pellet remained. The plasma samples were then frozen at -20°C.
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 %. 
Statistical analysis
Statistical analysis was carried out with R version 4.0.3 [67]. 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 (version 0.9.22) [68] was used. In addition, the packages lme4 (version 1.1.25) [69] and lmerTest (version 3.1.3) [70] 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 [71]. 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. 
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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). N = 12 for all models. The reference category for measurement is the second measurement.
	Response variable
	Fixed effects
	Estimate
	SE
	df
	t value
	P

	Baseline cortisol
	(Intercept)
	4.741
	0.270
	19
	17.590
	

	
	rank
	0.047
	0.642
	19
	0.073
	0.942

	
	age
	-0.011
	0.010
	19
	-1.068
	0.299

	
	measurement
	0.363
	0.484
	19
	0.749
	0.463

	
	group
	0.190
	0.239
	19
	0.795
	0.436

	
	
	
	
	
	
	

	Cortisol response R1
	(Intercept)
	1413.271
	274.055
	10.766
	5.157
	

	
	rank
	-762.263
	605.979
	17.384
	-1.258
	0.225

	
	age
	5.688
	10.779
	11.334
	0.528
	0.608

	
	measurement
	-66.022
	465.650
	12.834
	-0.142
	0.889

	
	group
	386.564
	270.905
	8.585
	1.427
	0.189

	
	
	
	
	
	
	

	Cortisol response R2
	(Intercept)
	1986.851
	320.045
	10.870
	6.208
	

	
	rank
	-844.550
	647.264
	18.977
	-1.305
	0.208

	
	age
	10.769
	12.450
	12.179
	0.865
	0.404

	
	measurement
	-327.696
	530.579
	13.219
	-0.618
	0.547

	
	group
	389.368
	325.173
	8.861
	1.197
	0.262

	
	
	
	
	
	
	

	Dominance rank
	(Intercept)
	0.700
	0.086
	9.123
	8.128
	

	
	mass
	0.002
	0.0007
	9.938
	2.599
	0.027

	
	age
	0.007
	0.003
	8.651
	2.079
	0.069

	
	measurement
	-0.411
	0.132
	9.947
	-3.122
	0.011

	
	group
	0.073
	0.092
	8.196
	0.787
	0.454

	
	
	
	
	
	
	

	Change in body weight
	(Intercept)
	1.678
	0.357
	9.103
	4.695
	

	(absolute difference)
	Cortisol R2
	0.0001
	0.0003
	14.399
	0.399
	0.696

	
	mass
	0.003
	0.003
	8.611
	1.086
	0.307

	
	age
	0.009
	0.013
	7.924
	0.649
	0.535

	
	measurement
	-0.596
	0.546
	9.997
	-1.092
	0.300

	
	group
	0.757
	0.385
	7.998
	1.967
	0.085


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). N = 12 for all models used to estimate adjusted repeatability.
	Response variable
	R (SE)
	CI
	P

	Baseline cortisol
Cortisol response R1
	0 (0.217)
0.635 (0.185)
	[0, 0.690]
[0.229, 0.927]
	0.5
0.019

	Cortisol response R2
	0.764 (0.140)
	[0.433, 0.951]
	0.002

	Dominance rank
Change in mass (absolute difference)
	0.709 (0.159)
0.568 (0.226)
	[0.330, 0.935]
[0.002, 0.926]
	0.007
0.057














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.
[image: ]

Figure 2. Individual values and box plots of baseline cortisol, cortisol responsiveness after one hour (R1), and cortisol responsiveness after two hours (R2) values at the first (left) and second (right) measurements. Cortisol significantly increased throughout the cortisol response test at both measurements (Friedman test; first measurement: χ2 = 22.167, df = 2, N = 12, P < 0.001; second measurement: χ2 = 24, df = 2, N = 12, P < 0.001). 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). The values for each individual are plotted by dots connected by lines. For ease of visualization, individual is designated by color; position along the gradient is based on R2 value at first measurement.
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Figure 3. Scatterplots showing baseline cortisol (left), cortisol responsiveness after one hour (R1; middle), and cortisol responsiveness after two hours (R2; right) measured for each individual at the first (x axis) and second (y axis) measurement. The two housing groups are designated by gray hue. Baseline cortisol was not repeatable (R = 0, P = 0.5); cortisol responsiveness R1 and R2 were significantly repeatable (R1: R = 0.635, P = 0.019; R2: R = 0.764, P = 0.002). 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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