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Lay summary
Dominance rank can influence many aspects of an individual’s biology across many species. We manipulated group membership to determine whether rank is the product of a group’s social history or bodyweight in monk parakeets. After reintroducing removed individuals, no top-ranked individuals could re-take their rank, and bodyweight was inconsistently correlated with rank across all birds. Our results show that rank is more likely an outcome of social history rather than being driven by individual characteristics.

Social manipulations disentangle rank effects of individual characteristics and social history
Abstract
[bookmark: _Hlk94771492]Dominance hierarchies can provide many benefits to individuals depending on their ranks. Individuals can establish rank in these hierarchies from outcomes based on individual characteristics to outcomes based on social interactions and memory, and these drivers are not mutually exclusive. Generally, researchers evaluate the basis of rank by employing correlative methods between individual characteristics and rank. A lack of a correlation does not automatically indicate that social history, rather than individual characteristics, is important in rank emergence. To better disentangle social history and individual characteristics as the basis for rank, we conducted experimental social perturbations on a captive group of 20 monk parakeets (Myiopsitta monachus). We tested whether individuals could re-take their ranks in hierarchies after reintroduction following their removal period from the group. If rank is more an outcome of recent social interactions within a group, a removed individual should not be able to re-take its previous rank following reintroduction. If rank is more of an outcome of individual characteristics, these characteristics should be associated with rank and removed individuals should be able to re-take their ranks following reintroduction. We performed three perturbations that consisted of an eight-day removal and an eight-day reintroduction period of three unique top-ranked focal birds. We found that none of the focal birds could regain their previous rank following reintroduction. We also found that an individual characteristic (body mass) was largely unassociated with rank. Our repeated samples of body mass suggest that this characteristic may be responsive to rank, rather than a factor driving rank. Combined with previous results, this experiment supports that rank in monk parakeet dominance hierarchies is more likely to be an emergent outcome of past interactions, memory, and observing agonistic interactions rather than based strongly on individual characteristics.
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Introduction
[bookmark: _Hlk99808984]Dominance hierarchies structure aggression in many social groups across the animal kingdom (Shizuka and McDonald 2012; Holekamp and Strauss 2016; Hobson et al. 2021). The ranks that individuals hold in these hierarchies, and the aggression one receives based on rank, can affect their access to resources (Pizzari and McDonald 2019), health and stress levels (Cavigelli and Caruso 2015; Simons et al. 2022), and ability to reproduce (Hodge et al. 2008; Sukmak et al. 2014). These effects demonstrate that rank is not just a feature detectable by researchers but that rank is a phenomenon that can have significant biological effects on individuals in these groups.
[bookmark: _Hlk99808739]Understanding how and why specific individuals achieve high rank has been an area of active research during the history of dominance hierarchy study (Strauss et al. 2022). In some species, rank is strongly correlated with the characteristics of the individuals, such as body size, weapon or ornament size, age, motivation, or maternal inheritance (Engh et al. 2000; Chase and Seitz 2011; Reddon et al. 2011; Santos et al. 2011; O’Connor et al. 2015). However, rank in other species appears to be independent on many of these characteristics (Chase et al. 2002). Rank in these cases may be a product of the history of interactions and, thus, an emergent property of group interactions (Hotta et al. 2014; Massen et al. 2014; Hobson and DeDeo 2015; Tibbetts et al. 2019). Rank can emerge solely as an outcome, or as a combination of individual characteristics or social history (reviewed in Holekamp and Strauss 2016; Hobson 2020), which would translate to rank determinants existing along a continuum that may or may not be mutually exclusive. Knowing where a group falls on this rank continuum and how individuals achieve or gain and lose rank, can provide insight into the relative importance of individual characteristics and social factors (Hobson 2020). 
[bookmark: _Hlk99809022]To determine what factors influence rank, researchers often measure individual characteristics and then correlate those measures to the rank of individuals (e.g., Ardia et al. 2010; Matthews and Wong 2015; Feng et al. 2016). A strong correlation would be interpreted as evidence that the measured characteristic could be a determining factor affecting rank. However, it is important to note that the characteristic could instead be an outcome of rank. Finding an association between individual characteristics and rank at a single time point is not immediately informative about the direction of causality and further examination of the relationship across time is necessary to be able to differentiate whether individual characteristics influence rank or rank influences characteristics. The absence of a strong association between characteristics and rank is also difficult to interpret. For example, a lack of association may occur if characteristics largely determine rank, but the salient trait was not identified, measured, and tested in the study (Chase and Seitz 2011). Alternatively, a lack of association may indicate that rank is more dependent on social factors than characteristics, or both social factors and individual characteristics that were not tested. Additional analyses are needed to reach this conclusion. For example, analyses of the amount and type of social information in a system, combined with a lack of association between characteristics and rank, can provide stronger indications that social history is important to rank (e.g., Hobson & DeDeo 2015). Experimental manipulation of social groups that exhibit dominance hierarchies could be used to better clarify the factors that determine rank.
[bookmark: _Hlk99810917][bookmark: _Hlk99809036]Experimental approaches can allow researchers to thoroughly investigate several aspects about rank including: (1) the effect of an individual’s social history and environment, (2) the effect of an individual’s characteristics, and (3) the direction of causality of the relationship between rank and individual characteristics. If rank is dependent on social history, altering group composition through removing, replacing, or reintroducing individuals should change the ranks of individuals. Previous captive perturbation experiments across species have tested, for example, whether the removal of conflict managers affects group-level measures and robustness (Flack et al. 2005), what happens to the hierarchy after an alpha male leaves (Grossel et al. 2022), whether social ascent is costly in a size-based rank system (Fialkowski et al. 2021), and if behavioral patterns differ per rank position (Rueger et al. 2021), or if the dominance hierarchy structure changes (Kubitza et al. 2015). These kinds of social perturbation events can also occur naturally in wild populations through demographic (e.g., deaths, births, dispersal and immigration events, Shizuka and Johnson 2020), or stochastic environmental processes, such as hurricanes (Testard et al. 2021). However, these processes in wild populations are difficult to experimentally control as the timing of these perturbations are haphazard and, consequently, replication of these events are difficult to account for. Natural perturbation events can be simulated in more controlled captive conditions by experimentally manipulating the system by removing or (re)introducing individuals via targeted captures. If rank is dependent on characteristics, artificially modifying those characteristics should change that individual’s rank (e.g., Santos et al. 2011; Cline et al. 2016; Levin et al. 2018; Portugal et al. 2020). Alternatively, it is also possible that rank may affect individual characteristics through feedback mechanisms (Setchell and Dixson 2001). If so manipulating an individual’s characteristics can alter rank which in turn can alter individual characteristics (Dey et al. 2014). 
In this study, we used social perturbations to test whether rank was more likely an outcome of social processes or individual characteristics. We tested whether top-ranked individuals could re-take their ranks following an experimental removal and reintroduction within their groups. We tested this idea in monk parakeets (Myiopsitta monachus), small neotropical, widely invasive parrots that readily form dominance hierarchies in captivity (Hobson et al. 2013; Hobson et al. 2014; Hobson et al. 2015; Hobson and DeDeo 2015). Previous work with this species has indicated that social history was likely more important in determining rank than individual characteristics, but this work used only computational approaches to detect evidence for the effect of social history on rank (Hobson and DeDeo 2015; Hobson et al. 2021). Here, we expand on this previous work by using a social perturbation experiment to disentangle the influence of social history and individual characteristics on rank emergence. In each trial, we identified the top-ranked individual, removed it from the group, and reintroduced it after an 8-day absence. We predicted that if the short-term history of social interactions was more important in achieving and maintaining rank, these formerly top-ranked individuals should not immediately re-take their previous ranks, and individual characteristics would not be associated with rank. However, if individual characteristics were more important in determining rank in this system, removed individuals should quickly re-take their previous top-ranked position and rank would be highly associated with individual characteristics. A correlation between rank and individual characteristics could either mean that the individual characteristic affects rank or that an individual characteristic is influenced by rank. Therefore, we also investigated the direction of causality for the relationship between rank and individual characteristics using repeated measures of power scores and body mass. This experimental approach allowed us to determine the foundations of rank more clearly in this monk parakeet group. A better understanding of rank determinants may provide insight into the role of cognitive processes like perception, comparison, memory, and inference, on rank acquisition.
Methods
The social experiments and observations took place at the United States Department of Agriculture National Wildlife Research Center (USDA NWRC), Florida Field Station, in Gainesville, FL, USA. We observed a captive group of 20 monk parakeets from April – July 2021 and recorded aggressive interactions among individuals. This group of 20 monk parakeets had never interacted as one social group before and was comprised of birds that were captured by the USDA NWRC from feral populations in South Florida just prior to our social experiment. All animal-related activities were approved by the University of Cincinnati (IACUC protocol #AM02-19-11-19-01) and the National Wildlife Research Center (Quality Assurance #3203). 
Social interaction data collection
To facilitate individual identification, we marked each parakeet on the head, cheeks, and neck with a unique color combination using nontoxic, permanent markers (Sharpie, Inc.®) (Hobson et al. 2013). This unique color combination also represented a unique letter ID for each bird combining the three different colors chosen from blue, green, orange, and purple (Fig.1). All marks were re-applied at each capture event (see below). Once (re)marked, parakeets were released into a large 45 x 45m seminatural outdoor flight pen. We allowed the group to interact and the social structure to stabilize in the flight pen for 44 days before starting the social perturbations. Social perturbations occurred between 16 May and 5 July 2021. Each perturbation cycle lasted 16 days, including an 8-day removal and an 8-day reintroduction period (Supplemental Material (SM) 1).
Four observers monitored parakeet behaviors in the flight pen. The observers collected data on social interactions between 08:00 and 19:00 from three different blinds in the flight pen. Observers recorded dyadic interactions using all-occurrence sampling (Altmann 1974) and entered data directly into electronic format using an iPad and the Animal Observer application (Diane Fossey Gorilla Fund v1.0), which we customized to record all-occurrence observations of agonistic interactions (van der Marel et al. 2022). We recorded two types of directed agonistic interactions: crowds, where the actor approached a target, but the target moved away before the actor was within striking range, and displacements, where the actor aggressively approached another bird within striking distance and supplanted it from its location. 
From these observations, we excluded any interaction where either of the two interactants was unknown (keeping only interactions where the actor and the target were positively identified). We also excluded duplicated observations, for example, if two observers recorded the same fight. To do this, we determined the maximum number of aggressive interactions (including both crowds and displacements) between each pair of individuals (dyads) recorded by an observer each minute. Combining both crowds and displacements was a more conservative method to remove duplicates as it resulted in less interactions but excluded the instances where two observers observed the same interaction but where one observer could have coded it as a crowd and the other observer as a displacement. We retained the most complete interaction record for each dyad in each minute of observation (observations from the observer that recorded the most events during that one minute; see van der Marel et al. 2020). 
Quantifying rank
We used both crowd and displacement aggression as pairwise interactions to find the dominance rank of each bird. We included both crowd and displacement interactions in our calculation of rank because our analyses indicated that we could treat these two behaviors as interchangeable (see SM2, using methods in van der Marel et al. 2020). We pooled data into a series of 3-day bins (i.e., rank assessment periods, SM1) to better estimate individual ranks. Each perturbation cycle consisted of four 3-day rank assessment periods. We used power as a continuous measure of rank for each individual and calculated power using a modified version of PageRank implemented in the ‘Domstruc’ package (Hobson et al. 2021; Mønster et al. 2021). We used the continuous power measure instead of ordinal rank measures because a continuous rank measure contains more information than when scores are transformed to an ordinal ranking. In an ordinal ranking method each individual is ranked in a linear order, whereas power can also discern between cases where individuals have similar power scores. For example, individuals that have rank positions 1 and 2 could either have very similar or dissimilar power scores. For the analyses, we primarily used the continuous measure, power, but we also incorporated ordinal ranking to highlight rank positions. 
Rank-based removals
We first identified which parakeet was currently the top-ranked bird in the group at each removal point using the agonistic interactions collected during the three days prior to removals (Fig. 1, rank assessment points 1, 5, and 9). On each removal day, we trapped all the parakeets in the flight pen using mist nets, removed the most dominant parakeet, and released the remaining birds back into the flight pen. We allowed the birds to recover in the afternoon after trapping, and this recovery period was not included in our analyses. The removed top-ranked bird was housed in its standard housing cage during the removal period (2 x 2 meter wire cage), which is where the parakeets normally reside when they are not in the flight pen. The removed bird was housed near other parakeets (not involved in the flight pen experiment) but away from the social group remaining in the flight pen. After eight days, we reintroduced the removed bird by releasing it back into the social group.
Individual characteristic measure
We used body mass and relative body size as our individual characteristics, however we focused our assessment of individual characteristics in the paper on body mass (for justification, see SM3). On removal days when all individuals were captured (n = 20 monk parakeets), we measured the body mass of each bird in grams using a digital scale, totaling five capture events and body mass measures. We excluded seven data points with incorrectly recorded body masses (SM3). We tested for sex differences in body mass by genetically sexing all individuals with feather samples (IQGenetics, Inc., Miami, FL, USA) because monk parakeets are sexually monomorphic. We calculated the mean of each bird’s body mass across the five capture events and used a t-test to test for a sex difference in mean body mass. 
Testing whether social processes underly rank
We quantified all birds’ rank and power dynamics in the group throughout our social experiment. To test whether individuals could re-take their previous rank position in the dominance hierarchy following an absence, we quantified all parakeets’ ranks and power scores in the group prior to each removal and following each reintroduction (e.g., rank assessment points 1 and 4). We then compared the focal birds’ absolute rank and power score change to the remaining group members. The timing of our power, relative rank, and weight recovery measurements of the focal bird of trial three (rank assessment point 13) was slightly delayed by a tropical storm. Before the storm, we moved all birds to their holding cages after rank assessment period 12 and released them back into the flight pen after two days. To obtain the recovery data for the focal bird, we calculated the bird’s recovery using a two-day observation period (rank assessment point 13). We excluded rank assessment period 13 from the rest of our analyses, but we included the power assessment for this time point in Figure 1.
Testing whether individual characteristics underly rank
If individual characteristics underly rank, rank should be associated with individual characteristics. We correlated power score and bodyweight just prior to removals using Kendall’s correlation because this correlation measure is robust for small sample sizes (Bonett and Wright 2000). 
Determining the direction of causality of rank and mass
If an association between rank and mass is present, causality could go in two directions: 1) body mass could predict achieved rank, or 2) rank could influence body mass. First, we tested whether initial weight or sex predicted power after the initial group formation period. We used the initial body mass prior to social experiments and the power prior to first removal (rank assessment point 1, SM1). As power scores followed a beta distribution, we used linear regression for beta distribution to test the effect of mass and sex on rank using the ‘betareg’ package (Cribari-Neto and Zeileis 2010). We used the likelihood ratio test (LRT) between the full model and a null model (excluding mass and sex) to test for significance. As we did not find differences in body masses between sexes or an effect of sex on power score (see results), we excluded sex from further analyses. 
Second, we investigated whether body mass may be an outcome of rank. If changes in power score drive changes in body mass, then we should see a correlation between power change and body mass change. Additionally, focal birds that cannot re-take their top rank position should also lose weight upon reintroduction. We correlated the power score change between time points prior to removals (rank assessment points 1 and 5, 5 and 9; Fig. SM1) using Kendall’s correlation and calculated the percentage of birds that either both lost or gained weight and power. This percentage would reflect the percentage of birds that followed our prediction. We excluded the comparison of trial 3 as we did not have the power score at the end of trial 3 due to a tropical storm (see above). To investigate the relationship between changes in mass and power score of the focal birds, we measured the mass of all removed focal birds at three time points: 1) at each group capture event (on removal days), 2) just prior to reintroduction to the group, and 3) at the following group capture event (normally 8 days after reintroductions, except for trial 3, see above). This method allowed us to detect changes in mass that occurred during the removal phase, during the reintroduction phase, and across the entire 16-day trial. We did not test for the significance of mass change of the focal birds due to low statistical power. As a comparison to the weight change of the focal birds, we also quantified the percent weight change across all the birds in the group, with masses measured at each group capture event. We tested for a difference in percent weight change across trials using a linear mixed model with ID as a random factor as we had multiple weight measures per bird. We tested for significance using a likelihood ratio test and calculated the confidence intervals using the ‘emmeans’ package (Lenth 2021). We compared the focal birds’ overall body mass change for each trial (difference between weight at capture event 1 and 2, etc.) to the remaining birds in the flight pen. 
Data availability 
We performed all analyses in R version 4.1.2 (R Core Team 2021) and created the figures using ggplot2 (Wickham 2016). The data and code are available on the GitHub repository (link will be provided after the double-blind review process). 
Results
We observed the monk parakeets for 269.9 hours and 1034.6 person hours (i.e., total hours observed for all four observers combined) across 38.5 days. Each 3-day bin used for rank assessment was based on an average of 21.3 ± 2.3 (SD) observation hours. After excluding unidentified individuals and duplicate interactions, we used 24317 agonistic interactions (rank assessment points 1 through 13; Fig. 1, SM1) to address how parakeets responded to dominance rank perturbations. We performed removal/reintroduction trials for three unique top-ranked individuals in the group. In total, 7 females and 13 males were part of the study. We measured their body weight at five different capture events. On average, body mass was 110.1 ± 6.8 g. Males (111.7 ± 6.6 g) were not significantly heavier than females (107.2 ± 6.4 g; t-test = -1.69, p = 0.11).
Do social processes underly rank?
Throughout the experiment, we observed that the group showed relatively stable power scores despite the perturbations but that individuals did undergo rank and power score changes (Fig. 1). The average of the absolute power score changes of the remaining parakeets, excluding the focal birds, between the rank assessment points just prior to removal and just after reintroduction was 0.011 ± 0.008, 0.017 ± 0.021, and 0.014 ± 0.013 (mean ± SD) for trials 1, 2, and 3, respectively (Fig. SM4.1). The focal birds dropped much more in power and showed greater absolute power score changes (trial 1: 0.159, trial 2: 0.051, and trial 3: 0.158) than the birds that remained in the flight pen for the duration of the 16-day trial (Fig. SM4.1). None of the three removed birds were able to re-take their previous rank immediately after reintroduction (Fig. 1, Table 1).
	Table 1. Change in measured variables between different timepoints for each focal bird for (a) changes between removal and reintroduction (e.g., difference between rank assessment points 4 and 1, Fig. 1) and (b) changes between reintroduction and the next focal removal (e.g., difference between rank assessment points 5 and 4). Columns show changes in power, ordinal rank, and weight (negative values indicate losses, positive values indicate gains, 0 indicates no change). 
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	Trial
	Focal bird
	
	
	Power
	Rank
	Weight
	
	
	Power
	Rank
	Weight

	1
	BBB
	
	
	-0.16
	-20
	+0.40
	
	
	+0.01
	0
	-6.60

	2
	GPG
	
	
	-0.05
	-16
	-2.30
	
	
	+0.03
	+7
	+0.20

	3
	OPP
	
	
	-0.16
	-20
	+0.57
	
	
	+0.021
	01
	-7.371


1 The recovery values were calculated using a two-day observation period (rank assessment point 13, Fig. 1) collected after the birds were placed back into their holding cages for two days due to a tropical storm. 



	Figure 1. Dominance rank changes over time. The rank assessment points include power score assessments calculated over three days of observations. Each of the three top-ranked focal birds (BBB, GPG, and OPP) are highlighted with bolder power lines. Circles show the power scores (i.e., modified PageRank score) of focal birds prior to removals; diamonds show the power scores following reintroductions; colored dashed lines show the change in rank for each focal prior to removal compared to following their reintroduction to the group; grey dashed lines show removal points; grey dotted lines show reintroduction points.
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Do individual characteristics underly rank?
We found no significant association between body mass and power in 2 out of the 3 trials (trial 2: τ = 0.19, p = 0.26; and trial 3: τ = 0.08, p = 0.65, Fig. 2a). Power and body mass were positively correlated when the social structure was stable and just prior to first removal (trial 1 Kendall correlation: τ = 0.33, p = 0.04; Fig. 2). The correlation results were not uniform across trials. 
	Figure 2. Assessing the relationship between body mass and power score in monk parakeets. The figure shows the correlation between body mass and power score just prior to removals 1, 2, and 3, respectively. Females are denoted with green circles and males with blue triangles. 
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Can we determine the direction of causality of rank and mass?
We investigated the direction of causation of the association between power and body mass in two ways. First, we tested whether initial body mass or sex predicted power at the end of the initial group formation period. We found that neither initial body mass nor sex predicted power prior to first removal (LRT: λ = 3.85, p = 0.15, weight estimate ± SE = 0.01 ± 0.01, sex estimate ± SE = -0.38 ± 0.19; Fig. 3). 
	Figure 3. Assessing the direction of causality between rank and body mass. Beta regression of initial body mass in gram on power score calculated during the 3-days at the end of the initial group formation period just prior the first removal. Females are denoted with green circles and males with blue triangles.
 [image: Chart, scatter chart

Description automatically generated]


Second, we tested whether mass could be an outcome of rank position. Power and weight change were not correlated when the focal was included (trial 1: Kendall's τ = 0.16, p = 0.33; trial 2: τ = 0.13, p = 0.45; Fig. 4; Fig. SM5.1) or excluded (trial 1: τ = 0.06, p = 0.70; trial 2: τ = 0.13, p = 0.48). We found that 55 % and 50 % of birds for trial 1 and 2, respectively, followed our prediction that if individuals lose or gain power they will then lose or gain weight. We observed that the two focal birds that had an extreme loss of rank (-20 rank positions) upon reintroduction also lost weight after reintroduction (Table 1; Fig. 5b). The other focal bird (trial 2) did not lose as many rank positions (it dropped 16 places in rank) and, in contrast to the other two birds, this bird gained weight after it was reintroduced (Table 1; Fig. 5b). Body mass for all non-focal birds did not significantly change during the social experiment (LR test: λ = 5.6, p = 0.06: Fig. 5c). All the confidence intervals crossed zero, so weight change did not differ across trials (trial 1: CI [-1.58 – 0.55], trial 2: CI [-2.11 – 0.02], trial 3: CI [-0.41 – 1.87]). Compared to the mass change of the remaining birds in the flight pen across the entire perturbation trial, the focal birds of trials 1 and 3 showed weight loss but this weight loss was not unusual compared to the weight loss of the remaining group members (Fig. 5).
	Figure 4. The association between power score changes and weight changes for trials 1 and 2. The colors of points represent the ordinal rank of the individuals at the start of the trial with top-ranked birds in red and bottom-ranked birds in blue. The grey rectangles represent the quadrants where we would expect the datapoints to fall in if body mass is an outcome of rank: the bottom-left quadrant represents when individuals lose rank and weight and the top-right quadrant represents when individuals gain weight and rank.
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	Figure 5. Weight changes across time in the focal birds and across all individuals in the group. Panel (a) shows weight change following the removal period for the three focal birds, comparing mass at reintroduction to mass on removal. Panel (b) shows weight change following the reintroduction period for each focal, comparing mass at the next capture event to mass on reintroduction. For comparison, panel (c) shows the percent weight change across capture events for all group members (excluding the focal birds). A positive weight change indicates weight gain, and a negative weight change indicates weight loss.
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Discussion
[bookmark: _Hlk99813662]We investigated two alternative non-mutually exclusive hypotheses to explain achieved rank in a group of monk parakeets. We tested whether rank was more an outcome of the history of past interactions or more an outcome of individual characteristics. If we observed that removed birds could not re-take their previous top-rank position, then we would see support for the social history hypothesis. Further, if we found a correlation between an individual characteristic (body mass) and rank, then we would see support for the individual characteristics hypothesis. Lastly, we determined the direction of causality of the correlation between rank and the characteristic. 
[bookmark: _Hlk99813670]Our results show strong support for the effect of social history on rank and weak to no evidence that body mass is a determinant of rank. Past interactions of monk parakeets influence rank because none of the three removed birds could re-take their previous rank upon reintroduction, similar to previous studies (Hobson and DeDeo 2015; Hobson et al. 2021). We also found that body mass was not associated with rank in most trials (2 out of 3) which is largely consistent with earlier results (Hobson and DeDeo 2015). Focal birds did regain rank over time despite not re-taking their previous rank position immediately upon reintroduction, lending support that both the short-term history of past interactions and individual characteristics may matter in rank acquisition. Recent interactions and their outcomes can affect individual characteristics and, in turn, lead to a change in rank positions, forming a feedback loop (Hobson and DeDeo 2015; Dehnen et al. 2022). The regaining of rank by focal birds could also indicate that social ascent and aggressive interactions may be costly (Fialkowski et al. 2021; Humphries et al. 2021; Milewski et al. 2022), take time to accomplish, and involve an understanding of current social dynamics and connections.
When investigating the causality of the association between mass and rank, we found no evidence that body mass predicted rank, but some evidence that body mass may be driven by rank. We found that the focal birds that suffered an extreme loss of rank upon reintroduction lost weight in the 8 days following their reintroduction, suggesting that mass may be affected by rank changes rather than being the driving factor behind rank achievement. Overall, these results highlight the complexity by which rank could be determined in species. In our study, we see that a significant correlation between an individual characteristic and rank does not immediately rule out other rank determinants or that these individual characteristics influence rank ubiquitously. Further manipulative experiments are required to assess the causality of individual characteristics on rank. 
[bookmark: _Hlk99814057][bookmark: _Hlk99813676]Additional factors could explain the rank dynamics we observed upon reintroduction. The first mechanism is stress. Top-ranked focal birds might not re-take their rank position immediately if the removal period was stressful. A response to a stressor (in this case, the removal from or reintroduction into the social group) could be decreased food intake or increased heat production and activity (Harris 2015). However, we found that the mass of the removed birds did not drastically decrease when we compared the focal bird’s masses on removal and at reintroduction, suggesting that the removal period was not stressful for the focal birds in terms of body mass loss. Experimental manipulation of body mass, for example, by artificial mass loading or by adding satellite tags, can affect dominance rank in some (Portugal et al. 2020) but not other species (Sergio et al. 2015). In our study, the loss in rank upon reintroduction is more likely due to the focal bird’s history with its group members than body mass alone because the birds that lost most rank positions (focal birds from trials 1 and 2) gained weight during removal and, thus, were heavier upon reintroduction. It is possible that some other unmeasured factor could have changed over the 8-day removal period. However, in combination with previous results showing that the outcomes of experienced and observed fights contained information about rank (Hobson and DeDeo 2015; Hobson et al. 2021), these results suggest that our measured individual characteristic is not the main driving factor of rank in captive monk parakeets. Second, more research is needed on the role that social support may play in the rank dynamics upon reintroduction. Having social support in the form of affiliative partnerships could buffer negative and stressful events (Cohen and Wills 1985; Seeman and Mcewen 1996), such as perturbations (Testard et al. 2021), and could improve rank and fitness (e.g., spotted hyenas, Crocuta crocuta, Strauss and Holekamp 2019). In the parakeet group, relationships between the focal and the remaining group members may have affected the removed individual’s ability to re-take rank. Individuals that had strong and stable partnerships before removal and that can re-join on reintroduction may be able to reintegrate at a similar rank position in the hierarchy when they return from an absence. 
[bookmark: _Hlk99813699]In our study, we only investigated the effects of removing the top-ranked individuals from a group. The loss or reintroduction of top-ranked individuals can affect network structure differently than the loss or introduction of a random individual (Barrett et al. 2012; Goldenberg et al. 2016; Wiśniewska et al. 2020). Additional experiments removing differently ranked individuals in multiple groups would get at the questions whether aggression is specifically aimed at the reintroduced bird or whether the group similarly treats any newcomer, whether all birds suffer rank loss on reintroduction, and how body mass changes may be mediated by rank during reintroductions. Although the study was performed on a captive population, which may influence bird behavior (i.e., results may be an artifact of captivity), dominance structure and social dominance patterns across species show no evidence that they are consistently affected by captivity (Shizuka and McDonald 2015; Hobson et al. 2021). 
[bookmark: _Hlk99814338]Using experimental social manipulations, we set out to disentangle whether the rank system of monk parakeets was more a result of an individual characteristic or an individual’s social history. We distinguished that social processes underly rank and showed that an individual characteristic might be responsive to rank rather than a factor driving rank in this group of monk parakeets. In systems where rank is more based on social interactions and memory, individuals may heavily rely on their cognitive abilities to achieve and maintain rank. Greater cognitive processing is required in these systems as decisions on whom to fight at the individual level are made using emergent rank information by observing the interactions between other individuals (Chase and Seitz 2011; Hobson and DeDeo 2015; Reichert and Quinn 2017; Hobson et al. 2021). In these systems, individuals may use perception, recognition of group members, memory of past interactions, and transitive inference to infer the rank of others. However, even in systems where rank is based on individual characteristics (e.g., cichlid fish, Astatotilapia burton), cognitive ability and performance can vary with rank position (Wallace et al. 2022), suggesting that throughout the rank continuum cognitive abilities may play an important role in rank acquisition and retention. Further experimentation with other species that vary where they fall on the rank acquisition continuum is essential to assess the cognitive processing required to achieve and maintain rank. Gaining a better understanding of how individuals achieve and maintain rank can give more insight into the role of cognition on rank acquisition as rank position can have significant biological effects on individuals in hierarchically structured groups. 
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Supplemental Material 1: Experimental schedule
Table SM1.1 The experimental setup of our social perturbation experiment in monk parakeets. Each perturbation cycle lasted 16 days with an 8-day removal and an 8-day reintroduction period. We observed in total for 6 days during the removal and 6 days during the reintroduction period. We pooled three days to assess rank rendering 12 rank assessment points that we used in our paper. 
	Start date
	End date
	Trial
	Period
	Days
	Hours observed
	Birds
	Agonistic events

	2021-04-05
	2021-05-18
	na
	Initial group formation + social structure stabilization
	41
	 
	 
	 

	
	
	
	
	
	
	
	

	2021-05-16
	2021-05-18
	1
	rank assessment 1
	3
	22.85
	20
	1977

	2021-05-19
	
	1
	capture 1
	1
	
	
	

	2021-05-20
	2021-05-22
	1
	rank assessment 2
	3
	21.82
	19
	2111

	2021-05-23
	2021-05-24
	1
	days off
	2
	
	
	

	2021-05-25
	2021-05-27
	1
	rank assessment 3
	3
	22.58
	19
	1738

	2021-05-28
	2021-05-30
	1
	rank assessment 4
	3
	26.7
	20
	2928

	2021-05-31
	2021-06-01
	1
	days off
	2
	
	
	

	2021-06-02
	2021-06-04
	2
	rank assessment 5
	3
	21.38
	20
	1856

	2021-06-05
	
	2
	capture 2
	1
	
	
	

	2021-06-06
	2021-06-08
	2
	rank assessment 6
	3
	20.95
	19
	2218

	2021-06-09
	2021-06-10
	2
	days off
	2
	
	
	

	2021-06-11
	2021-06-13
	2
	rank assessment 7
	3
	19.68
	19
	1887

	2021-06-14
	2021-06-16
	2
	rank assessment 8
	3
	18.37
	20
	1713

	2021-06-17
	2021-06-18
	2
	days off
	2
	
	
	

	2021-06-19
	2021-06-22
	3
	rank assessment 9
	3.5
	20.97
	20
	1615

	2021-06-23
	
	3
	capture 3
	1
	
	
	

	2021-06-24
	2021-06-26
	3
	rank assessment 10
	3
	17.82
	19
	897

	2021-06-27
	2021-06-28
	3
	days off
	2
	
	
	

	2021-06-29
	2021-07-01
	3
	rank assessment 11
	3
	21.38
	19
	2131

	2021-07-02
	2021-07-04
	3
	rank assessment 12
	3
	20.98
	20
	2005

	2021-07-05
	2021-07-08
	3
	captures 4 and 5; birds moved to holding cages due to tropical storm
	2
	
	
	

	2021-07-09
	2021-07-10
	3
	Rank assessment 13
	2
	14.43
	20
	1241





Supplemental Material 2. Results decision framework pooling crowds and displacements
We used the observations of crowd and displacements for the 3-day bins during the stable phase with 20 birds (bins 1, 5, and 9) to determine whether we could pool the two behaviors into one agonistic behavioral context following the methods as described in van der Marel et al. (2020). 
Step 1: Here, we determined whether basic characteristics of crowds and displacements were similar. We found that crowds were the rarer behavior type but both behaviors were highly correlated (Table. SM2.1). These results provide initial support for pooling behaviors, allowing us to move to Steps 2 and 3 of our decision framework.
	Table SM2.1. Descriptive summary of crowds and displacements for the 3-day bins during the stable phase with 20 monk parakeets.
	Bin
	Crowds
	Displacements
	Total aggression
	Mantel correlation

	1
	1210
	1797
	3007
	0.83

	5
	819
	1150
	1969
	0.74

	9
	700
	981
	1681
	0.82





Steps 2 and 3: Here, we created 2 reference models. Reference model 1 allowed us to see whether the behaviors are interchangeable and reference model 2 told us whether the results of reference model 1 is due to uneven number of events for crowds and displacements. 
First, we investigated whether the aggression matrices of crowds and displacements were correlated. We found that the observed value fell higher than the distribution of both reference models for all 3 bins (Fig. SM2.1). These results are another indication that the two behaviors are functionally similar. 
	Figure SM2.1. Mantel correlations of the aggression matrices of each run for reference model 1 (dark blue) and reference model 2 (light blue) with the observed correlation depicted with the red vertical bar. For all three bins and both reference models, the observed correlation was much higher than the randomized correlation, suggesting that we could pool the 2 behaviors. 
[image: Chart, histogram
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Second, we studied whether the behaviors were interchangeable using different individual-level social measures, such as modified eigenvector centrality as the measure for dominance rank, betweenness centrality, and eigenvector centrality. Here, we provide the results of bin 11. The results are similar for all 3 bins, where dominance rank and eigenvector centrality are highly correlated for both reference models and the observed values were significantly higher than the reference model distributions (Fig. SM2.2). Betweenness centrality was not correlated, and the observed value fell within the reference model distribution. These results tell us we could pool the 2 behaviors.
	Figure SM2.2. This figure shows the individual social metrics, modified PageRank as dominance measure, betweenness centrality, and eigenvector centrality, from the left to right columns, respectively. The top and middle rows are scatterplots between crowds and displacement for reference model 1 (dark blue) and reference model 2 (light blue), respectively. The bottom row represents the matrix correlation strength for each reference model. Observed values are indicated in red. An asterisk shows where the observed correlation fell outside the correlation values of the reference models and NS shows that the observed value fell within the reference model distribution. [image: Graphical user interface, diagram
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Third, we investigated whether the behaviors were interchangeable using different group-level hierarchy measures, such as linearity, steepness, and triangle transitivity. We received some contrasting results (Fig. SM2.3). The pooled values were significantly different from the behaviors separately, except for triangle transitivity. Furthermore, only displacements were the same for the observed data as the reference model distribution. This tells us that triangle transitivity is the same, but that linearity and steepness values are lower for the behaviors separately compared to when they are pooled. 
Finally, we investigated the social dominance patterns for crowds, displacements, and crowds and displacements combined. Again, we ran 100 reference models and compared the observed pattern to the percentage of runs with the reference model dominance patterns. The observed patterns corresponded with the majority of reference model runs (Fig. SM2.4). Plus, for 2/3 of the trials, the dominance patterns were the same for crowds, displacements, and both behaviors pooled. 
	Figure SM2.3. This figure shows the group-level hierarchy metrics, linearity, steepness, and triangle transitivity from the left to right column, respectively. The top row shows the results for bin 11, the center row for bin 15, and the bottom row for bin 19. Observed values are indicated in red and the distributions show values from reference model runs. The observed value falls within the distribution of the reference model runs when P<0.05 (noted as asterisks) and falls outside the range when P>0.05 (noted as NS).
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	Figure SM2.4. The percent runs with dominance patterns of the reference models. The observed patterns are the same in 2 out of 3 stable periods (bin 15 and 19) for crowds and displacements separately and when pooled (indicated in red in italics). Plus, the observed patterns are the same as the majority reference runs. These results suggest we could pool the behaviors. [image: Graphical user interface
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Supplemental Material 3. Justification of using body mass as individual characteristic
Justification of using body mass as individual characteristic 
We decided to use body mass as an individual characteristic over other morphometric measurements for multiple reasons: 1) mass change can happen on a short timescale while morphometrics take time to change. Within the timespan of the 3 trials (48 days), body mass could have changed while we would not expect other morphometric measures (e.g., tarsus) to change; 2) other morphometric measurements were not as reliable measures in monk parakeets. For example, tarsus is not a reliable measure in parakeets (EAH, personal observation) and wing cord and tail length are variable because feathers can tear due to captivity. We took two culmen measurements that refer to the beak size (Hobson and DeDeo 2015): culmen length, which is affected by captive conditions because the animal care personnel trimmed their beaks when necessary, and culmen width, which would be a measure that we could have used besides body mass as a proxy of body size and to create a relative body size measure. Below we provided the analyses to determine whether body size or condition underly rank and the causality of the direction of this relationship.
Culmen width repeatability and relative body size assessment
We used the repeatable package to assess repeatability of culmen width. Culmen width (mean ± SD = 12.93 ± 0.61 mm, n = 4 -5 measures per ID) was significantly repeatable (R = 0.34, se = 0.12, CI = [0.092 – 0.549], p < 0.001). Body mass and culmen width were positively correlated (Pearson’s correlation: r2 = 0.22, p = 0.03). As we did not expect culmen width to change throughout the duration of the social experiment, we performed a correlation between average culmen width and power at the end of the initial group formation period prior to first removal. We then got the residuals of the linear regression of body mass and culmen width as a proxy for relative body size and performed the same analyses for body mass in the manuscript using relative body size instead. 
Exclusion of body mass data points
Upon checking our morphometrics data frame, we identified multiple instances, where we potentially reported a wrong body mass. These instances may have been due to incorrect reporting of the mass of the bird bags or the mass of bird bag and bird together and on some days we had strong winds which could have caused an incorrect weight. Other times, we may not have tared the scale correctly. As a precaution, we excluded the following points in our dataset:
· BBB on 2021-04-05 with a bird bag weight of 112.08 g, resulting in a bird weight of 105.8 g, and on 2021-07-05 with a bird weight of 86.8 g, which are lower compared to the bird’s other weights (always above 110g).
· POP on 2021-06-23 with a bird bag weight of 129.94 g, resulting in a bird weight of 121.4 g, which is higher compared to other weights of this bird (always below 107 g). 
· BOB on 2021-07-08 with a bird bag weight of 169.77, resulting in a bird weight of 109.1 g, which is lower compared to other weights of this bird (always above 100 g). 
· OOO on 2021-06-23 with a bird weight of 72.82 g, which is low compared to other weights of this bird (always above 115 g) 
· PPB on 2021-04-05 with a bird weight of 86.2 g, which is low compared to other weights (always above 100g) 
· GPG on 2021-04-05 with a bird weight of 89.2 g, which is low compared to other weights (always above 110g)

Does culmen width or relative body size underly rank?
We did not find a correlation between average culmen width and power at the end of the initial group formation period, when social structure was stable (Kendall's tau = -0.001, p = 0.97). Therefore, we did not include culmen width in further analyses.
We found partial support for a relationship between relative body size and power. Relative body size and power were correlated at trial 1 (Kendall's tau = 0.33, p = 0.05), but not at trial 2 (tau = 0.08, p = 0.63) or trial 3 (tau = 0.09, p = 0.65; Fig. SM3.1), which was similar to the body mass results (Fig. 2). 
	Figure SM3.1. Assessing the relationship between relative body size and power score in monk parakeets. The figure shows the correlation between relative body size and power score just prior to removals 1, 2, and 3, respectively. Females are denoted with pink circles and males with blue triangles. 
[image: ]


Can we determine the direction of causality?
We investigated the direction of causation of the association. First, we tested whether initial relative body size predicted power at the end of the initial group formation period. We measured their body weight and culmen width at five different capture events. Relative body size was on average 0.41 ± 6.9 g. We found that relative body size did not predict power prior to first removal (LRT: λ = 0.38, p = 0.54, estimate ± SE = 0.01 ± 0.01, Fig. SM3.2). 
	Figure SM3.2. Assessing the direction of causality between rank and relative body size. Beta regression of initial relative body size in gram on power score calculated during the 3-days at the end of the initial group formation period just prior the first removal. Females are denoted with pink circles and males with blue triangles. 
[image: ]


Second, we tested whether relative body size could be an outcome of rank position. Power and relative body size change were not correlated both when the focal was included (trial 1: Kendall's tau = 0.17, p = 0.32; trial 2: Kendall’s tau = -0.02, p = 0.94) and excluded (trial 1: Kendall's tau = 0.08, p = 0.68; trial 2: Kendall’s tau = -0.03, p = 0.90). We found that 40 % and 45% of the birds for trials 1 and 2, respectively, followed the prediction that if rank influences relative body size, then = birds should either show an increase in relative body size and an increase in power or alternatively, show a loss of power and a decrease in relative body size (Fig. SM3.3). Compared to the relative body size change of the remaining birds in the flight pen across the entire perturbation trial, all three focal birds showed relative body size loss (trial 1 change in relative body size = -5.61; trial 2 = -2.69; trial 3 = -5.79) but this loss was similar to the loss of some of the remaining group members (trial 1: mean ± SD = -0.67 ± 2.81 [-4.89, 4.40]; trial 2: -1.92 ± 3.31 [-8.59, 3.39]; trial 3: -5.04 ± 3.37 [-11.23, 0.49], n = 17; Fig. SM3.4).
	Fig. SM3.3. The correlation between power score changes and relative body size changes for trials 1 and 2, respectively. The colored points represent the ordinal rank of the individuals at the start of the trial with top-ranked birds in red and bottom-ranked birds in blue. The grey rectangles represent the quadrants where we would expect the datapoints to fall in if relative body size is an outcome of rank. The grey rectangle in the left bottom corner represents when individuals lose rank and relative body size and the grey rectangle in the right upper corner represents when individuals gain relative body size and rank. We found that 40 % and 45 % of birds for trial 1 and 2, respectively followed our prediction that if individuals lose or gain power they will then show an decrease or increase in relative 
body size.
[image: ]



	Fig. SM3.4. Relative body size changes across time in the focal birds and across all individuals in the group. The relative body size change across capture events for all group members with the focal birds highlighted in color. A positive value indicates an increase in relative body size and a negative value 
indicates a decrease in relative body size.
[image: ]


Supplemental Material 4. Figure of absolute power change per trialFigure SM4.1. A raincloud plot of the absolute power change for each monk parakeet between the rank assessment points just prior the removal of the focal and just after the reintroduction of the focal. The focal power change is highlighted in blue for trial 1, purple for trial 2, and orange for trial 3. The focal birds had a higher absolute power change than almost all the remaining group members resulting in extreme rank loss of the focal birds (see also Figure 1). 
[image: A picture containing schematic  Description automatically generated]

Supplemental Material 5. Accessibility figure of the correlation between power score changes and weight changes
	Figure SM5.1. The correlation between power score changes and weight changes for trials 1 and 2, respectively. The colored points represent the ordinal rank of the individuals at the start of the trial with top-ranked birds in red and bottom-ranked birds in blue. The label of each datapoint corresponds to the ordinal ranking at the start of the trial. [image: Graphical user interface

Description automatically generated]
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