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[bookmark: _Hlk66030741]Summary
[bookmark: _Hlk54534304][bookmark: _Hlk66029848][bookmark: _Hlk54534234]The “selfish herd” hypothesis1 provides a potential mechanism to explain a ubiquitous phenomenon in nature: that of non-kin aggregations. Individuals in “selfish herds” are thought to benefit by reducing their own risk at the expense of conspecifics by attracting toward their neighbours’ positions1,2, or central locations in the aggregation3–5. Alternatively, increased alignment with their neighbours’ orientation could reduce the chance of predation through information sharing6–8 or collective escape6. Using both small and large flocks homing pigeons (Columba livia; N=8-10 or N=27-34 individuals) tagged with 5Hz GPS loggers, and a GPS-tagged remote-controlled model peregrine falcon (Falco peregrinus), we tested whether individuals increase their use of attraction over alignment when under perceived threat. We conducted N=27 flights in treatment conditions: chased by the robotic “predator”, and N=16 flights in control conditions (not chased). Despite responding strongly to the RobotFalcon – by turning away from its flight direction – individuals in treatment flocks demonstrated no increased attraction compared with control flocks, and this result held across both flock sizes. We suggest that mutualistic alignment is more advantageous than selfish attraction in groups with a high coincidence of individual and collective interests (adaptive hypothesis). However, we also explore alternative explanations such as high cognitive demand under threat, and collision avoidance (mechanistic hypotheses). We conclude that “selfish herd” may not be an appropriate paradigm for understanding the function of highly synchronous collective motion, as observed in bird flocks, and perhaps also fish shoals and highly aligned mammal aggregations such as moving herds.
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Results and Discussion
[bookmark: _Hlk63866695][bookmark: _Hlk66032517]We modified the predator context of both i) small (N = 8-10) and ii) large (N = 27-34) homing pigeon flocks by introducing a remote-controlled robotic model of a male peregrine falcon (Figure 1). Homing pigeons are well known for their coordinated collective flights10–13. They are also regularly predated by peregrine falcons14. This makes them the ideal system to study collective prey responses to predators, as homing pigeons are the offspring of previously successful homers, stretching back over many generations15. By manipulating the perceived risk of predation across a series of 27 “predator” treatment flights and 16 control flights (totalling 628 individual pigeon GPS trajectories), we aimed to investigate the following  questions: To benefit from “selfish herd” phenomena3–5 do individuals in flocks increase centroid attraction in favour of alignment with neighbours in the presence of an artificial predator? As selfish behaviour could be more anonymous in larger groups16–19, do individuals in larger groups “free-ride” and exhibit decreased alignment and increased centroid attraction relative to smaller groups? How does the relative proximity and orientation of an artificial predator influence whether individuals split-from or stay with the group (i.e., the fission/fusion dynamics)?

[bookmark: _Hlk35441622]During predator treatment flights, pigeons responded strongly to the RobotFalcon’s orientation ϴrfo (i.e.,  direction of RobotFalcon flight) by turning towards the opposite direction (Figure 2A, Figure 3; LMM: DF = 4079, t = -14.018, Cohen’s D = -0.439, p < 0.001). Other social and environmental covariates (Figure 3) were positively associated with pigeon turning angle: pigeons in both control and predator treatments turned towards (1) direction to home ϴh, (2) the group’s centroid ϴca (i.e. positive impact regardless of experimental treatment), and (3) the group’s alignment angle ϴali (see STAR Methods for definitions), (Figure 2A; LMM; ϴh – t = 4.592, Cohen’s D = 0.131, p < 0.001 ; ϴca – t = 4.881, Cohen’s D = 0.122, p < 0.001, and ϴali – t = 11.428, Cohen’s D = 0.291, p < 0.001). 

Does centroid attraction increase in favour of alignment in the presence of an artificial predator?
[bookmark: _Hlk53420975]Individuals from groups that were chased by the RobotFalcon showed no greater “centroid attraction” ϴca than those in control groups but did show a significant decrease in “alignment” ϴali (Figure 2B, ϴca: LMM – t = -0.503, Cohen’s D = -0.012, p = 0.614; ϴali: LMM – t = -2.265, Cohen’s D = 0.056, p = 0.024). This drop in alignment is likely due to individuals splitting from the group upon close predator approaches (Figure 2C, D), since we do not find the same response when close predator approaches are removed from the data (closer than 40m; 14.8% of all data points; Figure 2B; LMM: t = -0.222, Cohen’s D = -0.006, p = 0.824). 
Contrary to potential expectations following the “selfish herd” hypothesis1,3,5, pigeons in the half of the flock closer to the predator generally turned away from the centroid (i.e. the slope was negative; LMM: – t = -1.716, Cohen’s D = -0.080, p = 0.086), whereas those on the outer side of the flock (i.e., furthest away from predator) turned positively towards the centroid (i.e. the slope was positive; LMM: – t = 2.342, Cohen’s D = 0.106, p = 0.019). This was revealed by a significant interaction between the binary variable “flock half” (i.e., the closer or farther half of birds from the RobotFalcon) and “centroid attraction” (LMM: – t = -2.556, Cohen’s D = -0.080, p = 0.019). Again, this result can be explained by birds turning away from the flock when under pressure from the RobotFalcon at close proximity, as this result did not hold when close approaches where removed (<40m as above; LMM: t = -0.970, Cohen’s D = -0.038, p = 0.332). 
[bookmark: _Hlk53411232][bookmark: _Hlk54534585][bookmark: _Hlk53411255][bookmark: _Hlk63895895][bookmark: _Hlk66030500][bookmark: _Hlk66371094]A centroid attraction mechanism was not favoured in the presence of the RobotFalcon. A theoretical flocking model by Wood and Ackland6 has already demonstrated that groups of virtual prey fleeing a virtual predator can, over the course of many generations, evolve either high “alignment” or high “centroid attraction” mechanisms, and that both are evolutionary stable strategies. This means that in a group with a high degree of alignment, a tendency for centroid attraction will not necessarily invade the population and vice-versa 6. The benefit of alignment, here, is thought to be through enhanced information sharing, i.e. individuals can evade a predator without sensing it via alignment with a group member who has sensed and responded with evasive action7,8.  It is also well known that highly “aligned” flocks are faster than highly “attracted” flocks8,20, which may be why alignment has further been shown to promote whole-group escape6. 

Is centroid attraction more pronounced in larger groups? 
With regards to flock size, there was no evidence that small flocks (N = 8-10 individuals) attract to the centroid (ϴca) less or align with neighbours (ϴali) more than large flocks (N = 27-34 individuals) (Figure 2B; ϴca: LMM – t = 1.005, Cohen’s D = 0.047, p = 0.314; ϴali: LMM – t = 1.005, Cohen’s D = 0.051, p = 0.280; full statistics for all models and covariates can be found in Table S1). As suggested above, “selfish herd” behaviour may not be in the individual or the group’s interest in highly aligned flocks6, regardless of flock size.

How does the relative proximity and orientation of the RobotFalcon impact fission/fusion dynamics?
[bookmark: _Hlk54535520][bookmark: _Hlk53568040][bookmark: _Hlk53500138]Individuals tended to split from the group (fission) at closer RobotFalcon approaches (Figure 2C; GLMM binomial: DF = 147, t = -3.362, Cohen’s D = -0.555, p = 0.001; see STAR Methods for a sensitivity analysis). However, why would individuals split from the group, when staying with a group can offer individuals protection from predators1,21,22? Individuals may only split from a group (fission) at extremely close predator approaches, where they would otherwise likely be caught if they did not take immediate evasive action. Likewise, the decision to re-join (fusion) may correspond with moments after an immediate threat has passed, when grouping once again becomes favourable. Fission/fusion dynamics which fit this mechanistic hypothesis are observable in the flash expansion of starling murmurations, which may represent an example of the two processes above, performed in fast succession9. 
Support for this hypothesis comes from our data which show that when individuals were faced with a conflict – i.e., when  i) turning away from the predator and ii) aligning with neighbours required opposite turning angles (see STAR Methods for further details on “conflict scenarios”) – we found greater emphasis on avoiding the RobotFalcon than aligning at closer approaches (Figure 2C; GLMM binomial: t = 4.170, Cohen’s D = 0.146, p < 0.001). There were no differences in “conflict scenario” outcome between the two flock sizes (GLMM binomial: t = 0.437, Cohen’s D = 0.046, p = 0.662), nor was there any evidence for an interaction between “distance to RobotFalcon” and flock size (GLMM binomial: t = 1.054, Cohen’s D = 0.037, p = 0.292).
[bookmark: _Hlk66014722][bookmark: _Hlk66015082][bookmark: _Hlk66015016]It is possible alternatively that fission could be driven by a need to reduce energy expenditure. Unlike V-formation flocks which can benefit energetically by flying in a group, flying in a flock has been shown to come at a cost in pigeons23–26. Even the act of flying with a single other pigeon increases work rate by 18%24. That the pigeons are willing to pay this cost suggests anti-predator benefits are the primary driver of flocking, especially from familiar release sites, where the benefit from collective navigational information is reduced10,27. This is not to say all decisions will have an anti-predator focus. For example, if energy supplies have been almost or completely exhausted, energetic motivations may become more important. As an example, it was previously found that pigeons only prioritised energy conservation (fission) after 101km of flight when a flock of pigeons took an unexpected and uneconomical route home from a flight release location 9km from the home loft26. However, birds in the present study are unlikely to have favoured energetic concerns just seconds after release. 

Fish shoals and “selfish herds”
[bookmark: _Hlk53503799][bookmark: _Hlk53564365][bookmark: _Hlk53505356][bookmark: _Hlk63896829]Our findings thus lead to the question of why fish – which can move collectively with high alignment8,28 (but see 29,30) – have been shown to behave accordingly with a “selfish herd” mechanism. (Note, this was when “selfish herd” was defined as minimising approach time to neighbours2, or responding to a greater number of neighbours’ positions3.) Collision avoidance could potentially explain the differences between birds and fish, as “centroid attraction” movements may cause collisions in birds, the results of which are potentially more costly for airborne animals31. However, when we removed timesteps where centroid attraction would likely cause collisions from our analysis (<0.8m from seven nearest neighbours; see STAR Methods), thus focussing on timesteps where centroid attraction could be seen as favourable (when following the logic of “selfish herd” theory1), we find no difference in the direction or significance of the statistics, and hence still find no evidence that centroid attraction is preferred in threatening situations (centroid attraction * predator treatment, LMM : t = -0.424, Cohen’s D = -0.013, p = 0.671; close approaches <40m: t = -0.164, Cohen’s D = -0.007, p = 0.869). 
[bookmark: _Hlk66371626][bookmark: _Hlk66371683][bookmark: _Hlk66371758]Fish shoals have an additional option that airborne birds do not have, which is to decrease their speed and form a slow barely-moving aggregate, which could provide a shelter for those in the middle3,6. This approach is not possible for most birds, which would risk stalling and losing altitude rapidly if they ceased all locomotion. Therefore, we might expect fish to have a more flexible decision-making strategy, benefitting from “selfish herd” dynamics when ecological conditions are favourable to do so8. We suggest that the current results in support of “selfish herd” behaviour may reflect such conditions. The impenetrable walls of fish tanks typically used in such studies may intrinsically favour centroid attraction over alignment as alignment would be more likely to cause a group to speed-up and produce collisions with the tank walls. Therefore, we suggest that centroid-based findings in fish shoals should be replicated in free-ranging environments, to investigate the potential flexibility of a “selfish herd” mechanism when no physical constraints are present. (A good starting point might be investigating the “attraction” properties of bait balls32.) It is important to test this hypothesis in free-ranging conditions, given that high speeds while maintaining high synchronicity – cf. alignment behaviour8,33 – is only possible in more wide-ranging, naturalistic spaces. Indeed such a test is important in mammals too, whereby current evidence suggestive of “selfish herd” dynamics was conducted in relatively enclosed spaces5. 

Could a “cognitive load” hypothesis explain our results?
[bookmark: _Hlk53502972][bookmark: _Hlk63894993]An alternative hypothesis for why a decrease in alignment is observed in our study is that simultaneously tracking neighbouring flock mates and the predator becomes cognitively challenging for flocks under threat, and that this cognitive demand leads to impediment of alignment. There is evidence that collective flocking behaviour can be cognitively challenging in pigeons; Pettit et al.34 demonstrated that pigeon “followers” – which need to pay more attention to the trajectories of other pigeons – were less efficient route-learners than “leaders”.  They posited that the leaders may have more available cognitive capacity due to less attention being devoted to other pigeons’ flight paths. Following this hypothesis, we might have expected that – in our study – smaller flocks would show less of a decrease in their alignment than larger flocks, as smaller flocks have less individuals to track from the start. However, we found no difference in alignment between small and large “predated” flocks. This is far from conclusive refutation of a “cognitive load” hypothesis35, as pigeons in larger groups may not need to pay attention to larger numbers of individuals than pigeons in small flocks. Indeed, local interactions can produce group level movements, independent of group size, and this is a reoccurring feature of collective motion20,36–38. Nevertheless, we found similar alignment decreases in both flock sizes, despite more birds to potentially obscure the view of the predator in larger flocks. Furthermore, the concordance of our results with theoretical models6 suggests an adaptive benefit (of high alignment over high attraction) hypothesis is more consistent with our results. Altogether, whether or not a cognitive-load, or an adaptive-choice hypothesis, can better explain our findings, or whether both hypotheses contribute in a non-mutually-exclusive manner, our major conclusion would stand that “selfish herd” dynamics may be an inappropriate paradigm for the study of highly synchronous collective motion. 

Broader outlook
Our results suggest that pigeon collectives make use of an “alignment” mechanism, augmented by a fission/fusion response depending on a predator’s proximity to an individual. This result is consistent regardless of flock size in the range that we tested (N = 8-34). Thus, we find no support for a “selfish herd” hypothesis in pigeon flocks. Original models of “selfish herd” theory assume the predator is always successful1 which is not always the case in nature7. If aligning with neighbours can increase the chance of a failed predator attempt – either via faster group speeds33 or information transfer6 – a “high alignment” mechanism could evolve instead.  For example, in groups which face many predator strikes per day39, or have a small total group size, a mechanism such as “heading for the centre and hoping one’s neighbour gets predated upon” is not likely to be a successful strategy for long, as the group size will diminish until all individuals are eaten. Overall, we question the usefulness of a “selfish herd” paradigm in moving animal groups and suggest that we should seek to understand which species actually benefit from “selfish herd” movements, and which do not. When, instead, there is a high coincidence of individual and group-level interests40, we suggest species will favour alternatives, such as the mutualistically beneficial motivation to coordinate (align)6–8.
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Main-text figure/table legends
Figure 1. The “RobotFalcon” in flight chasing pigeons. Predator treatment flights (chased by the RobotFalcon) included up to 34 GPS tagged homing pigeons (pictured). Photo credit: Marina Papadopoulou. See also Video S1.
Figure 2. Pigeon responses to the RobotFalcon. A) Mean estimate (black circles) and 95% confidence intervals (bars) of the effect size of predictor variables on turning angle ϴt for both control and treatment flocks. Predictor variables are given from left to right (bottom left of (A)); i)) the RobotFalcon’s orientation ϴrfo; ii) home ϴh; iii) centroid attraction ϴca; iv) alignment ϴali. B) Mean estimate for effect size and 95% confidence intervals for interaction terms (from left to right): i) ϴca * predator treatment, ii) ϴali * predator treatment; iii) and iv) are the same as i) and ii) but with close predator approaches (<40m) removed from the data; v) ϴca * flock size, vi) ϴali * flock size. C) Fission/fusion dynamics. Bars indicate the relative number of fission (dark orange) or fusion (light orange) events at each binned distance to the RobotFalcon predator (logged) with number of events in each binned distance provided at the top. Both flock sizes are included in these data, as no difference was found between flock size treatment. D) Conflict decision outcome (as a percentage) binned by individual distance to the RobotFalcon, small flocks (left) and large flocks (right). E) Heatmap of the orientation of the RobotFalcon relative to the focal individual (ϴrfo) vs. the RobotFalcon’s relative position ϴrfp. Plot generated using smoothScatter in base R41, density scale using a two-dimensional kernel density estimate from function bkde2D in R package “KernSmooth”42, and using colour scale “Viridis”43. See also Figure S1, Table S1 and Video S1.
Figure 3. Angular variables schematic. The focal bird (grey) is turning at angle (ϴt) at time t0, with respect to its previous orientation at t-1, to reach the coordinates at t1. The turning angles necessary to i) align and ii) attract towards neighbours (red) are given by ϴali (red) and ϴca (purple), respectively. Centroid attraction is given to “predicted future centroid” (Cf; see STAR Methods) rather than instantaneous centroid (C) as it was more influential on turning angle (ϴt). Angle toward the RobotFalcon’s position (ϴrfp; green) and orientation (ϴrfo; orange) are provided with respect to the falcon schematic and arrow. Angle toward home (ϴh; light blue) is also pictured. See also Figure S1.
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Daniel Sankey (d.sankey@exeter.ac.uk).

Materials Availability
Further information and requests regarding the RobotFalcon should be addressed to Robert Musters, who built the RobotFalcon.

Data and Code Availability
Combined bird trajectory data are available at https://github.com/sankeydan/robofalcon. Code used to combine the data are provided in the same location. As well as the scripts to run analyses in this paper.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Subjects
Homing pigeons (N = 34) were housed at Royal Holloway University of London in purpose-built lofts. Birds were provided food (Johnstone & Jeff Four Season Pigeon Corn, Gilberdyke, U.K.), water, and grit (Versele-Laga – Colombine Grit and Redstone, Deinze, Belgium) ad libitum. At the time of the study, ten pigeons were aged at 27 months old, and formed the first group; the further 24 birds (all aged 15 months old) were assigned randomly into three groups of 8. Each group was housed separately. In the event of an individual going into a different group’s loft, they were relocated back to their own group’s loft within 24-hours. 

Ethical guidelines
Experimental protocols were approved by Royal Holloway University of London Ethical Review Board. The data presented in this study form part of a larger ethical project to determine the value of the robotic falcon as a bird deterrent at airfields and ultimately reduce collisions with airplanes.

METHOD DETAILS

Protocol, and release site

Welfare protocol

Body mass loss was used as a proxy for welfare44,45. There is ample evidence to suggest that body mass and corticosterone levels can covary in pigeons46. We weighed the birds with electronic scales (CoffeeHit: Coffee Gear Digital Bench Scale – 2kg/0.1g limit/accuracy) each day after the birds were flown with RobotFalcon treatment (1/10/18 – 12/10/18 and 17/10/18; see The RobotFalcon below), and most days after a control flight (except on 13/10/18, 18/10/18 and 22/10/18; control flight is the condition with RobotFalcon absent, see Release protocol below). In total, twelve mass measurements were taken per bird: three on days after control flights, and nine on days after the treatment or “mixed” (i.e., when the bird flew twice in a day, one flight being treatment and one control). On each day of weighing, we checked a pigeon’s body mass against its first recorded mass, to check for large reductions which may be indicative of stress47. We set this threshold at 90% of this first recorded mass, whereby if an individual were beneath this mass, it would be taken out of the study for a day and would join if and when the mass returned to above this threshold. We chose this threshold based on our knowledge (from careful monitoring of pigeons’ masses throughout the year) that both seasonal fluctuations and flight days often reduce mass by greater amounts than 10% over the space of two weeks25,26. This did not occur throughout the duration of the study for any individual, and pigeons were hence not rested, except on a specific rest day for all individuals on 06/10/2018. 

Release site and transit
Each flight in the present study was conducted from a release location in the southern area of Chobham Common (CC), England (latitude = 51.3712, longitude = -0.5979), which resides 5066m in a southerly direction from the home loft at Royal Holloway University of London (trajectory = -2.91 radians). Permissions were granted from the landowners (Surrey Wildlife Trust, England). The exact release location within CC was chosen based on the minimisation of potential obstructions (e.g., trees) and the centrality of the location within the common. Pigeons were transported to the release site by car in wicker boxes: either one box (dimensions = 80cm x 40 cm x 22 cm) for small flocks or two boxes (dimensions = 80cm x 40cm x 55cm) for large flocks (see Release Protocol below for definition of flock size). The total time in transit was 15 minutes by car, and then a further five-minute travel on foot to the release site.  

Training
Each bird was trained from a site just outside Chobham Common (CC) for a total of 10 flights prior to the study (latitude = 51.3625, longitude = -0.5737) between 15/9/18 and 1/10/18. This was to familiarise the birds with the surrounding area; a number of studies suggest that routes are learned by the 10th flight, as route efficiency improvements stabilise at this point10,48. The last two training flights were recorded with GPS, but given the large differences in topology (the training site was at a lower altitude in a heavily wooded area), we do not compare the data from the two sites; only between control and treatment flights (see Release protocol below) during the experimental phase at CC. Each bird had homing experience from multiple other sites, yet CC was novel to all pigeons in the present study. 

Release protocol
[bookmark: _Hlk53563887]Bird groups were released either once or twice a day (morning and/or afternoon flights), either as small flocks (N = 8-10 birds) or large flocks with all groups combined (N = 27-34 birds). Flocks were flown either with the robotic falcon treatment (“RobotFalcon”; see The RobotFalcon below) chasing the pigeons, or absent (i.e., control flights with no robot present). The total number of flights in each of the four categories were as follows: small groups with predator – 20 flights; large groups with predator – 7 flights; small groups with control conditions – 12 flights; and finally, large groups with control conditions – 4 flights; providing N = 169, N = 229, N = 101 and N = 129 individual trajectories for each condition respectively (total pigeon trajectories N = 628). 
The “predator” treatment period ran for 11 days, from 02/10/2018, to 13/10/2018 with a rest day on 6/10/2018. Each small flock (total groups N = 4) had four treatment flights during the treatment period, and three control flights: one during the treatment period (one group per day selected at random after the first two days using treatment, for pilot training and methodological purposes), and two following the RobotFalcon treatment period on 16/10/2018 and 19/10/2018. Large groups (N = 27-34 birds from all small groups combined) had seven treatment flights, and four control flights. These control flights consisted of two flights within the treatment period (10/10/2018 and 12/10/2018), and two following, on 18/10/2018 and 22/10/2018. Methodological protocol during pilot training (the first two days) was consistent with the methods from all other days, except that the pilot was closer to the release site (~50m). Data from these days were analysed alongside other data. See Methods S1 for the number of flights in each condition per individual pigeon.

Wind measurements
Wind speed was recorded before each flight using a handheld anemometer (Windmaster2, Kaindl Electronics, Rohrbach, Germany). Wind direction was estimated with an approximate accuracy of ± 45 degrees. The wind vector (product of speed and direction) was combined with the pigeon’s orientation (heading between GPS locations) to estimate the impact of cross winds and support wind on the pigeons’ speed and turning angles (see methods in 49). 

Technology
Biologgers
[bookmark: _Hlk53498041]To determine the positioning, trajectory, and speed of each individual within the group, we deployed GPS loggers (5 data points per second – 5Hz; QStarz BT-Q1300ST, Düsseldorf, Germany; mass = 12.5g) for each bird and the RobotFalcon for each flight throughout the duration of the study. Logger failures, through either logger or human error, were rare (1.2%). Significantly, GPS never failed during a flight with the RobotFalcon present and thus failed only on control flights. Total logger mass was 20.5g, which included accelerometers not used in the present analyses (AX3, Axivity Ltd, Newcastle upon Tyne, UK; 8g). The dimensions of the loggers were as follows: GPS loggers were 2.5cm length, 2.5cm width, 0.5cm depth; accelerometers were 3cm length, 2cm width, 0.5cm depth. 
GPS loggers had their outer casing removed, so that only the circuit board and battery remained. They were then wrapped in generic duck tape (one layer) before having gaps at the top and bottom painted and filled in with liquid electrical tape (Performix, Liquid Tape – Electrical, Minnesota, U.S.A.) for waterproofing. Velcro strips (hoop side) were then attached to the battery side of the logger for deployment. The GPS loggers weighed 12.5 g each after this treatment. Accelerometers (AX3, Axivity Ltd, Newcastle upon Tyne, UK; 8g) did not need modification, except the Velcro strip (hoop side) on one side. For each flight, we attached one GPS logger, and one accelerometer logger, to another Velcro strip (hook side), which was attached to a trimmed 10 cm strip of feathers at the centre each of the pigeons’ backs with epoxy glue (Araldite Rapid Adhesive, Araldite, Basel, Switzerland)10,48. 
[bookmark: _Hlk54535437]Given the initial mass of the birds (range 409.6 g – 533.1 g), the mass load as a proportion of body mass ranged from 3.8% for heaviest birds to 4.9% for the lightest individuals. This means that we did not surpass the commonly cited 5% rule50. When considering that biologging also has less welfare impact on captive animals, due to the relatively short-term attachment (<1 day; 50), and the provision of surplus food to restore their energy levels after deployment, we expect logger impacts on behaviour should have been appropriately minimised.

The RobotFalcon
The model, robotic falcon (or “RobotFalcon”; Figure 1) was developed by RM, with key attention to copying the behaviour as well as morphological likeness of a male peregrine falcon. The mass of the RobotFalcon was 0.245 kg. The RobotFalcon had a First-Person View camera (Runcam micro swift 2), which transmitted images (600TVL, 30fps) in real time to a set of goggles worn by the pilot (Video S1). The RobotFalcon’s direction and speed were controlled by the pilot by commands sent via remote control. A GPS unit (5Hz), as described above, was attached to the inside of the body of the RobotFalcon casing with Velcro strips. We were granted informal permission from the UK’s civil aviation authority (CAA) to conduct the flights. We did not require formal permission, because of the low mass of the RobotFalcon and the non-commercial nature of our study. Permissions were granted from the landowners (Surrey Wildlife Trust, England).
RM piloted the RobotFalcon. The final chase protocol was based on repeatable methods, from findings in the literature51 as well as discussions among authors (DS, RS, RM). Wherever possible, the RobotFalcon would gain height before stooping51. Also, as we intended to investigate the impact of attacks on bird groups – not individuals – the RobotFalcon would always chase the largest group. Indeed, individuals which split from the group usually did so alone (see below: Grouping GPS data). 
The RobotFalcon was launched by hand from a hill with good visibility of the release site, 500m north-east of the release location (below). Just prior to this, we put a large dark mat over the wicker basket(s) which contained the birds, to prevent the pigeons getting an early visual on the RobotFalcon, and to minimise any differences between control and treatment conditions before release. When the RobotFalcon was in a good position to stoop for an initial attack (defined as approximately 50m behind the wicker basket and 5m above), the mat was taken off and the birds were released. The RobotFalcon stooped approximately two to three seconds after the birds were released, when they had already gained sufficient altitude and speed to be a cohesive flying group (all birds out of the box and flying with approximately 3m altitude or more). 

Data treatment
Grouping GPS data
After each flight, loggers were removed, recharged and the data downloaded. Erroneous GPS points were then removed, as well as duplicate timestamps, before trimming the dataset according to a defined site radius (see Site radius below; and Methods S1). Following this, pairwise distances between all pigeons’ GPS locations were calculated (following 52) at each timestamp (5Hz) for each flight. If a pigeon were less than ten metres from any neighbour, they were considered to be in the same group as one another, and a centroid of this group would be the mean of all individuals’ x and y coordinates. Therefore, there is a potential scenario whereby two neighbours which are further than ten metres could be considered part of the same group if another neighbour (or set of neighbours) connected them together (see Methods S1 for a visual representation). Ten metres was chosen for several reasons. Firstly, nearest neighbour distances of over 10m were rare (between the 94th and 95th percentile of nearest neighbour distances: 9.73m and 13.01m). Second, given pigeon wingspans are roughly 62cm, ten metres is more than ten times the birds’ wingspans, which would suggest the birds could fly much closer to their closest neighbour in the largest sub-flock if it were intended (or indeed, were possible). Finally, we also used visual observations of flock fission under a range of “fission distances” (5m, 7.5m, 10m and 12.5m, see Methods S1). Ten metres was chosen as it appeared to remove most of the erroneous splitting, while also not gathering too much data on birds which were in the process of leaving or joining a group (see Methods S1).  
Data were grouped per flight from the point that the last individual in the group reached a speed of over 10m/s, for a duration of over 10 seconds, i.e., to signify the birds were in flight. For this purpose of finding flight time only, speed was smoothed over ± 1 second, which is equal to 11 data points at 5Hz. This was to prevent erroneous allocation of flight start time, which may result from GPS error. Using these criteria, we found no flight where the last individual did not reach 10m/s within two seconds of the first individual, and this matched observations: whereby the whole group would take flight concurrently (D. Sankey Pers. Obs.).
Fission/fusion
The same grouping algorithm described in the previous section also provided binary data on splitting (fission) and re-joining (fusion) events. Specifically, the point at which an individual was not considered part of the largest group was considered a fission event; and vice versa re-entry of the individual to the group was considered a fusion event. If two (or more) individuals split from the group at the same time, this would count as two (or more) fission events. Therefore, fission is defined in terms of individuals splitting from the largest group. Events whereby two or more individuals split, were less common than solo splits: specifically,  solo splits accounted for 76% of subgroup data in small flocks and 79% in large flocks (see Methods S1 for data plots on subgrouping). We made the criteria more stringent by including an “exclusion parameter”, ignoring fission/fusion events which occurred within two seconds of the last event per individual. We tested the sensitivity of this exclusion parameter, i.e., the threshold for fission/fusion events to be ignored, when occurring within n seconds of the last event. Having used two seconds in the main analysis (see Results and Discussion), we then tested the effect of one and three seconds on the resulting statistics (see model output in Table S1). We found no differences in the direction or the significance of the statistics under any condition (Table S1). 

Site radius
To compare control and treatment (RobotFalcon) conditions, we needed to define an appropriate site radius, i.e., the area in which the RobotFalcon could come close and potentially cause a proximate response in the pigeons. Firstly, we defined our release site coordinates by taking medians of the first recorded latitude and longitude for each flight (after release from the wicker box; see Release protocol). Then we measured the distance from the RobotFalcon to i) the release site coordinates and ii) the flock’s centroid (see Grouping GPS data). This enabled us to investigate the potential impact of the RobotFalcon at different distances to the release site (or, different potential site radii), using RobotFalcon distance to flock centroid as a temporary proxy for the impact of the RobotFalcon. Even at the RobotFalcon’s furthest distances from release site coordinates (>450m), RobotFalcon-to-flock-centroid distances as low as 46.1m were still observed. We therefore included all RobotFalcon data (site radius = 451.7m); further, we added an additional 50m, as the pigeons may have responded beyond these limits. The site radius was, therefore, defined as 501.7m, rounded down to an even 500m, which captured the radius of Chobham Common (see data plot in Methods S1). 

Analysis
Turning angle as a dependent variable to test predictions
As all pigeons in a cohesive group tend to fly at the same speed as one-another (see a data plot of individual speeds in Methods S1 and 25), we restricted our major analyses to their turning angle ϴt. The difference in individual heading from one time-step to the next was termed turning angle ϴt (Figure 3), ranging from sharp anticlockwise turns to sharp clockwise turns11 given in rad/s. Our general approach was to test which polar coordinates have predictive power on an individual’s turning angle ϴt. I.e., what the birds are most likely responding to, whether it is their neighbours, the RobotFalcon, or home, or a combination of all of the above. Thus, we are investigating the influence of these social and environmental forces on individual turning angle. 
This approach enabled us to test our first and second research questions using variations of the following example statistical method: If “centroid attraction” ϴca (below) was a greater predictor of turning angle ϴt in predator treatment flocks than in control flocks, we would see this signal by running models of turning angle ϴt against an interaction of “centroid attraction” ϴca and “predator treatment” (i.e., control or predator treatment as a factorial variable). Specifically, if there was a difference between groups, the ϴt over ϴca slope would be different for the two treatments. See how angular covariates such as ϴali are regressed against turning angle in a hypothetical example in Methods S1.

Centroid attraction, alignment, and other angular covariates
[bookmark: _Hlk66028659]Centroid attraction (ϴca) was given by the turn angle necessary to attract to the centroid of (n) nearest neighbours (Figure 3). Where optimal number of neighbours (n) is defined as the number that are most predictive of an individual’s turning angle in the next time-step (See below Topological range of interaction). We tried out both i) current centroid position, and ii) the “future predicted” centroid (below). Alignment (ϴali) was given by the turn angle necessary to align with the mean orientation of (n) neighbours (Methods S1; Figure 3). Where, again (n) represents the optimal number of neighbours (though this time pigeon orientation vectors) which best predict individual turning angle. Other angular covariates measured were the angle to the “RobotFalcon’s position” (ϴrfp), “RobotFalcon’s orientation” (ϴrfo) and “home” (ϴh) with respect to the orientation of a focal individual (all visually represented in Figure 3). All angles ϴca, ϴali,  ϴrfp, ϴrfo, ϴh are calculated for each individual in each time step, with an aim to understand the subsequent movements of an individual in response to their local environment. 

Predicting future centroid
Individuals may be more likely to head towards a predicted future centroid than their present centroid53. To this end, we calculated where an individual might expect their neighbours’ centroid to be in timestep t + 1, by assuming that their neighbours combined turning angle, acceleration and speed will remain constant from the previous timestep (see Methods S1). As the “future predicted” centroid had a larger effect size on turning angle than current centroid, we used this metric as ϴca in all further analyses (Methods S1).

Topological range of interaction
To estimate how many neighbours each pigeon responded to, we found (for each successive neighbour iteratively (see 54), i) the average orientation (alignment), and ii) flock centroid (centroid attraction). Here, each iteration adds another neighbour – in rank distance order – to the calculation. The relative difference between an individual’s orientation and the orientation denoted by centroid attraction/alignment (ϴali and ϴca) from the previous time step was recorded for each time step (5 Hz) across all flights within the earlier denoted site radius. 
[bookmark: _Hlk69912857]To gauge which topological range had the greatest impact (effect size) on alignment and centroid attraction movements, we ran simple linear models between ϴt and alignment/centroid attraction (for topological range: N = 1-7, or N = 1-33 for small and large flocks respectively) (Methods S1). This was performed separately for the “predator” treatment condition (N = 27 flights), and the control condition (N = 16 flights), and for large flocks (N = 11 flights) and small flocks (N = 32 flights). The optimum number of neighbours (n) (alignment = 4 and 8; centroid attraction = 7 and 29, for small flocks and large flocks respectively) was given as the largest effect size (t) after an equally weighted mean of treatment and control conditions (i.e., mean average not biased by the unequal lengths in the initial calculation; Methods S1). In cases where group size was less than the chosen topological range, we took the value for the closest number of neighbours possible (which was the highest). This approach is justified in that it was only necessary for ϴca, where the slope for t-value for increasing topological structure is mostly continuous and positive (Methods S1). Thus, implying that the closest number of neighbours (to 7 or 28 neighbours; for small or large flocks) will reflect the strongest impact of ϴca on ϴt anyhow. 

[bookmark: _Hlk35503010]Conflict scenarios
[bookmark: _Hlk35442358]As both i) aligning with the group and ii) avoiding the RobotFalcon had a strong impact on individual turning angle in the subsequent time step (see: Results and Discussion), when these motivations clash it is likely that the pigeons were often faced with a genuine conflict regarding their directional preference. We thus demarcated “conflict scenarios” as situations whereby individuals would need to decide either to i) align with the group, or ii) turn away from the predator orientation, when both could not be achieved with the same direction of turn. We recorded the decision outcome (either i or ii) as a binomial variable.  For i), “alignment” with neighbours was chosen instead of “centroid attraction” as this had a stronger effect on turning angle ϴt, and thus a more motivating force. For ii), turning-away-from-predator-orientation was chosen instead of turning-away-from-predator-position, as this had a stronger, negative effect on ϴt.

Artificial position manipulations 
To test a collision avoidance hypothesis
Birds may pay a particularly high cost from colliding31. Therefore, it was important to assess timesteps where all possible decisions (i.e., centroid attraction, alignment, avoiding falcon) are available, and not likely to cause collisions with neighbours. To do this we took an individual’s seven nearest neighbours (following 54) and calculated where they were likely to be in the future (t + 1) timestep, using the same algorithm as the future predicted centroid calculation (above and Methods S1), but instead for each of these seven nearest neighbours (rather than a centroid as is performed in future centroid predictions). This is done by adding turning vector of these individuals to their trajectory path (plus the previous acceleration, which is speed at t minus speed at t-1). If any of the neighbours resulting trajectories were within 0.8m of the focal after our artificial “decision” to either i) attract, ii) align or iii) avoid RobotFalcon. Then we discard this timestep from the analysis because we consider that decision not to have been available to the focal individual. 0.8m was chosen as it was the mode nearest neighbour distance in small flock sizes and suggests individuals are comfortable at these interindividual distances. Large flocks had a mode nearest neighbour distance of 0.5m, though this was disregarded as it is more likely an artefact of the greater depth of the flock’s 3D nature. All artificial headings were given a maximum turning angle of 0.8rad/s, a high but not highly unusual value for turning angle from the data (between the 94th and 95th percentile).

To test cost/benefit assumptions
We broadly assume that (1) turning away from the falcon may minimise risk, and that (2) heading to the centroid could mitigate risk to individuals relative to their flockmates. To assess these questions, we used the proxy for risk “distance to predator” for the first question, and “distance to predator, relative to flockmates” for the second question. Again, we use artificial position manipulations to assess the outcome of different movements. We took each individual for each timestep in each predator treatment flight and moved them either i) toward centroid, ii) toward alignment vector or iii) avoid RobotFalcon. As in the section above, we removed timestamps where decisions may have caused collisions. From the new, updated position, we measured the “distance to predator” and “distance to predator, relative to flockmates”, using data from the proceeding timestep for neighbours and RobotFalcon. We applied an ANOVA with Tukey HSD on repeated measures (timesteps), with Bonferroni corrected statistics in R package “multcomp”55 to assess differences in the (1) “distance to predator” and (2) “distance to predator, relative to flockmates” provided by decisions: i), ii) or iii). Repeated measures were timesteps, because each timestep represents a distinct and unique context. By “freezing” each timestep and looking at differences in distance measures provided by each decision, we control for all other present conditions. Autocorrelation was accounted for using the autocorrelation methods (as described below in Autocorrelation for “conflict scenarios”).
[bookmark: _Hlk66630377]We assume broadly throughout this paper that “distance to predator” is an appropriate proxy for risk. However, an important caveat is that maximising their “distance to predator” would require individuals to always turn faithfully away from the RobotFalcon’s position. In our study, we found that – while individuals turned away from the RobotFalcon’s orientation ϴrfo (Figure 2A) – there was actually a significantly positive relationship between turning angle and RobotFalcon position ϴrfp (Table S1; LMM: DF = 4079, t = 16.712, Cohen’s D = 0.522, p < 0.001). It seems counter-intuitive that birds would turn towards the threat. However, the RobotFalcon was more often behind the birds (with respect to bird heading, as is clearly seen in Figure 2E), with RobotFalcon position ϴrfp only occupying a narrow range of angles, mostly behind the focal bird. Here, slight movements towards the RobotFalcon’s position may not result in collision, especially when there were many other variables that positively predicted turning angles (e.g., “home” ϴh, “alignment angle” ϴali). 
Notwithstanding the issue with using “distance-to-falcon” as a measure of risk, we performed artificial position manipulations, to assess whether movements i) towards centroid ϴca, ii) towards alignment vector ϴali or iii) away from RobotFalcon’s orientation ϴrfo would optimise an individual’s “distance-to-falcon” in a given moment. We found surprising results that, firstly, turning away from a predators’ orientation can bring an individual closer to the predator’s position (relative to the group) compared to alignment, when direct comparisons were made in our artificial position manipulations (ANOVA with Tukey HSD on repeated measures55: estimate = -0.027, Std. Error = 0.001, z = -16.245, p < 0.001). This may be seen as risky, however, this behaviour (turning away from predator’s orientation) can result in the predator overshooting the individual performing the manoeuvre56.  This is thought to be an optimal strategy for prey which are slower than their predator, which is the case for pigeons and their predators (sparrowhawks Accipiter nisus and peregrine falcons) during attacks14,56,57. Additionally, sharp turns have been shown to interrupt goshawks’ (Accipiter gentilis) visual tracking of their prey58, which would not be possible if an individual tried to maximise their distance to the predator involving solely forward, non-turning flight56. 
Additionally, when artificially updated individuals (see STAR Methods) were made to “attract to the centroid” their resulting position put them no further from the RobotFalcon (relative to the group) than if they had aligned with the group (LME with Tukey HSD on repeated measures55; N observations = 400, estimate = -0.071, Std. Error = 0.390, z = -0.183, p = 1). This overturns an assumption that “selfish herd” movements would be beneficial to the individual, but nevertheless fits well with the observation of Wood and Ackland6, that locally perceived centroid attraction becomes unfavourable in highly aligned modelled flocks.

Agent-based model 
We employed an agent-based model to test the assumption that net-positive centroid-attraction across a group is not an impossible outcome for cohesive moving flocks of animals. The reasoning here is that if all individuals in a group had positive centroid attraction, then potentially the group would collapse in on itself, and hence slow down to minimal speeds, and cease to fit the definition of a moving group. For this, we employed an agent based model, mimicking Couzin et al.'s20 flocking model, with parameters set in the range tested in the original model (see a parameter table in Methods S1). Each iteration of the model (n = 1000) ran for 1000 time-steps, but we removed the first 500-time steps to reduce any bias of initial conditions. Initially, individuals were normally distributed about the same point, and were given the same starting velocity. With zones of attraction, alignment and repulsion defined as in 20, the group moved across the virtual world successfully as a cohesive unit. 
[bookmark: _Hlk66029121]Our agent-based model revealed that in a moving flock, mean “instantaneous ϴca”  was greater than zero in every simulation we ran (N = 1000). Where “instantaneous ϴca” is defined as turning angle toward the centroid, relative to the alignment angle ϴali. Thus, positive centroid attraction is possible in a moving group, without the collapsing in on itself. Because agents (like birds) are limited in their maximum turn angle per unit time11,20, it was possible for all individuals in the group to make more movements towards a locally perceived centroid than away from it, while remaining mobile. James et al.59 have criticised studies that have looked for net-positive “selfish herd” behaviour, because domains of danger (the angle of an animal’s body exposed to the outside, which is vulnerable to attack) cannot decrease “on average” when considering all individuals in a group59. Instead, it is suggested that average “instantaneous ϴca” would be zero, but, individuals could attempt to outcompete one another with differential success (i.e. some have positive “instantaneous ϴca” and some have negative) 59. 
To answer this valid criticism, we ran two models of empirical “instantaneous ϴca” 1) including pigeon ID as random intercepts, whereas in 2) we dropped this variable. (In both models, unique flight ID and group number were also included as random intercepts.) The rationale is that if some pigeons had high ϴica and some pigeons had low “Instantaneous ϴca”, the model with pigeon ID as a random intercept would better fit the data. In actuality, when pigeon ID (as a random intercept) was taken out the model had a lower AIC value (-13819.72 vs -13817.72), so the model was a better without these random intercepts. This suggests that ϴica was similar across all individuals. Together we have strong evidence that “selfish herd” dynamics, while possible as a component of collective motion, were not present in our data at the group or individual level. 

QUANTIFICATION AND STATISTICAL ANALYSIS
Linear mixed models
[bookmark: _Hlk66028913]To test our first research question – whether “alignment” decreased in favour of “centroid attraction” in “predated” flocks – we used the following model: A linear mixed model60 of turning angle (ϴt) against an interaction of “centroid attraction” (ϴca) with predator treatment (i.e., control or “predated” flocks), and an interaction of “alignment” (ϴali) with predator treatment. Turn angle to “home” coordinates (ϴh) and crosswind component (see Wind measurements) were also added as covariates to this model. As our study system contains repeated measurements of the same individuals and groups, pigeon ID, group ID, were added with random intercepts. Additionally, unique flight ID was added as a random variable, this is a crucial addition to not “boost” findings from large flock flights above that of small flock flights where more data (in the former) are inevitable. All statistical tests were two-sided. Effect size (Cohen’s D) was calculated for each covariate or interaction, using R-package “EMAtools”61.
Then considering just data from the treatment (“predated”) flocks, we tested whether “centroid attraction” was higher, and “alignment” was lower in larger flocks (our second research question). Similar to our first research question, the method was to regress ϴt against interactions of ϴca and ϴali, but this time with “flock size” (i.e., large, or small flocks). As this model only contained predator treatment flocks, covariates: “RobotFalcon’s position” (ϴrfp), and “RobotFalcon’s orientation” (ϴrfo) were added to the model, as well as a binary variable “flock half” describing whether individuals were on the side of the flock closer or further to the RobotFalcon. The primary differences between this model and the first model were these interaction terms (hence the removal of experimental treatment, i.e., RobotFalcon presence/absence) and the addition of the three “predator” covariates (above). Other fixed and random covariates were kept the same. 

Binomial models
To test our third research question regarding fission/fusion events, and their relationship with the distance to the artificial predator, we constructed GLMMs with binomial error family “glmmPQL”62. The dependent variable: fission (binary-0) or fusion (binary-1) event, was regressed over log-transformed “distance to RobotFalcon”, in an interaction with flock size. Random variables were pigeon ID, group ID and unique flight number. We also analysed binomial “conflict scenario” outcomes (either 0 “align with group”; or 1 “avoid RobotFalcon”) in the same manner as “fission/fusion” models with the same random and fixed variables.

Transformations
Turning angle data ϴt were first trimmed by removing turn rates of over 0.3 radians per second (both anticlockwise and clockwise), which were over the 99% quantile range (1% = -0.22 rad/s; 99% 0.294 rad/s), and likely reflects slight errors in the GPS coordinates53. We further trimmed turning angle to remove movement in a straight-line (turning angle less than 0.02 rad/s). This was necessary to satisfy the assumptions of the model, however this removed 29.9% of the data representing flight in a relatively straight line. Our models, therefore, predict turning decisions of the pigeons, but cannot be interpreted to predict decisions to fly straight ahead. A model was run on all of the data, i.e., with straight line flight also, and here the major statistics reported in the main text did not change in their direction or significance (Table S1), however, this model did not satisfy the assumption of normally distributed residuals. The removed 29.9% were generally at greater distances from the site coordinates than the remaining 69.9%. The median distance of the removed data was 258m from the site, compared with 169m from time steps in turning flight. Removed data were also at generally greater distances from the RobotFalcon (median = 107m compared with 68m), and therefore possibly less important to our conclusions.

Autocorrelation
We calculated temporal autocorrelation (using “acf()” function in base R41) for turning angle ϴt. For each autocorrelation curve (i.e., one per unique trajectory), the point at which the curve passed below the 95% confidence interval was noted, and all such points collated. A median value of all these “autocorrelation end points” was used instead of a mean value as the distribution was non-normal, and thus due to greater accuracy at estimating central tendency in skewed distributions63 (Shapiro-Wilks test; turning angle: W = 0.808, p < 0.001). The final autocorrelation estimate for turning angle was 1.8s, and this was used to subsample data (every 1.8 seconds) in statistical models describing this variables.
Temporal autocorrelation in turning angle ϴt for “conflict scenarios” (see Conflict scenarios) was treated differently to other larger models described above. As this variable is already staggered in time (subset according to conflict criteria). Here, all data were treated together for autocorrelation (not per flight and in variables described above). All together this gave an estimate of 1.8 seconds autocorrelation for both “conflict scenarios” and “no conflict”.

Video S1: Webcam from onboard RobotFalcon during chase. Related to STAR Methods and Figures 1 and 2.
Methods S1: Additional methodological information. Related to STAR Methods:
Figure M1. Flock cohesion vs. fission. Figure M2. Grouping algorithm. Figure M3. Choosing minimum site radius. Figure M4. Choosing fission distance. Figure M5. Subgrouping. Figure M6. Speed trace. Figure M7. The effects of topological range. Figure M8. Future centroid projection. Table M1. Flights per condition for each individual pigeon. Table M2. Agent-based model parameters.
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