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(a) Three-dimensional imaging system 
A three-dimensional (3D) high-speed imaging system, described in detail previously [1], was used to measure the 3D trajectories of individual birds within large flocks. The system included four synchronised high-speed cameras (Basler ace acA2040-90um, pixel size of 5.5 µm, sensor resolution of 20482048 pixels, maximum of 90 frames per second). All cameras were seated on the ground and pointed to the sky with an angle to horizontal plane of about 60 degrees. The cameras were arranged in two pairs. Each pair of cameras was separated by about 50 m, which was similar to the distance from the cameras to the birds. At a height of 50 m, the imaging area was 6060 m2 and the imaging resolution was 0.04 m—much smaller than a jackdaw body length (0.3~0.4 m). 

Before collecting flocking events, we calibrated the 3D imaging system by recording images of a drone that carried two balls of distinguishably different sizes (10 and 12 cm) and flew through the tracking volume. The two balls were separated by 1.0 m, providing a physical scale for our calibration. The two-dimensional (2D) positions of the balls on the images were used to estimate the fundamental matrix of each camera based on the eight-point algorithm [2]. The camera parameters were refined by sparse bundle adjustment [3,4]. Each calibration involved more than 300 calibration points and the calibration error (defined as the root-mean-square distance between the original 2D coordinates and those generated by re-projecting 3D points onto the 2D image planes of the cameras) was less than 0.5 pixels. 

(b) Data collection procedures for mobbing flocks
We recorded the mobbing flocks using the following procedures. To induce collective anti-predator responses, we used a taxidermy fox (Vulpes vulpes) holding a remote-controlled, flapping bird resembling a jackdaw in its mouth. The fox was initially hidden under a sheet in an open field, in the center of the camera array. Once the fox was uncovered and the experimenter had returned to their hide, we broadcast pre-recorded scolding calls through a remote-controlled FoxPro loudspeaker placed in a hidden position on the ground beside the fox. Playback tracks consisted of three bouts of 8 calls, each separated by 10 seconds. This mimicks naturally occurring calling bouts, and the amplitude was normalized across all tracks. As the magnitude of collective responses is influenced by the characteristics of the caller [5], we used only calls produced by colony members, which would be familiar to the birds in the vicinity.

(c) Evidence of discrete pairs in transit flocks 
In our previous studies [6,7], we showed that transit flocks without making collective turning contain discrete pairwise structures due to the life-long monogamous pair bonds in jackdaw societies, while mobbing flocks do not. Here, we show that the discrete pairs in transit flocks persist even during collective turns. To do so, we plot the joint probability density functions (PDFs) of the distance to nearest neighbor (Dn=1) and the distance to the second nearest neighbor (Dn=2) for both transit and mobbing flocks (Fig. S13). Clearly, the PDFs for transit flocks show two distinct regions of high probability, with one region where Dn=1 is nearly constant regardless of Dn=2 indicating the presence of paired birds. However, for the mobbing flocks, the PDFs only show one region of high probability where Dn=1 increases linearly with Dn=2. This indicates that the mobbing flocks contain no pairs. The likely explanation for this difference is that the mobbing experiments were conducted during the breeding season, when both members of the pair are foraging independently so as to maximize the rate at which their young are provisioned. 
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Supplementary Figures
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Figure S1. (a) Snapshots of positions (dots) and velocities (arrows) of individual birds in three-dimensional space during a collective turn for flock #T01. Birds are coloured by the turning delay ti. (b-c) Three sample bird trajectories (b) and flight speeds |u| (c) with turn ranks rj=1, N/2 and N taken from the flock shown in (a) (dots are the ends of the trajectories). (d) Relation between ij and ik+kj showing that ijik+kj. 
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Figure S2. (a) Snapshots of positions (dots) and velocities (arrows) of individual birds in three-dimensional space during a collective turn for flock #M04. Birds are coloured by the turning delay ti. (b-c) Three sample bird trajectories (b) and flight speeds |u| (c) with turning rank rj=1, N/2 and N taken from the flock shown in (a) (dots are the ends of the trajectories). (d) Relation between ij and ik+kj showing that ijik+kj.
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Figure S3. (a) Snapshots of positions (dots) and velocities (arrows) of individual birds in three-dimensional space during a collective turn for flock #T04. Birds are coloured by the turning delay ti. (b-c) Three sample bird trajectories (b) and flight speeds |u| (c) with turn rank rj=1, N/2 and N taken from the flock shown in (a) (dots are the ends of the trajectories). (d) Relation between ij and ik+kj. In this case, ij and ik+kj match less well, likely because the birds that start to turn first are far apart from each other (see Fig. S6).
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Figure S4. Temporal variations of (a) group turn rate wg, (b) group flight speed Ug, (c) group turn radius Rg, (d) group radial acceleration ang, (e) group polarization  , and (f) angular momentum m during collective turns for 13 transit flocks. Each line is for one flock and coloured by the magnitude of the change of traveling direction g. 
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Figure S5. Temporal variations of (a) group turn rate wg, (b) group flight speed Ug, (c) group turn radius Rg, (d) group radial acceleration ang, (e) group polarization  , and (f) angular momentum m during collective turns for 8 mobbing flocks. Each line is for one flock and coloured by the magnitude of the change of traveling direction g. 
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Figure S6. Snapshots of positions (dots) and velocities (arrows) of individual birds at t=ts (time when a turn starts) for 13 transit flocks. Red symbols are the birds that start to turn first (ri<0.2N) and blue symbols are birds that start to turn last (ri>0.8N).  
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Figure S7. Snapshots of positions (dots) and velocities (arrows) of individual birds at t=ts (time when a turn starts) for 8 mobbing flocks. Red symbols are the birds that start to turn first (ri<0.2N) and blue symbols are birds that start to turn last (ri>0.8N).  
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Figure S8. (a) Relationship between group size N and s (the angle between group velocity and information propagation direction); (b) Relationship between group polarization at turn begin (t=ts) and s. (c) Relationship between N and Vtop. (d) Relationship between (t=ts) and Vtop. 
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Figure S9. Snapshots of positions (dots) and velocities (arrows) of individual birds projected onto a horizontal plane at t=ts for 8 mobbing flocks. Birds are coloured by ti showing information propagating gradually from front to the back of the flocks.
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Figure S10. Information propagation distance di as a function of ti for 8 mobbing flocks. 
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Figure S11. Relationship between group size N and time-averaged group flight speed <Ug>t for 8 mobbing flocks showing that bird flight speed is independent of N. Here, the symbol < >t denotes a time average. 
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Figure S12. Snapshots of positions (dots) and velocities (arrows) of individual birds projected onto a horizontal plane for (a) transit flock #T03 and (b) mobbing flock #M05. The transit flock shows multiple subgroups during collective turns, while the mobbing flock contains only one large group. 
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Figure S13. Joint probability density functions (PDFs) of the distance to nearest neighbor (Dn=1) and the distance to the second nearest neighbor (Dn=2) for (a) transit flocks and (b) mobbing flocks. Only data for flocks with group size larger than 30 are shown. The PDFs of transit flocks show a high probability region where Dn=1 is nearly a constant regardless of Dn=2, indicating the existence of pairwise structures in the transit flocks. 


Supplementary Movies
Supplementary Movies S1 to S3 showing the collective turns of bird flocks are available at: https://figshare.com/s/31aaa3454ec7f4b861b8. 
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