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Introduction
Collective motion phenomena such as swarming, flocking and schooling behavior have been
observed in a large variety of animal species ranging from bacteria to humans [1]. Several theo-
retical models have been proposed to explain how such large scale coordination patterns
emerge from “microscopic level” interaction rules among individual animals [2–7]. These
models have been instrumental in improving our understanding of collective motion in real
animal groups by providing an indication of which interaction mechanisms are sufficient to
reproduce realistic patterns of collective behavior. In particular, most models agree on the fact
that two types of interaction are responsible for maintaining group cohesion to achieve coher-
ent collective motion: attraction and alignment.

More recent improvements in remote sensing and video-tracking technologies [8–10] have
made possible to automate data collection and test directly theoretical models against highly
resolved empirical movement data in various species. Generally, these studies have confirmed
the importance that attraction and alignment behavior play in the formation and maintenance
of collective movement patterns [11–15]. However, there is a less clear scientific consensus
about how these interaction rules are implemented in the sensory-motor responses of individ-
uals. This lack of agreement underscores the importance of answering the following question:
how do individuals mediate interactions with multiple neighbors? [16].

Specifically, theoretical studies have postulated a number of factors that are likely to affect
the probability and intensity of interactions: distance (metric neighborhood) [2–7], position
rank (topological neighborhood) [17], projected size (visual neighborhood) [18–20], and spa-
tial arrangement around a focal individual (Voronoi neighborhood) [13]. Each of these differ-
ent definitions of influential neighborhood is supported to some extent by computational
models and empirical observations.

Rather than siding with one or more of the proposed neighborhood definitions, we adopt a
fully data-driven approach with minimalist modeling assumptions. The simplest hypothesis
consists of assuming that fish copy the actions of their neighbors, but not instantaneously: the
fish reaction takes time to process sensory information and to trigger the appropriate behav-
ioral response. Those assumptions impose a temporal constraint given by the sequential occur-
rence of the perception of the neighbors’ actions, and the movement response [21, 22]. We
thus assume that animals following a particular neighbor in a new direction are subject to a
time-delay when copying the heading of influential neighbors.

Considerable work has already appeared on the identification of these time-delays. The
delays with which individuals align with each other have in fact been exploited to determine
social hierarchies in animal groups, as shown, ����, for pigeon flocks [23], where the leadership
network is constructed with link weights given by the delay for which pairwise angle correla-
tion is maximal. Improvements on how to identify such delays from movement data have pro-
posed the use of time-dependence in pairwise angle correlation [24]. A computational
analysis, based on similarities between trajectories (Fréchet distance), has also been proposed
and implemented in a visual analytic tool [25]. A different approach has made use of a time-
ordering procedure on the pairwise angle correlation to determine temporary leader/follower
relations in foraging pairs of echolocating bats [26]. The analysis of the bat trajectories was
instrumental in identifying transient leadership and coupling it to sensory biases of the species.
However, only pairs of individuals were considered and group influence on individual behav-
ior was not investigated.

Since identifying influential neighbors is key to unravel the mechanisms of interaction,
there is a need in collective behavior studies to establish transient leadership from the dynam-
ics of the individual trajectories. One way to bridge this gap consists of determining who are
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those influential individuals whose heading is being copied more closely by others, how many
of such influential neighbors exist, and where are located in the group.

Fish have the ability to choose not only when to copy the heading of another individual, but
also the extent to which this heading is copied, that is the similarity and the pace at which fish
match the trajectory’s curvature of another individual [11, 27]. The closer two (or more) fish
are to this matching, the more aligned they are (even if with some delay), and the more faith-
fully they are following the movement path of the transient leader.

Here, we introduce a procedure that allows us to identify the influential neighbors of fish
moving in a group, and we test it along a series of experiments in groups of two and five indi-
viduals of the freshwater tropical fish ���������	
 ����
���	
 swimming in a ring-shaped
tank (see details in Materials and methods). In this set-up, fish swim in a highly synchronized
and polarized manner, and can only head in two directions, clockwise or anticlockwise, regu-
larly switching from one to the other. We base our procedure for identifying influential neigh-
bors on time-dependent directional correlations between fish, focussing our analysis on the
interactions that occur during these collective U-turns. Indeed, during U-turns, fish have to
make a substantial change of direction to reverse their heading, making easier the extraction of
the correlation resulting from the direct interactions between individuals rather than other
incidental correlations, ����, their channeled motion in the ring-shaped tank. Moreover, as cor-
relation does not imply causal influence, we need to control for potential spurious correlations.
We do so by constructing a null model of collective U-turns to show that the patterns of inter-
action observed in the experiments are not due to random processes.

Results

Dynamics of collective U-turns
���������	
 ����
���	
 performs burst-and-coast swimming behavior that consists of
sudden heading changes combined with brief accelerations followed by quasi-passive, straight
decelerations [15]. Moreover, fish spend most of their time swimming in a single group along
the wall of the tank. Fish regularly change their position within the group [28], so that every
individual fish can be found at the front of the group.

A typical collective U-turn event starts with the spontaneous turnaround of a single fish
(hereafter called the initiator), mostly located at the front of the group [28]. This sudden
change of behavior triggers a collective reaction in which all the other individuals in the group
make a U-turn themselves, so that, after a short transient, all individuals adopt the same final
direction of motion as the initiator. Overall, we analyzed 1586 U-turns of which 1111 were
observed in groups of 2 fish and 475 in groups of 5 fish. Fig 1 shows two examples of collective
U-turns in groups of � = 2 (left column, panels ABC) and � = 5 fish (right column, panels
DEF; see also supplementary S8 Fig and supplementary S1 and S2 Videos in the Supplemen-
tary Information).

Fig 1A shows a first fish �1 (red color) swimming close to the upper-left region of the tank,
followed by a second fish �2 (purple color) at a distance 12� 8.5 cm, swimming in the same
direction. Right before the U-turn starts (Fig 1A), fish �1 reduces its speed (circles become
closer to each other), the distance 12 decreases (to� 5.1 cm), and �2 also reduces its speed.
Then, both fish perform a change of direction which lasts about 1 second and during which
fish �2 clearly follows fish �1 (see the corresponding circles at each instant of time in Fig 1B).
Once the U-turn is completed (Fig 1C), �1 accelerates again, and so does �2, which also adopts
the direction of motion of �1. The distance 12 increases again (� 9.5 cm), due to the larger
velocities, and remains of the same order along the depicted trajectory.
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