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Abstract

The authors studied momentary motion leadership in small groups of black neon

tetra (Hyphessobrycon herbertaxelrodi) and zebrafish (Danio rerio), its relationship with

local interaction parameters, such as the acceleration and turning angle of the individ-

uals, and the relative locations of the individuals within the group. The purpose was

to know whether leadership tended to be monopolised by certain individuals or

whether it was equitably shared between them and if there were differences in lead-

ership sharing between these two species, which are known to have different

degrees of cohesion and polarisation. The authors filmed groups of two, three, four

and eight fishes of each species and tracked their individual motion by image analysis

and trajectory extraction. In both species, motion leadership was not monopolized

but egalitarian and very short lived, with leadership shifts distributed randomly over

time. The duration of leadership episodes decreased as group size increased and was

longer in black neon tetra than in zebrafish. Momentary leaders did not tend to be in

the front positions, but closer to the centre of the group. Acceleration and turning

angle were more extreme in zebrafish than in black neon tetra and in the momentary

leaders than the followers in both species. In general, these differences between spe-

cies and between leaders/followers were qualitatively similar with some differences

in detail, indicating that the relationship between motion leadership and local interac-

tion parameters is likely to conform to a general physical law.
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1 | INTRODUCTION

Coordinated collective motion (CCM) is a common phenomenon in

many fish species. Through local interactions, individuals in a group

(called shoal or school) synchronise their movements and achieve a

large-scale coordinated movement (e.g., Couzin et al., 2006; Pitcher &

Parrish, 1993; Radakov, 1973). Regarding the models proposed for

CCM in fish, a common assumption is that individuals move based on

the rules of attraction to and repulsion from their immediate neigh-

bours, and that they align (or polarize) with respect to them by
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adjusting their headings and velocities (e.g., Aoki, 1982; Couzin

et al., 2002; Huth & Wissel, 1994; Lopez et al., 2012;

Reynolds, 1987; Strömbom et al., 2022). Empirical studies have found

that a set of local interaction rules on the relative position of the indi-

viduals and their acceleration and turning angles, among other mea-

sures, may explain the CCM observed (Herbert-Read et al., 2011;

Katz et al., 2011; Perna et al., 2014; Rosenthal et al., 2015; Schaerf

et al., 2021). In addition, data-driven modelling shows detailed inter-

action rules in moving groups of fish (Escobedo et al., 2020; Heras

et al., 2019; Zienkiewicz et al., 2015; Zienkiewicz et al., 2018). More-

over, two features (global cohesion and polarization) that character-

ize collective motion at the macro level can be explained by dyadic

interaction rules based on changes in the direction and velocity of

the individuals, with the kind of movement at the group level being

inferred from the relationships between these variables at the micro

level (Quera et al., 2019).

Although the universality of the interaction rules from which

CCM emerges remains to be explored, results indicate that the rules

are similar in the species from three distinct families: (a) Cyprinidae

(Notemigonus crysoleucas and Danio rerio), (b) Poeciliidae (Gambusia hol-

brooki) and (c) Characidae (Hyphessobrycon herbertaxelrodi, Hemmi-

grammus rhodostomus and Pristella maxillaris). As the results published

in the past 15 years show, a set of local interaction rules based on the

relative position of the individuals and their accelerations, distances

and turning angles, among other measures, underlie CCM (e.g., Calovi

et al., 2018; Herbert-Read et al., 2011; Katz et al., 2011; Quera

et al., 2019; Rosenthal et al., 2015; Schaerf et al., 2017), with differ-

ences between species likely to be quantitative rather than qualita-

tive. Comparative studies have explored the differences in the CCM

of different fish species (e.g., Leem et al., 2012; Soria et al., 2007).

Gimeno et al. (2016) and Quera et al. (2019) compared zebrafish and

black neon tetra and found that although the two species had differ-

ent styles of CCM (a higher polarization in black neon tetra than in

zebrafish), the relationships between acceleration, turning angle, rela-

tive angle and the distance from a fish to its neighbours followed simi-

lar rules in both species, with the differences between them

characterized by different magnitudes of the parameters in the func-

tions related to those variables.

Fish schools tend to show a weak dominance hierarchy and are

considered egalitarian societies in which any individual can act as a

leader at any given moment; leadership is assumed to be temporary

and “equipotential” (Breder, 1954; Pavlov & Kasumyan, 2000). Breder

used the term “equipotential” to indicate that each fish in a school

shares the same capacity to influence the other individuals in the

group. Nonetheless, some studies have found that the individuals at

the front of a group have a strong influence on the direction of collec-

tive motion (Bumann & Krause, 1993). In some fish species, certain

individuals consistently tend to initiate group motion and occupy the

front positions (Burns et al., 2012). Among conspecifics, fish with

larger body sizes tend to swim faster, which could explain why they

are likely to be at the front (Krause et al., 1998). Moreover, empirical

studies have found that leadership in fish schools can emerge from

individual differences in body size (Krause et al., 1998; Reebs, 2001),

hunger or food motivation (Krause, 1993; Krause et al., 1992; Web-

ster, 2016), exploratory tendencies or boldness (Harcourt et al., 2009;

Nakayama et al., 2016) and knowledge or training experience

(Ioannou et al., 2015; Reebs, 2000). All these factors can also interact

with one another (Reebs, 2001; Webster, 2016). In humbug damsel-

fish (Dascyllus aruanus), Ward et al. (2013) failed to find a clear rela-

tionship between body size and leadership, but did find that

leadership was consistent between trials. Recent studies have focused

on the emergence of leadership in shoals of biomimetic robotic fish

(Wang et al., 2017); how leaders moving in front of a shoal benefit

from being followed by others when predators attack (Ioannou

et al., 2019); the modelling of collective motion in guppies (Poecilia

reticulata) based on simple interaction rules causing emergence of

leadership (Landgraf et al., 2020); the modelling of avalanches trig-

gered by a small number of fish (“effective leaders”) in black neon

tetra (H. herbertaxelrodi) (Múgica et al., 2022) and the transitions from

uncoordinated to coordinated shoals with defined leader–follower

roles in stickleback fish (Gasterosteus acuelatus) (Georgopoulou

et al., 2022).

Some divergent results about leadership are likely to result from

different definitions of that concept. Dominance is an ambiguous con-

cept, as it depends on specific behaviour and context; that is, individ-

uals that are dominant about food may not necessarily be dominant in

controlling territory or access to sex partners. Regarding dominance in

group motion, being at the front of a group may not necessarily be

identical to being a leader. In a rather different field, Theveneau and

Linker (2017) found that collective cell migration during development

is not always governed by cells located at the front, with the authors

stating that “it would be more accurate to dissociate the function of a

cell (regarding group motion) from its position in the group” (p. 1), an

idea that could be useful when studying motion leadership in fish.

Likewise, certain types of dominance may change over short periods

of time. Although it can be assumed that informed individuals may

lead group motion for considerable time periods when a group of fish

is migrating or foraging, that assumption may not necessarily hold

when there is no specific goal in the group motion besides coordina-

tion as an anti-predatory tactic. In the latter case, very frequent

changes in motion leadership could be expected, and leaders, if any,

would be temporary.

Following Krause et al. (2000) and Collignon et al. (2019), the

authors define a motion leader as an individual who initiates move-

ment towards a certain direction and is followed by other group mem-

bers. Such leadership can be assessed by analysing pair-wise time

delays between changes in the fish headings over time, a method used

in the studies of group motion in pigeons (Nagy et al., 2010, 2013;

Pettit et al., 2015; Sankey et al., 2022) and fish (Georgopoulou

et al., 2022; Katz et al., 2011; Herbert-Read et al., 2011; Schaerf et al.,

2017). Alternative methods, such as the analysis of transfer entropy

between velocities in pairs of zebrafish, have been proposed (Butail

et al., 2016); Strandburg-Peshkin et al. (2018) reviewed the different

methods of defining operationally and measuring leadership in moving

animal groups. In this paper, the authors analysed the persistence and

leadership sharing among fishes, and their possible differences
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between species. As evidence exists that group size has an effect on

CCM in fish (Calovi et al., 2014; Shelton et al., 2015; Soria

et al., 2007), the authors measured the movements of groups with dif-

ferent sizes (N = 2, 3, 4 and 8). They also explored whether the rela-

tionships between acceleration, turning angle and relative angle

between fishes were different for momentary leaders and followers,

whether leaders tended to be located at the front of the group and

whether there were differences between species in how these vari-

ables were related.

2 | MATERIALS AND METHODS

2.1 | Subjects

Thirty-four adult wild-type fishes were used in the experiment:

17 zebrafish (D. rerio; mean body length and S.D.: 3.0 ± 0.23 cm) and

17 black neon tetra (H. herbertaxelrodi; mean body length and S.D.:

2.5 ± 0.20 cm). For each species, 17 fishes were randomly selected

from a big group in which females and males were mixed with a sex

ratio close to 1:1, and assigned to four different groups (two, three,

four and eight subjects). Each group was housed in a different aquar-

ium (20 � 14 � 14 cm for the groups of two, three and four individ-

uals and 34 � 20 � 22 cm for the group of eight individuals) 1 week

before the experiments started and during the experiments. The aqua-

ria were maintained on a regular light/dark cycle and water tempera-

ture at 25 ± 2�C, pH at 7.8–8, total hardness at 8–14� dH and

carbonated hardness at 8–14� dH. Ammonium and nitrite concentra-

tions were nil, whereas nitrate levels were below 50 mg l�1. Water

quality was kept optimal by performing weekly 15% water changes.

Fish were fed to satiation on Ocean Nutrition Community Formula

Flakes (Ocean Nutrition Europe, Essen, Belgium).

Institutional guidelines for the care and use of animals were fol-

lowed. All the procedures performed were in accordance with the

standards approved by the Ethics Committee of the University of

Barcelona, where the studies were conducted (project no. 119/18,

approval date 20 March 2018).

2.2 | Apparatus and procedure

An experimental tank measuring 100 � 93 � 40 cm and a water col-

umn with a height of 15 cm were used; that is, water volume in the

experimental tank was 0.1395 m3; thus, fish densities in the experi-

mental tank were 14.3, 21.5, 28.7 and 57.3 m�3 for groups of two,

three, four and eight fishes, respectively. Water in the experimental

tank was maintained at 21–22� C, with the same pH and dH levels as

in the aquaria. Six lamps surrounding the tank provided homogeneous

low-intensity light. Videos were recorded at 20 fps, 8-bit (grey scale)

and a resolution of 1176 � 1016 pixels, with a digital camera (uEye

UI-1640-LE) mounted 2.2 m above the centre of the tank and linked

to a computer. Given the experimental tank dimensions and the video

resolution, the conversion factor was 0.084 cm per pixel. Durations

were originally measured in frames and subsequently converted into

seconds by dividing them by 20.

Each experimental group (of two, three, four and eight individuals)

was filmed daily for 5 min during spontaneous group swimming. The

procedure was replicated first for 10 days with the zebrafish and then

for 10 days with the black neon tetra. To ensure the fish became accli-

matized to the temperature in the experimental tank (25�C), prior to

the recording session, each group was transferred from its aquarium

into a bucket containing a mixture of water from the experimental

tank and the fishes' aquarium, and remained there for 5 min. The fish

F IGURE 1 Headings, relative angles and forefront index. (a)
Headings (hi,hjÞ and relative angles (αij,αjiÞ of two fishes i and j at
frame t. Sign of the relative angle αij is that of the vertical component
of the vector product hi tð Þ�eij tð Þ, where eij tð Þ is the unit vector
pointing from i's to j's position. (b) Translation and rotation of the
(X, Y) axes to calculate forefront indexes for a group of eight fishes.
The black dot close to fish 5 is the group centroid, and the red arrow
under that fish is the group heading. The origin of the coordinates
was moved to the group centroid and the axes were rotated to the
(X', Y0) axes, as indicated in the figure. Upon changes of the axes,
fishes 6 and 4 had the highest positive and negative forefront indexes
(X' coordinates), respectively
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were then transferred into the experimental tank. After another 5 min

of habituation to the new environment, their activity was recorded for

5 min. Once the recording was made, the fish were captured with a

net and transferred back to their aquarium, to which water from the

experimental tank was added to facilitate re-acclimatization. At the

end of the daily recording sessions, water was added to the experi-

mental tank to compensate for the water transferred into the aquaria.

As the four groups of each species were filmed in succession each

day, the order in which they were recorded was randomly sorted daily

to control for possible cumulative effects of the decrease in water

temperature (because the heaters were removed from the experimen-

tal tank during recording) and any pheromones or chemical signals left

in the water by the preceding group.

Eighty videos were recorded, with a total of 6 h and 40 min of

footage. Video fragments were decomposed into frames, and a stack

of 6000 frames per fragment was obtained. The authors randomly

selected six packs of 500 consecutive frames for each fragment,

resulting in six replicas of 25 s per group and day, i.e., 60 replicas per

group. In total, 1 h and 40 min of footage (120,000 frames) was ana-

lysed per species. The authors applied the method of Dolado et al.

(2015) to resolve occlusions and acquired the individual fish coordi-

nates in two dimensions from the stacks of occlusion-free frames by

image analysis and trajectory extraction using Virtual Dub 1.9.11

(Lee, 2013), ImageJ version 1.48 (Rasband, 2014) and Image-Pro Pre-

mier 9.1 (Media Cybernetics Inc., 2015), in accordance with Quera et

al., (2019 ). The trajectory files were then processed using R scripts

(R Development Core Team, 2020) to calculate the behavioural mea-

sures described in the next section.

2.3 | Measures

2.3.1 | Momentary motion leadership index
and rank

The authors calculated motion leadership by analysing the pair-wise

time delays between changes in the fish headings over time to deter-

mine which fish, if any, was directing group movement at each frame

t. First, they calculated fish headings at each frame t (Figure 1a), which

are the normalized velocities of the fish (unit vectors). For fish

i,hi tð Þ¼ vi tð Þ=jvi tð Þj. Given the two-dimensional (2D) pixel coordinates

of fish i at frames t�1 and t, xi t�1ð Þ,yi t�1ð Þ½ � and xi tð Þ,yi tð Þ½ �, respec-
tively, its velocity was defined as the vector linking the two positions:

vi tð Þ¼ xi tð Þ�xi t�1ð Þ,yi tð Þ�yi t�1ð Þh i, with its module expressed in

pixels per frame.

Then, the authors calculated time directional dot products

between the headings of each pair of fish i, jð Þ within a moving time

window of length 2w centred at each frame t:

cij t,τð Þ¼ hi tð Þ �hj tþ τð Þ

with �w ≤ τ ≤ þw. Nagy et al. (2010) measured global leadership over

a period of time for every pair of pigeons in a flock by averaging the

directional dot products over that period and obtaining the lag that

maximized the average. As the authors were interested in measuring

momentary changes in leadership, they computed leadership indexes

per frame, not globally. As cij t,τð Þ equals the cosine of the angle

between the headings of fish i at t and fish j at tþ τ, it will be close to

þ1 when the headings are very similar. In that case, if τ >0, then i's

heading will predict j's at τ frames after it. If τ <0, then i's heading will

be predicted by j's at τ frames before it. Conversely cij t,τð Þ will be

close to �1 when their headings at t and tþ τ are the opposite. Null

correlations will indicate that the headings are independent of lag τ. It

should be noted that cij t,τð Þ¼ cji tþ τ,�τð Þ.
For each frame t and pair of fish, the authors obtained the maxi-

mum dot product, c�ij tð Þ¼ max τcij t,τð Þ, and the lag for that maximum,

τ�ij tð Þ. τ�ij tð Þ>0 indicated that fish i tends to lead fish j with lag τ�ij tð Þ
(within the time window), whereas τ�ij tð Þ<0 indicated that fish i tends

to follow fish j with lag τ�ij tð Þ. Thus, the momentary leadership index of

fish i at frame t was defined as the average of its dyadic τ�ij tð Þ indexes
at that frame:

τi tð Þ¼ 1
N�1

XN
j¼1

j≠ i

τ�ij tð Þ

with �w ≤ τi tð Þ≤ þw, and w = 30 frames, i.e., 1.5 s (see Herbert-Read

et al., 2011; Katz et al., 2011). Fishes with values for τi tð Þ that were

close to þw tended to lead other fishes with lower values of that

index, whereas fishes with values close to �w tended to be led by

other fishes with a higher index than theirs.

2.3.2 | Duration of leadership episodes

A leadership episode was determined as a series of consecutive

frames starting at tA and ending at tB in which one fish i had the

momentary leadership rank ri tð Þ¼1. The duration of the k-th episode

of fish i was thus dik ¼ tB� tAþ1. The mean duration of leadership

episodes was a group measure: d¼ T=
PN

i Ki , where T¼PN
i¼1

PKi
k¼1dik ,

which equals the fragment length, and Ki the number of leadership

episodes of fish i.

2.3.3 | Egalitarian leadership index

Collignon et al. (2019) measured the entropy of the distribution of motion

leadership episodes in groups of zebrafish to determine whether leader-

ship was equally shared among all the fishes or monopolized by certain

individuals. If momentary leadership is shared by all the fishes equitably

throughout a fragment, the proportion of frames pi in which ri tð Þ¼1 will

be identical for all i. Egalitarian leadership can be defined as the invari-

ability of pi and is expressed as the entropy, H¼�PN
i¼1pi log2pi

(Shannon & Weaver, 1949), which is measured in bits. When

p1 ¼ p2 ¼…¼ pN, H will be the maximum and equal log2N. Thus, a

more convenient index of egalitarian leadership is E¼H= log2N. If
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momentary leadership is shared equitably, then E¼1. If one fish

monopolizes leadership throughout the fragment, then E¼0.

2.3.4 | Forefront index

This was defined as the distance from fish i to the axis passing

through the centroid of the group, perpendicular to the axis defining

group motion at frame t (Gimeno, 2018). First, the centroid coordi-

nates of the group at t�1 and t were calculated as the averages of

the individual fish coordinates at those frames, xc t�1ð Þ,yc t�1ð Þ½ � and
xc tð Þ,yc tð Þ½ �, respectively. Group velocity vc tð Þ was the vector linking

the former to the latter point, and the group heading was thus the unit

vector hc tð Þ¼ vc tð Þ=jvc tð Þj. Second, the origin of the coordinates was

moved to xc tð Þ,yc tð Þ½ � and the (X, Y) axes were rotated to new (X0, Y0)

axes, so that X' was aligned to the group heading and the transformed

coordinates of fish i were given by the rotation matrix (Figure 1b):

x0i tð Þ
y0i tð Þ

� �
¼ cosθ sinθ

�sinθ cosθ

� �
xi tð Þ�xc tð Þ
yi tð Þ�yc tð Þ

� �

where

cosθ¼ xc tð Þ�xc t�1ð Þð Þ=jvc tð Þj

sinθ¼ yc tð Þ�yc t�1ð Þð Þ=jvc tð Þj

Thus, the forefront index of fish i was:

ϕi tð Þ¼ x0i tð Þ¼ xi tð Þ�xc tð Þð Þcosθþ yi tð Þ�yc tð Þð Þsinθ

Individuals with a positive ϕi tð Þ would be at the front of the group,

whereas individuals with a negative ϕi tð Þ would be at the rear. The

greater the absolute forefront index, the farther away the fish was

from the Y0-axis.

2.3.5 | Acceleration

Following Herbert-Read et al. (2011) and Kartz et al. (2011), the

authors defined acceleration as the rate of change of speed, which

can take positive or negative values (i.e., to calculate acceleration, they

did not take the direction of motion into account). Given the velocities

of fish i at frames t�1 and t, its acceleration at t was calculated as

the difference between the module of its velocity at t minus that at

t�1, and is expressed in pixels per frame2: si tð Þ¼ jvi tð Þj� jvi t�1ð Þj.

2.3.6 | Relative angle

The relative angle αij tð Þ from fish i to fish j at frame t is the angle from

hi tð Þ to the unit vector that points from i's position to j's position, eij tð Þ
(Figure 1a). αij tð Þ will be positive when fish j is to the left of fish i, and

negative when it is to its right. When fish j is in front of fish i,

αij tð Þ¼0�, when it is behind, αij tð Þ¼�180�, and when it is alongside

it, αij tð Þ¼�90�.

2.3.7 | Turning angle

The turning angle βi tð Þ of fish i at t is the angle from its previous head-

ing to its current one. When the fish turns left, its turning angle will

be positive. When it turns right, βi tð Þ will be negative. Turning angles

are expressed in degrees per frame.

It is known that individuals in a group of zebrafish tend to distrib-

ute on several close strata on the water column, whereas individuals

in a group of black neon tetra tend to swim in the same stratum

(Gimeno et al., 2016; Spence et al., 2006). Nonetheless, it can be

assumed that, even if two fishes were swimming on slightly different

strata of the water column, their heading difference as recorded from

a camera above would be the same as if they were swimming on the

same stratum and, consequently, their momentary leadership indexes

would not be distorted. Likewise for turning angles, because fish

tended to turn horizontally. On the contrary, as fishes of those two

species did not tend to swim vertically, the distance an individual trav-

elled between two consecutive video frames (and, consequently, its

speed and acceleration) could be reliably measured on the 2D image

captured by the camera. Watts et al. (2017) showed that pair-wise

leadership interactions identified through a 2D analysis matched

those identified through a 3D analysis in which the position of fish on

the water column was taken into account.

3 | RESULTS

Figure 2a shows the results for the mean durations of leadership epi-

sodes (d) as a function of group size and species. Data were averaged

for each video fragment, resulting in 60 d values per group size and

species. A mixed factorial ANOVA (with species and group size as

between group factors and day as the within group one) indicated

that d was significantly different between the different group sizes

[F(3, 40) = 154.94, P<0.001, η2 = 0.354] and between species

[F(1, 40) = 235.66, P<0.001, η2 = 0.179]. The interaction between

group size and species was significant as well, but its effect size was

much smaller than the main effect sizes [F(3, 40) = 7.80, P <0.001,

η2 = 0.018]. Momentary leadership episodes were longer on average

in black neon tetra than in zebrafish [0.260 s vs. 0.173 s, t(40) = 15.4,

P<0.001], and decreased as group size increased from 0.344 s (black

neon tetra) and 0.253 s (zebrafish) for the group size of 2 to 0.167 s

(black neon tetra) and 0.108 s (zebrafish) for the group size of 8. Glob-

ally, days had a significant effect on d [F(4.63, 185.12) = 3.45,

P = 0.007, η2 = 0.020]. Mean duration of momentary leadership epi-

sodes was in average fairly stable in zebrafish (for all the group sizes)

and in black neon tetra (for N = 4 and N = 8) throughout the days; in

black neon tetra, for N = 2 and N = 3, it decreased during the first half

of the days and regained its initial value during the second half.
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Results for the egalitarian leadership index (E) are shown in

Figure 2b as a function of group size and species, averaged for each

video fragment, resulting in 60 E values per group size and species. A

mixed factorial ANOVA (with species and group size as between

group factors and day as within group one) indicated that no signifi-

cant differences existed in E between the different group sizes

[F(3, 40) = 1.267, P = 0.299, η2 = 0.006] and between species

[F(1, 40) = 0.290, P = 0.593, η2 < 0.001], whereas the interaction

between the two variables was significant, with a small effect size

[F(3, 40) = 12.039, P < 0.001, η2 = 0.061]. For the group size of

2, E was significantly greater in black neon tetra than in zebrafish

[0.971 vs. 0.926, t(40) = 4.796, P = 0.007], whereas no significant

differences were found for the group sizes of 3 [0.945 vs. 0.953,

t(40) = �0.832, P = 0.998], 4 [0.946 vs. 0.970, t(40) = �2.468,

P = 0.538] and 8 [0.926 vs. 0.970, t(40) = �2.573, P = 0.483]. Glob-

ally, days had no significant effect on E [F(6.98, 279.39) = 1.32,

P = 0.242, η2 = 0.017].

Durations of leadership episodes showed exponential distribu-

tions in both species and for the four group sizes. Figure 3 shows the

log-survival functions of the durations, logeS dð Þ. Log-rank tests

showed statistically significant differences between the survival func-

tions, both between group sizes [black neon tetra,

X2 3ð Þ¼3819, P< 0:001; zebrafish, X2 3ð Þ¼8540, P< 0:001] and

between species [N = 2, X2 1ð Þ¼107, P< 0:001; N = 3,

X2 1ð Þ¼714, P< 0:001; N = 4, X2 1ð Þ¼712, P< 0:001; N = 8,

X2 1ð Þ¼1813, P< 0:001]. Regression lines fitted to the log-survival

functions had R2 ranging from 0.978 (zebrafish, N = 2) to 0.994 (black

neon tetra, N= 4), indicating that the durations were

exponentially distributed; that is, their rate parameter λ was largely

independent of the episode duration, with logeS dð Þ¼�bλd, wherebλ¼1=d. In other words, the probability of a leadership episode termi-

nating did not depend on its duration and, therefore, leadership transi-

tions were randomly distributed over time (e.g., Cox & Lewis, 1966;

Haccou & Meelis, 1992; Lendrem, 1986), irrespective of the species

and group size. Likelihood ratio tests of exponential against

Weibull distributions (where the probability that an episode termi-

nates would depend on its duration; Cox & Oakes, 1984) yielded

P-values ranging from 0.850 (zebrafish, N = 8) to 0.988 (black neon

tetra, N = 8), indicating that the null hypothesis of exponentiality

could not be rejected.

The results for acceleration and turning angle as functions of the

relative angle are shown in Figures 4–6. Accelerations and turning

angles were aggregated based on 12 relative angle bins, from

αij ¼�180� to αij ¼þ180�, 30 degrees per bin (i.e., interval boundaries

were �180�, �150�,�120�,…, þ180�). Data were averaged for day,

video fragment, group size and momentary leadership rank 1 (leaders)

vs. a rank greater than 1 (followers). As shown in Figure 4, both in

black neon tetra and in zebrafish, an individual (fish i) accelerated

more when its neighbour (fish j) was in front (αij ¼0�), decelerated

when its neighbour was behind (αij ¼�180�) and tended to maintain

its velocity when its neighbour was alongside it (αij ffi�90�). In both

species, momentary leaders (Tau rank 1) accelerated more than the

followers (Tau rank>1) regardless of their relative angle to their

neighbours. Maximum acceleration occurred when αij ffi0�, i.e., when

fishes were one in front of the other: for a momentary leader (fish i)

when its neighbour (fish j, a follower) was in front, and for a follower

(fish i) when its neighbour (fish j, either a momentary leader or a fol-

lower) was in front. Maximum acceleration was greater in zebrafish

F IGURE 2 Momentary motion leadership in Hyphessobrycon herbertaxelrodi and Danio rerio. (a) Mean duration of momentary leadership
episodes and (b) mean egalitarian leadership index as a function of species and group size. Error bars are SEMs. Species: , Neon; , Zebrafish
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than in black neon tetra, and greater in the leaders than in the fol-

lowers for both species. Maximum deceleration occurred when

αij ffi�180�, i.e., for a momentary leader (fish i) when it was in front of

a follower (fish j) and for a follower (fish i) when it was in front of its

neighbour (fish j, either a momentary leader or a follower). Table 1

shows the acceleration ranges based on species and leader/followers.

F IGURE 3 Durations of momentary leadership episodes in Hyphessobrycon herbertaxelrodi and Danio rerio. Log-survival functions of durations
of momentary leadership episodes as a function of species and group size, with regression lines and their R-squared values. P-values of likelihood
ratio tests of exponential against Weibull distributions, as well as the average episode durations, are indicated
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In both species, the average turning angle of a fish depended on

its relative angle to its neighbour (Figure 5). Positive (left) turns were

maximum when the neighbour was on the left (relative angle

αij ffiþ90�), whereas negative (right) turns were maximum when the

neighbour was on the right (αij ffi�90�). The average turning angle

was zero when the neighbour was either in front or behind (relative

angles equal to 0� or to ±180�, respectively). As shown in the figure,

the relationship between the average turning angle and relative angle

had a peak at αij ¼þ90� and a trough at αij ¼�90� in both species,

and when fishes were both momentary leaders (Tau rank 1) and

F IGURE 4 Acceleration and relative angle in groups of Hyphessobrycon herbertaxelrodi and Danio rerio. Average acceleration of a fish
(in BL s�2) as a function of the relative angle towards its neighbour, when the former is a momentary leader (Tau rank 1) and when it is a
momentary follower (Tau rank > 1). Data are pooled from the groups of different sizes. (a) Black neon tetra and (b) zebrafish. Error bars are SEMs.
Dashed lines indicate cosine models (see text). Specific relative angles are labelled. , Leader, Tau rank 1; , Follower, Tau rank > 1

F IGURE 5 Turning angle in groups of Hyphessobrycon herbertaxelrodi and Danio rerio. Turning angle of a fish (in degrees s�1) as a function of
the relative angle towards its neighbour, when the former is a momentary leader (Tau rank 1) and when it is a momentary follower (Tau rank >1).
Data are pooled from the groups of different sizes. (a) Black neon tetra and (b) zebrafish. Error bars are SEMs. Dashed lines indicate sine models
(see text). Specific relative angles are labelled. , Leader, Tau rank 1; , Follower, Tau rank > 1
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followers (Tau rank >1). Nonetheless, for a given relative angle to

their neighbours, momentary leaders tended to turn more than the

followers. Peak-to-peak amplitude was greater in zebrafish than in

black neon tetra. In both species, the amplitude was greater in the

leaders than in the followers. The minimum and maximum average

turning angles are shown in Table 1.

Acceleration and the turning angle of a fish are approximate sinu-

soidal functions of the relative angle from that fish to its neighbours.

When the data were analysed separately for momentary leaders vs.

momentary followers, the acceleration of fish i was modelled as a

cosine function of the relative angle (in degrees) from fish i to fish

j with different parameter values depending on whether fish i was a

leader k¼þ0:5ð Þ or a follower (k¼�0:5Þ :

si ¼ p� 1� jαijj
4�180

� �
� cos 1� k

180

� �
αij

� �

where p is the maximum acceleration, a function of the species and

leader/follower rank (Table 1). Similarly, the turning angle of fish

i could be modelled as a sine function of the relative angle from fish

i to fish j:

βi ¼ q� sinαij

where q is the maximum positive turning angle, a function of the spe-

cies and leader/follower rank (Table 1). The cosine and sine models

are shown in Figures 4 and 5. When the data for leaders and followers

were pooled (Quera et al., 2019), k¼0 and the values for the parame-

ters that were intermediate or close to the maxima in Table 1 pro-

vided a reasonable model for the data (black neon tetra, p = 1.34

BL s�2, q = 20.04 � s�1; zebrafish, p = 1.61 BL s�2, q = 94.35� s�1).

Figure 6a shows the relationship between acceleration and the turn-

ing angle for a set of relative angles as a function of species and the

leader/follower rank. The corresponding modelled parametric func-

tions are shown in Figure 6b.

Momentary leadership and the forefront indices were related

(Figure 7a) for the group sizes of 3, 4 and 8 pooled together. On aver-

age, the forefront index was positive when the fish had a positive

F IGURE 6 Acceleration and turning angle in groups of Hyphessobrycon herbertaxelrodi and Danio rerio. Relationship between the average
acceleration (in BL s�2) and turning angle (in degrees s�1) per species and momentary leader/follower rank as parametric functions of the relative
angle (in degrees) of a fish to their neighbours. (a) Data are pooled from the groups of different sizes. Error bars are SEMs. (b) Model. Relative
angles are indicated for the zebrafish momentary leaders (Zebrafish. Leader). , Neon Leader; , Neon Follower; , Zebrafish Leader; , Zebrafish
Follower

TABLE 1 Minimum and maximum accelerations and turning angles for the momentary leaders (Tau rank 1) and followers (Tau rank > 1),
in groups of Hyphessobrycon herbertaxelrodi and Danio rerio

Fish species

Acceleration (cm s�2) Acceleration (BL s�2) Turning angle (� s�1)

Min. Max. Min. Max. Min. Max.

Hyphessobrycon herbertaxelrodi Leader �2.07 3.56 �0.83 1.42 �28.54 22.48

Followers �2.51 2.96 �1.00 1.18 �20.65 19.57

Danio rerio Leader �2.91 5.03 �0.97 1.68 �116.85 117.29

Followers �3.40 4.16 �1.13 1.39 �92.68 95.5
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leadership index (i.e., when it tended to lead other fishes) and negative

when the fish had a negative leadership index (i.e., when it tended to

follow other fishes). In other words, momentary leaders tended to be

at the front of the group, whereas followers tended to be at the rear.

Nonetheless, as indicated by the peaks and troughs in Figure 7a in

both species, whereas fishes with moderately positive indexes tended

to be at the front and fishes with moderately negative indexes tended

to be at the back, those with the highest positive indexes, as well as

those with the lowest negative indexes, tended to be close to the cen-

troid of the group. The forefront index showed a greater range in zeb-

rafish than in black neon tetra, which is consistent with zebrafish

maintaining a greater mean interindividual distance, even when

adjusted for body length (Quera et al., 2019).

Figure 7b shows that the mean acceleration and forefront index

were negatively related. In both species, fishes in the front positions

tended to decelerate, those in the rear positions tended to accelerate

and those in the central positions tended to maintain their velocities.

Decelerating while in a front position favours cohesion with fishes

that are in the rear positions, whereas accelerating in a rear position

favours cohesion with those at the front. As fishes with moderately

positive leadership indices tended to be at the front, it is them that

decelerated the most. Likewise, as fishes with moderately negative

leadership indices tended to be at the back, it is them that accelerated

the most.

4 | DISCUSSION

In general, as group size increased in both black neon tetra and zebra-

fish, the mean durations of leadership episodes decreased and the

probability of the episodes terminating was independent of their dura-

tions. In other words, leadership transitions among individuals were

distributed randomly over time (in a different field, a similar result has

been reported for sheep flocks; G�omez-Nava et al., 2022). In both

species, the duration of momentary leadership episodes decreased

when group size increased, but that duration was greater in black

neon tetra than in zebrafish regardless of group size. Nonetheless, the

duration of the leadership episodes was very short in both species,

indicating that the shift of momentary leadership occurred at a high

rate. These results were related to those on the egalitarian leadership

index. During a video fragment, the shorter the leadership episodes,

the more frequent the shift among momentary leaders and the higher

the egalitarian, leadership index was on average. The egalitarian lead-

ership index was high in both species, being slightly higher in zebra-

fish. It has been suggested that a great frequency of leadership

changes in groups of mosquitofish (Gambusia hoolbrooki; Burns

et al., 2012; Ward, 2012) might be a consequence of the uncertainty

when moving in unfamiliar environments (Ward & Webster, 2016).

In zebrafish, Collignon et al. (2019) found that the egalitarian lead-

ership index decreased as the group size increased, whereas the

authors of this study observed that trend only in black neon tetra,

with zebrafish showing the highest egalitarian leadership when the

group size was 8. Nonetheless, Collignon et al. defined leaders as the

individuals that initiated movement in successive trials from one room

to another through a corridor, not as individuals whose momentary

changes in heading predicted changes in others. This makes it difficult

to compare the results of this study about that index with theirs.

Therefore, further studies on the pattern of the egalitarian leadership

index in zebrafish and other species are required. As the authors

observed only one group of fish per each group size, the results

F IGURE 7 Forefront index and acceleration in groups of Hyphessobrycon herbertaxelrodi and Danio rerio. (a) Average forefront index (in BL) of
a fish as a function of its momentary leadership index (in s). (b) Average acceleration (in BL s�2) of a fish as a function of its forefront index (in BL).
Data are pooled from the groups with sizes larger than two fishes. , Neon; , Zebrafish
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regarding group size effects cannot be seen as generalizable but

rather exploratory. The study should be replicated with independent

groups of fish for each group size to obtain more generalizable results

for the two species.

In both species, acceleration and the turning angle depended on

their momentary leadership rank and the relative angle between the

fishes. In general, momentary leaders tended to accelerate more and

had larger turning angles than the followers. When a momentary

leader and a follower swam alongside each other, both tended to turn

to each other, with the former accelerating and the latter tending to

maintain its velocity. Furthermore, the magnitude of the turning angle

was greater in the former than in the latter. Likewise, when a follower

swam alongside another fish (either a leader or another follower), it

tended to maintain its velocity. When a momentary leader swam in

front of a follower, the former kept its heading and did not turn, and

decelerated. Conversely, when a momentary leader swam behind a

follower, the former accelerated, while keeping its heading. That same

pattern of acceleration and turning was observed in the followers

when they swam in front or behind their neighbours (either leaders or

other followers), except that they accelerated less (when they were

behind their neighbours) and decelerated more (when they were in

front of them) than the leaders did. Schaerf et al. (2021; Figure 4a)

obtained similar results in pairs of eastern mosquitofish (Gambusia hol-

brooki) about the relationship between acceleration (or change in

speed) and relative position between a leader and a follower, although

they defined a leader as the individual that was in front and repre-

sented acceleration (change in speed) as a function of relative (x, y)

positions between the fish, not as a function of their relative angle.

As leadership rapidly alternated among the group members, the

changes in acceleration and turning angles tended to maintain instan-

taneous coordination in the group. Therefore, the leadership shifts

can be viewed as dynamic adjustments that keep the group polarized

and cohesive. Momentary leaders lead by accelerating and turning

more, thus changing the group heading and velocity instantaneously.

The magnitude of turning angles, both for the momentary leaders and

followers, was greater in zebrafish than in black neon tetra. In the for-

mer, such abrupt changes in heading can explain their lower polariza-

tion and cohesion (Quera et al., 2019). On the contrary, the

magnitude of acceleration was fairly similar in both species when

scaled to their average body lengths; that is, momentary leaders accel-

erated and decelerated at similar rates in both species depending on

the relative angle towards their followers, as shown by the empirical

and modelled data in Figures 4 and 5. Although the results shown in

Figure 6 indicate that zebrafish were less polarized than black neon

tetra (as zebrafish show frequent heading changes, i.e., greater turning

angles, the ellipsoids have larger horizontal axes than those observed

for black neon tetra), they also show that the differences in the

acceleration-turning angle pattern between the two species were a

matter of scale. Likewise, within a species, the differences in that pat-

tern between momentary leaders and followers were probably a mat-

ter of both translation (along the acceleration axis) and rescaling

(along the turning angle axis).

Although the authors found that momentary leadership was short

lived and mostly egalitarian, experiments with moving groups of mos-

quitofish (Gambusia holbrooki; Burns et al., 2012) and humbug damsel-

fish (Dascyllus aruanus; Ward et al., 2013) found that certain

individuals consistently lead the group on successive trails. Nonethe-

less, similar to Collignon et al. (2019), neither of those studies mea-

sured momentary leadership by calculating pair-wise time delays in a

moving shoal, as the authors of this study did, but by recording which

individuals in a stationary shoal initiated movement through a corridor

towards the arms of a Y-maze (Burns et al., 2012) and movement

towards a boulder that offered refugia (Ward et al., 2013) and were

followed by the rest of the group. Thus, the different ways in which

leadership was measured made it difficult to compare the results of

this study with theirs; according to Krause et al. (1998), “the initiation

of new swimming directions in stationary shoals does not follow the

same principles as positioning behaviour in shoals that are already on

the move” (p. 1031).
Momentary leaders tended to be at the front of the group,

whereas followers tended to be at the back both in black neon tetra

and in zebrafish. Katz et al (2011) studied motion leadership in golden

shiners (Notemigonus crysoleucas) based on analysing pair-wise time

delays between changes in the fish headings, and determined that

frontal group members tended to lead the group, but “that speed

information flows bidirectionally, with fish responding to the speed

changes of those swimming both ahead and behind” (p. 18724). In

general, leaders do not have to be necessarily always in frontal posi-

tions, as results obtained by Theveneau and Linker (2017) on leader-

ship in cell migration during development indicate. In this study,

individuals with the highest (“strong” leaders) and lowest (“strong”
followers) momentary leadership indexes tended to be close to central

positions, whereas individuals with moderately positive (“weak”
leaders) or negative (“weak” followers) indexes tended to be in more

extreme front and rear positions, respectively. If a strong leader was

in front of the group, strong followers should be close to it, i.e., near

the front of the group, as well to be able to rapidly detect changes in

the former's heading. When the group size was larger than 2, the fact

that both strong leaders and followers tended to be closer to central

positions whereas the remaining individuals were in peripheral ones

could be explained as a trade-off solution that maintains dynamic

equilibrium in the group, preventing group crowding. As motion lead-

ership was highly egalitarian and momentary strong leaders did not

tend to be in peripheral positions, individuals keep rotating their posi-

tions; if we assume that individuals in a shoal tend to avoid peripheral

positions to minimize predation risk (Hamilton, 1971), then strong

leaders tend to minimize that risk. The fact that momentary leaders

tended to decelerate and followers tended to accelerate could be

explained as a mechanism favouring group cohesion by preventing

the average individual distance from increasing. Thus, in groups of

more than two fishes in both black neon tetra and zebrafish, the rela-

tive positions of momentary leaders and followers, as well as their

deceleration and acceleration, respectively, tended to avoid crowding,

while also maintaining group cohesion.
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In conclusion, both in black neon tetra and in zebrafish, motion

leadership during spontaneous group swimming is very short lived

and unstable. Changes in leadership tend to be distributed randomly

across time, and leadership is largely egalitarian and not monopolized.

Although leadership vanishes rapidly, its episodes are longer on aver-

age in black neon tetra than in zebrafish, with their duration tending

to decrease as group size increases. In both species and for groups of

more than two fishes, momentary leaders do not tend to be in the

front of the group, but closer to its centre. Although acceleration and

turn are dependent on their relative angle towards their neighbours,

momentary leaders tend to accelerate and turn more than momentary

followers. Zebrafish leaders (and followers) tend to accelerate and

turn more than black neon tetra leaders (and followers), with differ-

ences between the species and between the leaders/followers being

quantitative rather than qualitative.

AUTHOR CONTRIBUTIONS

V.Q.: design of experiments, data collection, software develop-

ment, data analysis, manuscript preparation. F.S.B.: design of

experiments, data collection, data analysis, manuscript preparation.

E.G.: data collection, software development, data analysis. R.D.:

design of experiments, data collection, data analysis, manuscript

preparation.

ACKNOWLEDGEMENTS

We thank Laia Oliva, Lara Sed�o and the staff at the Unitat d'Experi-

mentaci�o Animal (Facultat de Psicologia, Universitat de Barcelona) for

their help in managing and maintaining our lab when the experiments

were conducted.

FUNDING INFORMATION

This work was supported by the Spanish Ministerio de Economía,

Industria y Competitividad (grant nos. PSI2012-32007 and

PSI2015-63743-P to V.Q. and BES-2013-063615 to E.G.).

DATA AVAILABILITY STATEMENT

Data recorded in this study are available at this site: https://drive.

google.com/drive/folders/1rmTI3W5Wh9zHukKRx4JPrpwALeFWkw

3G?usp=sharing

ORCID

Vicenç Quera https://orcid.org/0000-0002-0300-6040

REFERENCES

Aoki, I. (1982). A simulation study on the schooling mechanism in fish. Bul-

letin of the Japanese Society of Scientific Fisheries, 48(8), 1081–1088.
https://doi.org/10.2331/suisan.48.1081.

Breder, C. M. (1954). Equations descriptive of fish schools and other ani-

mal aggregations. Ecology, 35, 361–370. https://doi.org/10.2307/

1930099.

Bumann, D., & Krause, J. (1993). Front individuals lead in shoals of three-

spined sticklebacks (Gasterosteus aculeatus) and juvenile roach (Rutilus

rutilus). Behaviour, 3–4, 189–198. https://doi.org/10.1163/

156853993X00236.

Burns, A. L. J., Herbert-Read, J. E., Morrell, L. J., & Ward, A. J. W. (2012).

Consistency of leadership in shoals of mosquitofish (Gambusia hol-

brooki) in novel and in familiar environments. PLoS One, 7(5), e36567.

https://doi.org/10.1371/journal.pone.0036567.g001.

Butail, S., Mwaffo, V., & Porfiri, M. (2016). Model-free information-

theoretic approach to infer leadership in pairs of zebrafish. Physical

Review E, 93, 042411. https://doi.org/10.1103/PhysRevE.93.042411.

Calovi, D. S., Litchinko, A., Lecheval, V., Lopez, U., Pérez Escudero, A.,

Chaté, H., … Theraulaz, G. (2018). Disentangling and modeling interac-

tions in fish with burst-and-coast swimming reveal distinct alignment

and attraction behaviours. PLoS Computational Biology, 14(1),

e1005933. https://doi.org/10.1371/journal.pcbi.1005933.

Calovi, D. S., Lopez, U., Ngo, S., Sire, C., Chaté, H., & Theraulaz, G. (2014).

Swarming, schooling, milling: Phase diagram of a data-driven fish

school model. New Journal of Physics, 16(1), 015026. https://doi.org/

10.1088/1367-2630/16/1/015026.

Collignon, B., Séguret, A., Chemtob, Y., Cazenille, L., & Halloy, J. (2019).

Collective departures and leadership in zebrafish. PLoS One, 14(5),

e0216798. https://doi.org/10.1371/journal.pone.0216798.

Couzin, I. D., James, R., Mawdsley, D., Croft, D. P., & Krause, J. (2006).

Social organization and information transfer in schooling fishes. In C.

Brown, K. Laland, & J. Krause (Eds.), Fish cognition and behavior (2nd

ed., pp. 166–185). Oxford: Wiley-Blackwell. https://doi.org/10.1002/

9781444342536.

Couzin, I. D., Krause, J., Richard, J., Ruxton, G. D., & Franks, N. R. (2002).

Collective memory and spatial sorting in animal groups. Journal of The-

oretical Biology, 218(1), 1–11. https://doi.org/10.1006/yjtbi.3065.
Cox, D. R., & Lewis, P. A. W. (1966). The statistical analysis of series of

events. London: Chapman and Hall.

Cox, D. R., & Oakes, D. (1984). Analysis of survival data. London: Chapman

and Hall.

Dolado, R., Gimeno, E., Beltran, F. S., Quera, V., & Pertusa, J. F. (2015). A

method for resolving occlusions when multitracking individuals in a

shoal. Behavior Research Methods, 47(4), 1032–1043. https://doi.org/
10.3758/s13428-014-0520-9.

Escobedo, R., Lecheval, V., Papaspyros, V., Bonnet, F., Mondada, F.,

Sire, C., & Theraulaz, G. (2020). A data-driven method for reconstruct-

ing and modelling social interactions in moving animal groups. Philo-

sophical Transactions B, 375, 20190380. https://doi.org/10.1098/rstb.

2019.0380.

Georgopoulou, D., King, A. J., Brown, R. M., & Fürtbauer, I. (2022). Emer-

gence and repeatability of leadership and coordionated motion in fish

shoals. Behavioral Ecology, 33(1), 47–54. https://doi.org/10.1093/

beheco/arab108.

Gimeno, E. (2018). El moviment col�lectiu coordinat dels bancs de peixos:

Anàlisi des d'una perspectiva empírica i computacional (coordinated col-

lective motion of fish schools: Empirical and computational analysis).

(PhD dissertation), University of Barcelona, Barcelona.

Gimeno, E., Quera, V., Beltran, F. S., & Dolado, R. (2016). Differences in

shoaling behavior in two species of freshwater fish (Danio rerio and

Hyphessobrycon herbertaxelrodi). Journal of Comparative Psychology,

130(4), 358–368. https://doi.org/10.1037/com0000041.

G�omez-Nava, L., Bon, R., & Peruani, F. (2022). Intermitent collective

motion in sheep results from alternating the role of leader and fol-

lower. Nature Physics, 18, 1494–1501. https://doi.org/10.1038/

s41567-022-01769-8.

Haccou, P., & Meelis, E. (1992). Statistical analysis of behavioural data. An

approach based on time-structured models. Oxford: Oxford University

Press.

Hamilton, W. D. (1971). Geometry for the selfish herd. Journal of Theoreti-

cal Biology, 31, 295–311.
Harcourt, J. L., Ang, T. Z., Sweetman, G., Johnstone, R. A., & Manica, A.

(2009). Social feedback and the emergence of leaders and followers.

Current Biology, 19, 248–252. https://doi.org/10.1016/j.cub.2008.

12.051.

QUERA ET AL. 867FISH
 10958649, 2023, 4, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15315 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [24/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://drive.google.com/drive/folders/1rmTI3W5Wh9zHukKRx4JPrpwALeFWkw3G?usp=sharing
https://drive.google.com/drive/folders/1rmTI3W5Wh9zHukKRx4JPrpwALeFWkw3G?usp=sharing
https://drive.google.com/drive/folders/1rmTI3W5Wh9zHukKRx4JPrpwALeFWkw3G?usp=sharing
https://orcid.org/0000-0002-0300-6040
https://orcid.org/0000-0002-0300-6040
https://doi.org/10.2331/suisan.48.1081
https://doi.org/10.2307/1930099
https://doi.org/10.2307/1930099
https://doi.org/10.1163/156853993X00236
https://doi.org/10.1163/156853993X00236
https://doi.org/10.1371/journal.pone.0036567.g001
https://doi.org/10.1103/PhysRevE.93.042411
https://doi.org/10.1371/journal.pcbi.1005933
https://doi.org/10.1088/1367-2630/16/1/015026
https://doi.org/10.1088/1367-2630/16/1/015026
https://doi.org/10.1371/journal.pone.0216798
https://doi.org/10.1002/9781444342536
https://doi.org/10.1002/9781444342536
https://doi.org/10.1006/yjtbi.3065
https://doi.org/10.3758/s13428-014-0520-9
https://doi.org/10.3758/s13428-014-0520-9
https://doi.org/10.1098/rstb.2019.0380
https://doi.org/10.1098/rstb.2019.0380
https://doi.org/10.1093/beheco/arab108
https://doi.org/10.1093/beheco/arab108
https://doi.org/10.1037/com0000041
https://doi.org/10.1038/s41567-022-01769-8
https://doi.org/10.1038/s41567-022-01769-8
https://doi.org/10.1016/j.cub.2008.12.051
https://doi.org/10.1016/j.cub.2008.12.051


Heras, F. J. H., Romero-Ferrero, F., Hinz, R. C., & de Polavieja, G. G. (2019).

Deep attention networks reveal the rules of collective motion in zeb-

rafish. PLoS Computational Biology, 15(9), e1007354. https://doi.org/

10.1371/journal.pcbi.1007354.

Herbert-Read, J. E., Perna, A., Mann, R. P., Schaerf, T. M.,

Sumpter, D. J. T., & Ward, A. J. W. (2011). Inferring the rules of inter-

action of shoaling fish. Proceedings of the National Academy of Sciences,

108(46), 18726–18731. https://doi.org/10.1073/pnas.1109355108.
Huth, A., & Wissel, C. (1994). The simulation of fish schools in comparison

with experimental data. Ecological Modelling, 75(76), 135–145. https://
doi.org/10.1016/0304-3800(94)90013-2.

Ioannou, C. C., Rocque, F., Herbert-Read, J. E., Duffield, C., & Firth, J. A.

(2019). Predators attacking virtual prey reveal the costs and benefits

of leadership. Proceedings of the National Academy of Sciences, 116(18),

8925–8930. https://doi.org/10.1073/pnas.1816323116.
Ioannou, C. C., Singh, M., & Couzin, I. D. (2015). Potential leaders trade off

goal-oriented and socially oriented behavior in mobile animal groups.

The American Naturalist, 186, 284–293. https://doi.org/10.1086/

681988.

Katz, Y., Tunstrøm, K., Ioannou, C. C., Huepe, C., & Couzin, I. (2011). Infer-

ring the structure and dynamics of interactions in schooling fish. Pro-

ceedings of the National Academy of Sciences, 108(46), 18720–18725.
https://doi.org/10.1073/pnas.1107583108.

Krause, J. (1993). Positioning behaviour in fish shoals: A cost-benefit anal-

ysis. Journal of Fish Biology, 43(Supplement A), 309–314. https://doi.
org/10.1111/j.1095-8649.1993.tb01194.x.

Krause, J., Bumann, D., & Todt, D. (1992). Relationship between the posi-

tion preference and nutritional state of individuals in schools of

juvenile roach (Rutilus rutilus). Behavioral Ecology and Sociobiology, 30,

177–180. https://doi.org/10.1007/bf00166700.
Krause, J., Hoare, D., Krause, S., Hemelrijk, C. K., & Rubenstein, D. I.

(2000). Leadership in fish shoals. Fish and Fisheries, 1, 82–89. https://
doi.org/10.1111/j.1467-2979.2000.tb00001.x.

Krause, J., Reeves, P., & Hoare, D. (1998). Positioning behaviour in roach

shoals: The role of body length and nutritional state. Behaviour, 135,

13031–11039. https://doi.org/10.1163/156853998792913519.
Landgraf, T., Moenck, H. J., Gebhardt, G. H. W., Weimar, N., Hocke, M.,

Maxeiner, M., … Bierbach, D. (2020). Socially competent robots: adap-

tation improves leadership performance in groups of live fish. arXiv:

2009.06633v1.

Lee, A. (2013). VirtualDub (version 1.19.11) (Computer software).

Retrieved from http://www.virtualdub.org.

Leem, J. B., Jeon, W., Yun, C. Y., & Lee, S. H. (2012). Quantitative analysis

of fish schooling behavior with different numbers of medaka (Oryzias

latipes) and goldfish (Carassius auratus). Ocean Science Journal, 47,

445–451. https://doi.org/10.1007/s12601-012-0040-4.
Lendrem, D. (1986). Modelling in behavioural ecology: An introductory text.

Portland, Or: Croom Helm and Timber Press.

Lopez, U., Gautrais, J., Couzin, I. D., & Theraulaz, G. (2012). From

behavioural analyses to models of collective motion in fish

schools. Interface Focus, 2, 693–707. https://doi.org/10.1098/rsfs.

2012.0033.

Múgica, J., Torrents, J., Cristín, J., Puy, A., Miguel, M. C., & Pastor‐Satorras,
R. (2022). Scale‐free behavioralcascades and effective leadership in

schooling fish. Scientific Reports, 12, 10783. https://doi.org/10.1038/

s41598-022-14337-0.
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