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Local Interaction Rules and Collective Motion in Black Neon Tetra
(Hyphessobrycon herbertaxelrodi) and Zebrafish (Danio rerio)

Vicen¢ Quera, Elisabet Gimeno, Francesc S. Beltran, and Ruth Dolado
University of Barcelona

We explored the local motion rules used by interacting individuals in small groups of black neon tetra
(Hyphessobrycon herbertaxelrodi) and zebrafish (Danio rerio) to ascertain if and how these rules
underlie the fishes’ global collective coordinated motion. As these 2 species show very different styles
of collective motion in terms of cohesion and polarization, we expected to find differences in their
individual behavioral rules. We recorded groups of 2, 3, 4, and 8 fish of each species; tracked their
individual trajectories; and studied how their individual turning angles and accelerations varied as a
function of heading differences, distances, and relative angles to their neighbors. We found that black
neon tetra and zebrafish differed in terms of their preferential positions with respect to their neighbors,
the magnitude of turning angles and accelerations, and the way these angles and accelerations are
modulated by both the distance from neighbors (thus suggesting a “repulsion” zone in black neon tetra
but not in zebrafish) and the heading difference and relative angle to neighbors. Our results enable us to
infer that, in black neon tetra, avoiding excessive proximity and collision takes priority over cohesion,
and cohesion takes priority over polarization. This provides evidence that rules are similar in species of
very different genera and that differences are a matter of degree. Our results also provide substantial
empirical evidence to support the theoretical assumptions made in agent-based models that simulate
coordinated collective motion in many different animal species.
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Crowds of people (Helbing, Molnar, Farkas, & Bolay, 2001),
flocks of birds (Emlen, 1952; Nagy, Akos, Biro, & Vicsek, 2010),
herds of mammals (Gueron, Levin, & Rubenstein, 1996; King &
Sueur, 2011), shoals and schools of fish (Couzin, James, Mawd-
sley, Croft, & Krause, 2006; Pitcher & Parrish, 1993; Radakov,
1973), and swarms of insects (Buhl et al., 2006; Deneubourg &
Goss, 1989) are natural phenomena that share a common feature:
through local interactions, individuals in the group synchronize
their movements and achieve large-scale, coordinated collective
motion (CCM). Exhaustive research has been done on the topic in
recent years (for a review, see Vicsek & Zafeiris, 2012), and both
empirical and simulation data have been obtained. To study CCM
empirically, it is necessary to record the simultaneous movements
of a great number of individuals (i.e., their positions and trajecto-
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ries over time), and this process involves major technical difficul-
ties (Delcourt, Denoel, Ylieff, & Poncin, 2013).

Computer simulation is therefore a common approach to the
study of CCM and includes the use of agent-based models (Kunz
& Hemelrijk, 2003; Quera, Beltran, & Gimeno, 2016), which
implement local interaction rules that lead to the emergence of
global motion like that observed in nature. Although some empir-
ical findings in real organisms match the findings obtained in
simulation (e.g., by varying the perceptual depth of virtual fish,
they tend to achieve a degree of coordination very much like that
of real fish under different levels of environmental luminosity and
water visibility; Quera et al., 2016), it still remains unclear whether
the rules implemented in the models fit the rules that the organisms
actually follow, because many collective motion patterns observed
in nature can be simulated by models that use very different
interaction rules. For example, regarding the models proposed for
CCM in fish, a common assumption is that individuals move
according to rules of attraction to and repulsion from their imme-
diate neighbors and that they align (or polarize) with respect to
them by adjusting their headings and velocities (Aoki, 1982;
Couzin, Krause, James, Ruxton, & Franks, 2002; Huth & Wissel,
1994; Reynolds, 1987).

However, empirical studies on CCM in fish have found no
evidence that they actually try to match their headings and have
concluded that polarization is likely to be an emergent phenome-
non (Herbert-Read et al., 2011; Katz, Tunstrem, loannou, Huepe,
& Couzin, 2011). Likewise, although some models assume that
only one alignment rule is necessary to achieve CCM (Czirok &
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Vicsek, 2000), others show that such a rule is not necessary and
that preferential positioning in relation to neighbors (Perna, Gré-
goire, & Mann, 2014; Quera et al., 2016) or attraction to them
(Strdombom, 2011) is sufficient to make CCM emerge.

Therefore, regarding CCM in shoals and schools of fish, it
seems reasonable to explore the local interaction rules actually
applied by real individuals and try to determine if and how these
rules are responsible for global coordinated motion. Without this
information, it is difficult to select plausible models based only on
the fit between the global group measures they predict (e.g., mean
interindividual distances or polarization; Delcourt & Poncin, 2013)
and empirical ones, given that models with different interaction
rules tend to yield very similar global outcomes (Vicsek & Zaf-
eiris, 2012). Several empirical studies of fish (mosquitofish, Gam-
busia holbrooki, and golden shiners, Notemigonus crysoleucas)
have been published in the past 10 years showing that a set of local
interaction rules on the relative position of the individuals and their
acceleration and turning angles, among other measures, may ex-
plain the CCM observed (Herbert-Read et al., 2011; Katz et al.,
2011; Rosenthal, Twomey, Hartnett, Wu, & Couzin, 2015).

Social groups of fish show different types of CCM. If the
individuals show a significant degree of cohesion (i.e., they tend to
remain close to each other), then the CCM is labeled a shoal, and
if the individuals move synchronically, with a similar velocity and
alignment, then the CCM is labeled a school (Pitcher & Parrish,
1993). Therefore, a key concept for differentiating between a shoal
and a school is group polarization, a global measure of group
coordination that describes individuals’ tendency to adopt the
same orientation as their group mates (Delcourt & Poncin, 2013).

Some comparative studies have explored the differences in the
CCM of different fish species (Leem, Jeon, Yun, & Lee, 2012;
Soria, Fréon, & Chabanet, 2007). Gimeno, Quera, Beltran, and
Dolado (2016) compared the CCM of zebrafish (Danio rerio) and
black neon tetra (Hyphessobrycon herbertaxelrodi) and found that
the two species had different types of CCM, given that the global
motion of zebrafish matched that of a shoal and the global motion
of black neon tetra matched that of a school. It seems reasonable
to assume that different individual behavioral rules may underlie
different global motion styles. We analyzed the movements of
individuals in groups of zebrafish and black neon tetra to deter-
mine the local interaction rules from which different global CCM
patterns can arise. Moreover, as there is evidence that group size
has an effect on CCM in fish (Calovi, Lopez, Ngo, Sire, Chaté, &
Theraulaz, 2014; Shelton, Price, Ocasio, & Martins, 2015; Soria et
al., 2007), we explored local interaction rules with different group
sizes (N = 2, 3, 4, and 8). We expected to find differences in the
local interaction rules of the two species studied, as well as
differences across group sizes.

M ethod

Subjects

Thirty-four adult wild-type fishes were used in the experiment,
17 zebrafish (Danio rerio; mean body length: 3 cm) and 17 black
neon tetra (Hyphessobrycon herbertaxelrodi; mean body length:
2.5 cm). Although zebrafish and black neon tetra have different
body lengths, their fusiform shapes are very similar.

They were obtained from a local vendor (Corallus, Gava, Bar-
celona). Before beginning the experiment, they were acclimated to
our facilities for a minimum of 2 months. Initially, 30 black neon
tetra and 30 zebrafish were kept in two separate main aquaria
measuring 40 X 43 X 30 cm. For each species, 17 fish were
randomly selected and assigned to the four different groups (two,
three, four, and eight subjects); each group was housed in a smaller
experimental aquarium (20 X 14 X 14 cm for the groups of two,
three, and four individuals, and 34 X 20 X 22 cm for the groups
of eight individuals) 1 week before the experiments started and
while the experiment lasted. Both the main and the experimental
aquaria were maintained on a regular light/dark cycle, water tem-
perature was maintained at 25 = 2 °C (main aquaria) and 21-22 °C
(experimental aquaria), pH at 7.8—8, total hardness at 8-14° dH,
and carbonated hardness at 8-14° dH. Ammonium and nitrite
concentrations were nil, whereas nitrate levels were below 50
mg/L. Water quality was kept optimal by performing weekly 15%
water changes. Fishes were fed to satiation on Ocean Nutrition
Community Formula Flakes (Ocean Nutrition Europe, Belgium).
Applicable institutional guidelines for the care and use of animals
were followed. All procedures performed were in accordance with
the standards approved by the Ethics Committee of the University
of Barcelona at which the studies were conducted.

Apparatus

The experimental tank was 100 X 93 X 40 cm (see Figure 1),
and the water column height was 15 cm. The tank was indirectly
lit by six lamps surrounding it, which provided homogeneous,
low-intensity light. Videos were recorded with a digital camera
(uEye UI-1640LE) mounted 2.2 m above the center of the tank.
The camera was linked to a computer (HP Z420, Intel Xeon
E5-1620), and the signal was recorded using the uEye Cockpit
software program (IDS, Imaging Development Systems GmbH,
https://es.ids-imaging.com). Videos were recorded at 20 fps, 8-hit
gray, and a resolution of 1176 X 1016 pixels, which corresponds
to the area occupied by the tank.

Procedure

Each experimental group (of two, three, four, and eight individ-
uals) was video-recorded daily for 5 min. The procedure was
replicated first for 10 days with the zebrafish, then for 10 days with
the black neon tetra. To ensure the fishes became acclimatized to
the temperature in the experimental tank (25 °C), prior to the
recording session, each group was transferred from its experimen-
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Figure 1. Schematic representation of the experimental setup. a) Top
view of the tank and position of the lights (23 W). All lights face away
from the experimental tank. b) A digital camera above the experimental
tank sends a digital signal to a computer, which records the videos.
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tal aquarium into a bucket containing a mixture of water from the
experimental tank and the fishes’ aquarium and remained there for
5 min. The fishes were then transferred into the experimental tank.
After another 5 min of habituation to the new environment, we
recorded their activity for 5 min. For each recording session, we
took a snapshot of the experimental tank before the fishes were
transferred and later used that snapshot for background subtraction
when the videos were analyzed. Once the recording was made, the
fishes were captured with a net and transferred back to their
experimental aquarium, to which water from the experimental tank
was added to facilitate reacclimatization. At the end of the daily
recording sessions, water was added to the experimental tank to
compensate for the water transferred into the experimental aquaria.
As the four groups of each species were used 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
experimental tank during recording) and any pheromones or chem-
ical signals left in the water by the preceding group. Eighty videos
were recorded with a total of 6 h 40 min of footage. Video
fragments were decomposed into frames using VirtualDub 1.19.11
(Lee, 2013), and a stack of 6,000 frames per fragment was ob-
tained. We randomly selected six packs of 500 consecutive frames
for each fragment, resulting in six replicas of 25 s per group and
day, that is, 60 replicas per group. In total, 1 h 40 min of footage
(120,000 frames) was analyzed per species. Using ImageJ (Ras-
band, 2014), each pack of images was segmented by subtracting
the background, and then a method to resolve occlusions was
applied to the binary images, in which fishes were represented as
black objects against a white background. Occlusions occurred
when two or more individuals swam too close together, causing
them to be represented as a single object. We applied a set of
ImageJ macros to resolve occlusions automatically; the method is
described in the work by Dolado, Gimeno, Beltran, Quera, and
Pertusa (2015). Any occlusions that could not be resolved auto-
matically using the method were manually split by a trained
observer using ImageJ. Finally, the stacks of occlusion-free frames
were compiled into video files and analyzed with multitracking
software Image-Pro Premier 9.1 (Media Cybernetics, Inc., 2015) to
acquire the individual fish trajectories in two dimensions. The
resulting trajectories were checked by an observer, and any erro-
neous identity assignments made by the motion prediction model
of software Image-Pro Premier 9.1 were manually corrected. Sup-
plemental videos are available from the Open Science Framework
(https://osf.io/5n9e2/). The trajectory files were then processed
using R scripts (R Development Core Team, 2014); first, we
smoothed the fish coordinates using the moving average method
with a time window of seven frames (0.35 s) to remove any
inaccuracies caused by the tracking and occlusion resolving meth-
ods, and then we computed the distances, heading differences, and
relative positions of each pair of individuals at each video frame.
Dyadic interactions were analyzed by exploring how these vari-
ables were associated to fish accelerations and turning angles.

M easures

Interindividual distance. Given the pixel coordinates at
frame t of fish i, [x(t), yi(t)], and fish j, [x(t), y;()], the Euclidean
distance between them is:

di () = (D40 — xO1 + yi(®) — ;019"
The average distance among all pairs of N individuals at frame
t is a global measure of the group’s cohesive tendency; the smaller

the average distance, the more cohesive the group (Miller &
Gerlai, 2012b):

N-1 N
= 2
dit) = oro—y d;(t
0= 17222,
Comparing interindividual distances in species with different
body lengths involves calculating the ratio of average distance to
mean body length (L; Delcourt & Poncin, 2013):

D(t) = Q(EQ

Polarization. This global measure quantifies the degree of
alignment among a group of fish at frame t and is calculated as the
module of the mean heading vector of all individuals (Miller &
Gerlai, 2012a):

N
2 hi(t)’

where h;(t) is the heading of fish i. The vector linking its position
at frame t — 1 to that at frame t is its velocity, vi(t) = [x(t) — x;(t —
1, yi(®) — yi(t — 1], and:

PO =

v (t)
"=
Polarization has values in the range [0, 1]; when all the indi-
viduals are perfectly aligned, it equals 1, and when the individuals’
heading vectors cancel each other, it equals 0.
Heading difference. The heading difference ~y;(t) from fish i
to fish j at frame t is the angle from hy(t) to h;(t):

vij(t) = cos~'[hi(t) - hy(t)]

Heading differences have values in the range [—180°, +180°].
The sign of y;;(t) is that of the vector product h;(t) X hy(t), that is,
positive angles mean “left,” or counterclockwise, negative angles
mean “right,” or clockwise, and null angles indicate that the
headings are parallel (the fish are polarized).

Relativeangle. The relative angle o;;(t) from fish i to fish j at
frame t is the angle from h;(t) to the unit vector that points from i’s
to j’s position, g;(t):

aj(t) = cos T'[hi(t) - &;(t)]

Again, the sign of o;;(t) is that of the vector product h;(t) X g;(t),
that is, o;; > 0° means that j is to the left of i; o;; < 0° means that
j is to the right of i; a;; = 0° means that j is in front i; and o =
+180° means that j is behind i. Conversely, the relative angle from
jtoiat frame tis oy;(t) = cosfl[hj(t)-gi(t)], where g;(t) is the unit
vector that points from j’s to i’s position, and its sign is that of the
vector product hy(t) X g;(t). It should be noted that the relative
angles and heading difference between two fish are related:

a;ji(t) = ayj(t) — vi;(D+k

where k = +180° when o;(t) = +y;(t) and k = —180° when
0Lij(t) > 'Yij(t)-
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Turning angle. The turning angle B;(t) of a fish at t, the angle
from its previous heading to its current one, is:

Bi(t) = cos'[hi(t — 1) - hy(H)]

Turning angles have values in the range [—180°, +180°], their
sign is that of the vector product h;(t — 1) X h;(t), and they are
expressed in degrees/frame. The sign of B;(t) indicates a left (B; >
0°) or right (B; < 0°) turn. Schematic representations of these
measures are shown in Figure 2.

Acceleration.  Given the velocities of fish i at video frames t
and t — 1, its acceleration at t is computed as the difference
between the module of its velocity at t minus that at t — 1 and is
expressed in pixels/frame?:

s = VO — [vi(t— 1)

Units of measurement. As the dimensions of the experimen-
tal tank were 100 X 93 cm and the video resolution was 1176 X
1016 pixels, distances in pixels were converted into distances in
centimeters by multiplying them by 5(2% + 2) = 0846. As the
time resolution was .05 s/frame, accelerations (in pixels/frame?)
and turning angles (in degrees/frame) were converted into cm/s?
and degrees/s by multiplying them by .0846/.052 = 33.84 and .05,

respectively.

Figure2. Measures used to analyze local interaction between two fish. a)
Measures at frame t for focal fish A relative to neighbor B: h, and h,,
headings; -y, heading difference from A to B; «, relative angle from A
to B; ay,, relative angle from B to A. b) Movement of focal fish: v(t) and
v(t — 1), velocities; B, turning angle.

Results

Figure 3 shows the results for the global measures of collective
motion of the fishes as a function of group size and species. Both
the ratio of mean interindividual distance to mean body length (D)
and polarization (P) were averaged for each video fragment (see
Table 1). A two-way analysis of variance indicated that the D ratio
was significantly different between group sizes, F(3, 472) =
25.32, p < .001, m? = 0.139, and between species, F(1, 472) =
5.47, p < .020, n? = 0.01; no significant interaction between the
two variables was found. Black neon tetra were generally more
cohesive than zebrafish, and small groups were more cohesive than
big ones (differences were significant except for those for sizes 3
and 4; see Figure 3a). Regarding polarization, a two-way analysis
of variance showed that the differences were significant between
group sizes, F(3, 472) = 99.11, p < .001, n* = 0.386, and
between species, F(1, 472) = 768.51, p < .001, n? = 0.62, with
significant interaction between these variables, F(3, 472) = 41.98,
p < .001, m* = 0.211. Globally, black neon tetra were more
polarized than zebrafish. Although the bigger group sizes showed
less polarization, the decrease was significantly greater for ze-
brafish; differences were significant except for those for sizes 3
and 8 (black neon tetra) and 4 and 8 (zebrafish; see Figure 3b).
Correlation between polarization and mean interindividual dis-
tance was negative but weak. In black neon tetra, r = —.198, p =
.002; in zebrafish, r = —.340, p < .001; in both cases, n = 240
replicas, pooled over group size.

Figure 4 shows circular histograms of heading differences ()
and relative angles («) as a function of species and group size;
these measures were computed for each individual taken as focal
and aggregated for all individuals. The focal fish is located at the
center of the diagrams facing 0°. In the histograms of heading
differences, high frequencies for angles close to zero and low ones
for angles far from zero indicate that the headings of neighbor fish
tend to be like that of the focal fish, that is, pairs tend to be highly
polarized. For all group sizes, black neon tetra were more polar-
ized than zebrafish, in accordance with the global results presented
above. In the histograms of relative angles, high frequencies for
angles close to 0° and 180° and low frequencies for other angles
indicate that neighbors tend to be located in front of (0°) or behind
(180°) the focal fish. In zebrafish, for all group sizes, the distri-
butions are clearly bimodal, indicating that neighbors tend to be
located both in front and behind the focal fish rather than alongside
it. In black neon tetra, the distributions are more uniform, indicat-
ing that there are no preferential positions.

Figure 5 shows the average turning angle of focal fish as a
function of the relative angle to its neighbor, pooled over group
size. Maximum mean left turn angles are B, = +20.04° (neon) and
B, = +94.35° (zebrafish) when o, is close to + 90° (i.e., turn left
when neighbor is on the left) and maximum mean right turn angles
are B, = —20.98° (neon) and B, = —90.22° (zebrafish) when o,
is close to —90° (i.e., turn right when neighbor is on the right). In
both species, mean turn angles are close to zero when either o, =
0° (the neighbor is in front) or oy, = 180° (the neighbor is behind).

However, in both species, the tendency of fish to turn depends
on not only the relative angle to their neighbors but also the
heading difference between them. The tendency to turn is greater
in zebrafish than in black neon tetra, as the scales for the heat maps
in Figure 6 indicate. As Figure 6a shows, when a neighbor is on the
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Figure 3. Global measures of collective motion as a function of group
size in black neon tetra and zebrafish. a) Ratio of mean interindividual
distance to mean body length of the species. b) Mean polarization. Means
for 60 replications. Error bars indicate 95% confidence intervals.

left (o, > 0°), turns are mainly to the left (light areas, B, > 0°),
and when it is on the right (o, << 0°), turns are mainly to the right
(dark areas, B, < 0°). The heading difference modulates the
magnitude of turn, which is high when ~y,, is close to +90° and
low when it is close to 0° (i.e., when the focal and neighbor fish are
polarized). This result is found in both black neon tetra and
zebrafish, and for all group sizes, and becomes clearer as group

size increases. For black neon tetra, the magnitude of turn of the
focal fish tends to be higher when the relative angle and heading
difference to its neighbor have opposite signs, that is, when the
neighbor is oriented toward the focal fish (o, is close to 0°), than
when they have the same sign, that is, when the neighbor is
oriented away from the focal fish (o, is close to 180°). This effect
is not so evident in zebrafish, where the magnitude of turn does not
seem to depend on whether the neighbor is oriented toward or
away from the focal fish; also, the effect is consistent across group
size, although it is not so clear for black neon tetra with N = 2.

Turning angles are also dependent on the distance between the
focal fish and its neighbor (Figure 6b). For the range of distances
explored (up to 200 pixels, 16.92 cm), the greater the distance, the
higher the turning angle. Also, turning angles tend to be maximum
when the relative angle «, is close to, but lower than, =90°. This
result is consistent across species and group size, even with scarce
data for N = 2. In black neon tetra, at short distances (0 to 5 cm),
the sign of the turning angle is reversed: when the neighbor is at
less than 5 cm and on the left, the focal fish tends to turn right, and
when it is on the right, the focal fish tends to turn left. That is, short
distances tend to provoke “repulsion,” probably to avoid collision,
whereas longer distances tend to provoke “attraction.” No such
result is seen in the zebrafish data in Figure 6b.

Like turning angles, accelerations and decelerations are higher
in zebrafish than in black neon tetra, as Figure 7a shows. Maxi-
mum mean acceleration occurs when the relative angle from the
focal fish to its neighbor is a,, = 0° (the neighbor is in front): s, =
3.36 cm/s? (neon) and s, = 4.84 cm/s? (zebrafish); maximum
mean deceleration occurs when a,, = = 180° (the neighbor is
behind): s, = —2.83 cm/s? (neon) and s, = —3.37 cm/s? (ze-
brafish). Acceleration is a function of the distance between the
focal and neighbor fish. When the neighbor fish is in front and at
a distance greater than roughly the species body length, the focal
accelerates; the greater the distance between them, the more it
accelerates. Conversely, when the neighbor is behind, the focal
decelerates, and the greater the distance between them, the more it
decelerates (Figure 7b).

Acceleration depends on the heading difference between the fish
as well. As Figure 8a shows, in both species, acceleration is high
when neighbor fish are in front (o, is close to 0°) and their
headings are nearly opposite to that of the focal fish (v, is close
to +£180°), that is, when the fish are facing each other and,
according to the results in Figure 7b, when they are far away from
each other. Weak acceleration can be detected when neighbor fish
are in front of the focal one and are polarized (v, is close to 0°),
especially in zebrafish for group sizes 4 and 8. On the other hand,
in black neon tetra, deceleration is high when they are polarized
and the neighbor fish are not in front of the focal fish (y, is close
to 0° and |ay,| = 90°) and, again, when they are far away from
each other. Average accelerations as a function of distance, rela-
tive angle, group size, and species, are shown in Figure 8b. In
black neon tetra, the focal fish decelerates when the neighbor is in
front and at a distance of less than their body length; this effect is
not so clear in zebrafish. As the figure shows, acceleration is
symmetrical with respect to the horizontal axis, that is, it does not
depend on the sign of the relative angle.

Acceleration and turning angle tend to be inversely related. The
closer the turning angle of the focal fish to +90°, the closer its
acceleration is to zero, and the closer its turning angle is to zero,
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Table 1

Means and Standard Deviations of the Ratio of Mean Interindividual Distance to Mean Body
Length (D) and Polarization (P), per Species and Group Size, and for the Aggregate of the Four

Group Sizes
Group size
2 3 4 8 Aggregate
Global ggreg

measures M ) M D M D M D M D
D ratio

Neon 1.76 0.60 3.21 111 2.98 0.70 3.67 0.66 291 1.06

Zebrafish 1.75 0.49 3.56 4.26 3.62 2.65 4.54 2.96 3.36 3.07
Polarization

Neon 91 .06 .81 A1 .85 .06 .81 .07 .85 .09

Zebrafish 77 .08 .68 .09 .52 .09 .52 12 .62 15

Note. Sample size is 60 per species and group (10 days, six video fragments per day), 480 for the aggregate.

the greater its acceleration (if its neighbor is in front) or deceler-
ation (if its neighbor is behind). Figure 9 shows how average
acceleration (s,) and average turning angle (B,) are related for
several values of the relative angle from the focal fish to its
neighbor (o). As shown in Figures 5 and 7a, the average turning
angle and average acceleration of the focal fish are functions of the
sine and cosine of the relative angle. Therefore, the relationship
between average turning angle and average acceleration is a para-
metric, ellipsoid function of the relative angle, as Figure 9 shows.
A model that reasonably fits the average data is:

1 |0‘ab|)
47180 ) C05%ap

Ba=q-Sinag

with p = 3.36 cm/s?, g = 20.04 degrees/s for black neon tetra and
p = 4.84 cm/s?, q = 94.35 degrees/s for zebrafish (maximum
mean acceleration and positive turning angles in each species). In
zebrafish, the ranges of accelerations and turning angles tend to be
bigger than in black neon tetra. If all the fish in a group moved at a
constant speed and did not change direction, the graph in Figure 9
would be reduced to a point at (0, 0). If they changed their
velocities depending on the position of their neighbors but did not
change direction, the graph would be reduced to a vertical line
segment on the y axis; conversely, if they maintained their veloc-
ities but changed direction, it would be reduced to a line segment
on the x axis. Therefore, an ellipsoid with a small horizontal axis
indicates that the group shows high polarization, as is the case of
black neon tetra, and an ellipsoid with big horizontal and vertical
axes indicates that the group shows low polarization and frequent
changes in velocity, as is the case of zebrafish. The graphs in
Figure 9 may be useful for comparing the collective motion of
different fish species and characterizing it either as highly polar-
ized schools versus shoals or swarms.

s=p-(1

Discussion

As found in previous studies, the global motion styles of groups
of zebrafish and black neon tetra can be characterized as shoals
and schools, respectively, according to the definitions in Pitcher
and Parrish (1993). In general, as group size increases in both
species, the mean interindividual distance increases and mean
polarization decreases, although no remarkable differences regard-

ing local interaction rules are found as a function of group size.
However, big groups of black neon tetra tend to move more
cohesively and polarized than big groups of zebrafish. In fact, as
group size increases, the mean polarization of black neon tetra
remains fairly stable, whereas it drops in zebrafish. High polariza-
tion values in black neon tetra at the macro level are a direct
consequence of small heading differences between pairs of indi-
viduals at the micro level, an effect that is consistent across group
size. In contrast, in zebrafish, greater variability in pairwise head-
ing differences accounts for less polarization at the macro level, an
effect that tends to increase as group size increases. In both
species, a higher mean interindividual distance as group size
increases partly explains the decrease in polarization, as individ-
uals located far away from each other (three or more times their
body length) do not tend to maintain small heading differences. In
black neon tetra, as group size increases, relative angles between
individuals tend to be uniformly distributed, meaning that there is
no preferential relative position among individuals; in zebrafish,
relative angles have a clear bimodal distribution, with fish showing
a preference for swimming in front of or behind neighbors, not
alongside them. Thus, relative positions in black neon tetra tend to
be isotropic, whereas zebrafish tend to move along a line. In
comparison, Herbert-Read et al. (2011) found that in mosquitofish,
whose mean polarization is .84, .71, and .63 for groups of two,
four, and eight fish, relative positions have a bimodal distribution
like that of zebrafish, whereas their heading differences show little
variability and are distributed like those of black neon tetra.

Turning angles are higher in zebrafish than in black neon tetra.
The zebrafish preference for front and rear positions with respect
to their neighbors explains the minimum turning angle in those
cases, but the angle reaches a maximum (about 90°) when the
neighbor is located to the side and the focal fish turns directly
toward it. On the other hand, the lack of preference for relative
positions in black neon tetra explains the smaller turning angles.
However, in both species, the turning angle of the focal fish is big
when the neighbor’s heading is very different from its own, but not
when its heading is very similar. Therefore, what causes the fish to
turn toward their neighbors seems to be a sizable heading differ-
ence, and the turning angle is greater as that difference increases.
This presumably makes the heading difference decrease, thus
promoting group polarization.
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Figure 4. Circular histograms of a) heading differences () and b) relative angles (c), per species and group
size. Big graphs represent data pooled over all group sizes. In each video frame, the heading differences were
computed for each pair of fish and aggregated for all pairs, while the relative angles were computed for each
individual taken as focal and aggregated for all individuals. Thus, for group size N, the total sample size for a
histogram of heading differences is N(N — 1)/2 pairs X 500 frames X 6 fragments X 10 days = 15,000 X N(N —
1), that is, 30,000 (N = 2), 90,000 (N = 3), 180,000 (N = 4), 840,000 (N = 8), and 1,140,000 (total). For a given
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group size, the total sample size for a histogram of relative angles is twice these values.

In black neon tetra, the turning angles toward the neighbor when
the heading difference is maximum are bigger if the neighbor
swims toward the focal fish than when it swims away from it;
similar results were reported for mosquitofish by Herbert-Read et
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al. (2011) when the fish are at short distance from each other. The
likely consequence of this is a momentary increase in the heading
difference in the first case and a momentary decrease in the
second. In zebrafish, this effect is not so evident. In both species,
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Figure5. Average turning angle (B3,, degrees/s) of focal fish A as a function of its relative angle to its neighbor
B (o), per species. Data for group sizes 2, 3, 4, and 8 are pooled.

the greater the distance from the focal fish to its neighbor, the
bigger the turning angle; thus, when a black neon tetra turns
toward a neighbor swimming toward it at a certain distance, their
heading difference momentarily increases but the distance between
them decreases. Cohesion is thus the primary goal achieved at the
expense of a temporary loss of polarization. Moreover, in black
neon tetra, at a short distance (less than a body length), the focal
fish tends to turn away from its neighbor and temporarily lose
cohesion and polarization, a result found in mosquitofish (Herbert-
Read et al., 2011) and golden shiners (Katz et al., 2011).
Therefore, avoiding excessive proximity (and eventual colli-
sion) takes priority over cohesion, and cohesion takes priority over
polarization. This empirical result supports the rules proposed in
Reynolds’ (1987) general model of CCM and in models of fishes
and birds’ CCM (Couzin et al., 2002; Hemelrijk & Hildenbrandt,
2008; Hemelrijk & Kunz, 2005; Huth & Wissel, 1994), although
other models consider attraction to be a priority over collision
avoidance (Aoki, 1982). Such empirical conclusions about colli-
sion avoidance cannot be drawn from the zebrafish results; first,
the turning angle toward a neighbor fish does not seem substan-
tially different depending on whether the neighbor is swimming
toward the focal fish or away from it, and zebrafish do not tend to
lose polarization temporarily (which, in any case, tends to be low)
at the expense of gaining cohesion; and, second, at a short distance,
the turning angle is not reversed and the fish seem to tolerate
excessive proximity. However, from visual inspection of the video
recordings, it is evident that in many cases zebrafish cross their
trajectories by swimming on top of each other so they do not need
to avoid collision. This result is consistent with the observations of
Spence et al. (2006), which indicate that zebrafish tend to be

vertically distributed throughout the water column. Conversely,
black neon tetra tend to swim in a particular stratum of the water
column (Gimeno et al., 2016), and this causes them to turn away
from neighbors when they are too close.

In both black neon tetra and zebrafish, fish tend to maintain their
velocity when their relative angle to their neighbors is about 90°,
that is, when they swim alongside each other, but they accelerate
when their neighbors are in front and decelerate when they are
behind at a rate that is greater in zebrafish than in black neon tetra,
and greater when the neighbors are far away than when they are
closer. Fish that are distant and facing each other (i.e., are in front
of each other and antipolarized) tend to accelerate; this effect was
found in both zebrafish and black neon tetra, and was also reported
for mosquitofish by Herbert-Read et al. (2011). On the other hand,
the focal fish tends to decelerate when its neighbors are behind it,
polarized, and distant; this effect was found in black neon tetra. In
the first case, acceleration promotes cohesion probably at the
expense of temporarily maintaining low polarization; in the second
case, deceleration promotes cohesion while maintaining polariza-
tion. In black neon tetra, when the neighbor is closer than one body
length and in front of the focal fish, the latter decelerates, and
when the former is behind, the focal fish accelerates. As with
turning angle, this reversion has the effect of avoiding excessive
proximity at the expense of momentarily losing cohesion and is
analogous to what Herbert-Read et al. (2011) and Katz et al.
(2011) reported for mosquitofish and golden shiners, respectively.
Also, as with turning angle values, acceleration and deceleration
values are independent of whether neighbors are located to the left
or right of the focal fish.
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Figure 6. Heat maps of turning angles, per species and group size; big graphs represent data pooled over all
group sizes. Note that the scales for the heat maps are different for the two species, with turning angles being
generally bigger in zebrafish than in black neon tetra. a) Average turning angle (,, degrees/s) of focal fish A
as a function of its relative angle (o) and heading difference (y,,) to its neighbor B; light cells represent
positive turns (left), dark cells represent negative turns (right). A positive relative angle means that the neighbor
is on the left of the focal fish, a negative angle means that it is on the right; a null angle indicates the neighbor
is in front, a =180 angle indicates that it is behind. Positive heading differences mean that the focal fish should
turn left to align with its neighbors; negative differences mean it should turn right to align with them; a null
difference indicates that they are completely polarized. b) Average turning angle of focal fish A as a function of
its relative angle to its neighbor B and their distance (d,,). The focal fish is located at the center of the figure
facing in its direction of motion (to 0°); the areas above the horizontal represent areas lying to the left of the focal
fish, and the ones below the horizontal represent areas lying to its right. A light cell indicates that the focal fish
tends to turn left to any neighbor located in that cell, while a dark cell indicates that the focal fish tends to turn right
to any neighbor located in it. The lighter the cell the greater is the left turn; the darker the cell the greater is the right
turn. Therefore, as the figures show, the focal fish tends to turn left when its neighbors are at its left, and to turn
right when they are at its right, and the more distant are the neighbors the greater are the turning angles.
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distance (d,,) to its neighbor B. Data for group sizes 2, 3, 4, and 8 are pooled.

We found that two features (global cohesion and polarization) ships between these variables at the micro level, the kind of
that characterize collective motion in the two species of fish at the movement at the group level can be inferred. We have shown that
macro level can be explained by dyadic interaction rules based on the differences in cohesion and polarization between groups of
individuals® changes in direction and velocity. From the relation- black neon tetra (schools) and zebrafish (shoals) (Gimeno et al.,
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Figure8. Heat maps of average acceleration, per species and group size; big graphs represent data pooled over
all group sizes. a) Average acceleration (s,, cm/s?) of focal fish A as a function of its relative angle (a;) and
heading difference () to its neighbor B; light cells represent positive acceleration, dark cells represent negative
acceleration. b) Average acceleration of a focal fish as a function of its relative angle to its neighbor B and their
distance (d,,). The focal fish is located at the center of the figure facing in its direction of motion (to 0°); the
areas above the horizontal represent areas lying to the left of the focal fish, and the ones below the horizontal
represent areas lying to its right. A light cell indicates that the focal fish tends to accelerate when a neighbor is
located in that cell, whereas a dark cell indicates that the focal fish tends to decelerate when a neighbor is located
in it. The lighter the cell, the greater is the acceleration; the darker the cell, the greater is the deceleration.
Therefore, as the figures show, the focal fish tends to accelerate more when its neighbors are in front of it and
to decelerate more when they are behind it; in both species, the more distant are the neighbors in front or behind
the focal fish, the greater is the acceleration or deceleration, respectively. However, when the neighbors are very
close, focal black neon tetra tend to accelerate if the neighbors are behind it and to decelerate when they are in
front of it.

N=Z
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2016) are related to differences in the values of turning angles and
accelerations and their relationships to relative angles and heading
differences between pairs of individuals. The functions relating
those variables are comparable with the ones found by Herbert-
Read et al. (2011) in mosquitofish, a species whose collective
motion (e.g., its polarization) appears to be halfway between
zebrafish and black neon tetra. Like zebrafish, mosquitofish have
a preference for swimming either in front or behind their neighbors
rather than alongside; like black neon tetra, they have low vari-
ability of heading differences, that is, high polarization, “repul-
sion” zones at distances of less than one body length, and turning
angles toward their neighbors that depend on both their heading
difference and relative angle.

Although the universality of the interaction rules from which
CCM emerges remains to be explored, there is evidence that the
rules are similar in species from three distinct families, Cyprinidae
(Notemigonus and Danio), Poeciliidae (Gambusia), and Characi-
dae (Hyphessobrycon), and the differences might be a matter of
degree (e.g., in turning angle, distance, and acceleration). Also, the
existence of the rules studied in this and the aforementioned
articles provides substantial empirical evidence to support the
theoretical assumptions made in well-known classical agent-based
models used to simulate collective coordinated motion in many
different animal species, notably Reynolds (1987) and Huth and
Wissel (1994).
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