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Fish evacuate smoothly respecting
a social bubble

Renaud Larrieu?, Philippe Moreau?, Christian Graff?, Philippe Peyla® & Aurélie Dupont***

Crowd movements are observed among different species and on different scales, from insects to
mammals, as well as in non-cognitive systems, such as motile cells. When forced to escape through a
narrow opening, most terrestrial animals behave like granular materials and clogging events decrease
the efficiency of the evacuation. Here, we explore the evacuation behavior of macroscopic, aquatic
agents, neon fish, and challenge their gregarious behavior by forcing the school through a constricted
passage. Using a statistical analysis method developed for granular matter and applied to crowd
evacuation, our results clearly show that, unlike crowds of people or herds of sheep, no clogging
occurs at the bottleneck. The fish do not collide and wait for a minimum waiting time between

two successive exits, while respecting a social distance. When the constriction becomes similar to

or smaller than their social distance, the individual domains defined by this cognitive distance are
deformed and fish density increases. We show that the current of escaping fish behaves like a set of
deformable 2D-bubbles, their 2D domain, passing through a constriction. Schools of fish show that,
by respecting social rules, a crowd of individuals can evacuate without clogging, even in an emergency
situation.

Collective motion of animals is one of the most fascinating phenomena observed in nature: common examples
include flocks of birds, herds of animals, colonies of ants and schools of fish"2. This collective motion can be
driven by a gregarious instinct to forage or mate or may be provoked by a panic situation. With humans, for
instance, crowd movements can lead to stampedes, causing dramatic consequences, including fatalities. The
worst-case scenario is the escape through a narrow passage in life-or-death circumstances. This situation has been
extensively studied and simulated with the practical goal of improving escape efficiency in real-life situations®*.
With the help of simulations and an agent-based model, Helbing et al. described the faster-is-slower effect: the
higher the desired velocity of the agents, the longer it takes to evacuate the room’. The evacuation becomes
intermittent due to clogging events at the exit. The clogging of particles flowing through a bottleneck is actually
relatively universal, as shown more recently by Zuriguel et al.®, who identified the similarities between herds of
sheep, pedestrian crowds, and even grains and colloids. By combining experiments and simulations, they pro-
posed a unified framework for this clogging behavior, characterized by a power-law tail in the time lapse prob-
ability function’. So far, only ants have been observed to behave differently, managing a constant and optimized
flow, even in high stress situations®’.

As in the seminal work of Helbing et al.?, to test the “faster-is-slower” effect the usual control parameter is the
desired velocity of animals, also called competitiveness” or the driving force for particles. However, the discharge
of granular materials from silos has historically been studied with respect to another control parameter which
is the ratio between the radius of the opening and the radius of the particles'. As expected, when the outlet size
increases the clogging probability decreases, and the avalanche size increases non lineary'’, in addition, a critical
radius exists above which no jamming appears'?. This question has also been addressed for soft particles'>!* where
the link between the clogging probability and the deformability of particles has been evidenced'*. Recently, Al
Alam et al."® measured the phase diagram of the jamming probability of microalgae versus the door size and the
swimming velocity in an experimental situation of evacuation through a bottleneck. This diagram confirms that
decreasing the aperture size or increasing the agent’s velocity result in the increase of the jamming probability,
the transition from flowing to jamming exists along the two axes.

The typical evacuation experiment consists in forcing a group of animals to pass through a bottleneck, whose
size is similar to the size of the animal. To the extent of our knowledge, this type of experiment has only been
conducted on animals walking on a 2D solid substrate, except for the work by Al Alam et al. on microalgae'.
However, this situation can also occur in liquids with schools of fish passing between rocks in rivers or on the
seabed. Most fish exhibit gregarious behavior involving social interactions between individuals and traveling
in groups'¢~'8. Do jamming situations arise for fish? Intuition suggests that clogging is less likely because there
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is no solid friction between the fish. However, cognitive interactions could also lead to blockage situations and
inefficient behavior. So far, the social interactions of fish have been studied in empty environments, free of any
obstacles'?. Here, we address this open question with a model of small fish in shallow water passing through
various sized circular openings. We show that the evacuation of the fish follows a single statistical law of simple
queuing, even though total evacuation takes longer for smaller apertures. Interestingly, for short time lapses
between two fish exits, our results suggest a non-markovian process of short-time inhibition. The fish flow is
suitably described by the same empirical law as for the evacuation of frictionless deformable objects in 2D. We
propose to model each fish domain with a 2D bubble-like domain, whose size is governed by a cognitive length,
i.e. the preferred distance between the fish, also called inter-individual distance in ethology?!.

Methods

For our fish model, we chose the neon tetra Paracheirodon innesi, a small freshwater fish species originating from
the western and northern Amazon basin (Fig. 1a). Being popular ornamental fish, P. innesi were easily found
in aquarium stores supplied by fish farms. P, innesi exhibits robust shoaling behavior?, and individuals rarely
venture alone away from the group. We observed the smallest shoaling unit to be about 6 to 8 fish. P. innesi is a
burst-and-coast swimmer, intermittently alternating active and passive phases. We can estimate their velocity to
a few cm/s but this velocity is ill-defined. Thanks to the small size of the fish, about 3 cm long and 0.5 cm wide
(Fig. la), the evacuation experiments could be set up easily on the bench in a standard fish tank (40x20 cm),
divided in the middle by a home-made wall (Fig. 1b). A circular aperture, whose size could be modified from
4 cm to 1.5 cm using adapted ring-shaped covers, was made in the wall. For a typical evacuation experiment, a
group of 30 fish was put into water about 10 cm deep in the experimental aquarium to obtain a quasi-2D system.
After a rest and adaptation period of about 20 min, several passages of the group through the opening were
recorded, with the fish being gently pushed towards the aperture with a fishing net. Images were taken from
above using near infra-red lighting to avoid generating any additional stress for the fish, which are photophobic.
The total duration of the fish experiments was limited to 1hr 30min per day for ethical reasons, and the water
temperature was controlled (26 °C). In total about 80 different fish were used in the experiments, four fish died
during this period in the housing aquarium. No fish were euthanized, all the fish were put back to the housing
aquarium. The images were obtained using a Basler camera with a frame rate of 10 frames/s and analyzed with
homemade codes in Python.

Ethics. Our experimental protocols were approved by the ethics committee of the University Grenoble Alpes.
Consisting of behavioral observations, they remained below the mild category of the severity classification of
procedures, as defined by Section I of the Directive 2010/63/EU of the European Parliament and of the Council
on the protection of animals used for scientific purposes. We followed the ASAB guidelines®® and ARRIVE
guidelines (https://arriveguidelines.org)”

Results

A cognitive length. The first step of data analysis consisted in manually counting each fish exit over time.
Figure 1c shows the cumulative fish counts for three examples of evacuation through three different openings:
diameter 4 cm, 2 cm and 1.75 cm. As we expected, the larger the opening, the faster the evacuation. Several
experiments were averaged for each diameter (11 < N < 17) to obtain robust results; these are shown on Fig-
ure 1d. On average, for each diameter, the evacuation process occurred at a constant rate, except for the few last
fish. The evacuation current, in fish per second, was obtained from linear fits of every realizations at a given
diameter (excluding the 5 last fish) and then averaged to obtain the mean fish current and the standard error
of the mean for all diameters. As shown on Fig. 2a, the evacuation current (fish/s) increases from 1 fish/s to 3
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Figure 1. (a) The biological model is Paracheirodon innesi, a small and common freshwater species. (b)
Photograph of the experimental setup as imaged for data analysis. The tank is divided into two equal spaces by
a wall with a circular opening of different sizes. The fish are forced to move toward the door by a net. The red
dashed box is the area where the fish density is measured. (c) Number of evacuated fish as a function of time for
three realizations with different opening diameters. (d) Averaged passage of 30 fish for different diameters (15
realizations for each diameter).
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Figure 2. (a) Fish current, determined by the fit of every evacuation trials, as a function of the opening
diameter. (b) Average fish density in a virtual box (8x5cm?, drawn on Fig. 1b) just before the opening as a
function of the number of evacuated fish for the different opening diameters. (c) Average fish density over the
first 15 fish as a function of the opening diameter. The density is stable for all diameters larger than 2 cm. A
critical length L is calculated from this averaged fish density (dashed grey line).

fish/s for opening diameters varying from 1.5 cm to 4 cm. From the experimental images, we also measured
the fish density just before the opening by counting the number of fish present in a virtual 2D box of 8x5cm?
(Fig. 1b, red dashed box). During the first half of the evacuation, fish density fluctuates around an average value
for a given diameter (Fig. 2b). During the second part of the evacuation, the virtual box is emptied as the last
fish evacuate, hence density decreases. The average density during evacuation of the first 15 fish is plotted for
each diameter in Fig. 2c. Fish density remains stable for diameters larger than 2cmats = 0.21 £ 0.01 cm ™2
For diameters smaller than 2 cm, fish density increases, denoting an accumulation of fish in the waiting zone
in front of the aperture. However, the density for the smallest opening, 0 = 0.30 & 0.06 cm ™2, is still far
from the theoretical maximal density of fish in close contact, o/~ 0.67 cm~2. Fish density seems to be con-
trolled by social interactions for diameters of more than 2 cm. Above this specific density value, we defined
Lc = 1/ VT = 2.18 cm =+ 0.05 cm, the characteristic distance between the centers of two individual fish
waiting to exit. Furthermore, we examined the number of fish per exit in detail. Given the temporal resolution
(dt = 0.1s) for large openings, several fish were able to exit between two successive images (Supplementary
Fig. S1). Considering only frames with exit events, the average number of fish exits per frame was 1.5 for the
largest diameter (D = 4 c¢m) and this value decreased as the opening diameter got smaller, until the limit value
of one fish per exit was attained in a dropper regime for diameters smaller than L¢. This regime coincided with
the increase in fish density in the waiting zone, indicating that, for these diameters, the fish could not evacuate at
the desired speed. For openings larger than L, the fish seem to respect social rules, waiting to exit at a specific
density o. When the opening was smaller than the cognitive length, this behavior was frustrated: the fish started
to accumulate at the exit. The fish current decreased to openings of about half the cognitive length, below which
evacuation is impossible. It is interesting to note that there was no physical contact or friction limitation for the
fish to pass through circular openings larger than 1.5 cm.

A single statistical law. Following the same approach as Zuriguel et al., we calculated the time lapses
between two fish exits and computed the complementary cumulative distribution function (CDF), i.e. the distri-
bution of time lapses larger than 7 (see Fig. 3a):

+00
q(t) = / p(rhdt, (1)

where p(7) is the probability density function of the time lapses. The CDF corresponding to the two smallest
diameters are distinctly separated from those with longer time lapses. This agrees with the previous results show-
ing apparently distinct evacuation behavior for opening diameters smaller than the cognitive length Lc. Within
the statistically relevant range and after a small delay, all the distributions seem to exhibit exponential decay (see
Fig. 3b). Assuming that single fish exits are independent events and that the probability of an event occurring
during 87 is §7 /79, we can calculate that CDF exhibits exponential decay of characteristic time 7y (Supplementary
Information). This corresponds to standard queuing statistics. At short timescales, shouldering is observed,
meaning that short time lapses are unlikely: each fish delays its exit after the preceding event.

Fish exits are not independent events at these short timescales. To take into account this delay at very short
time scales and fit the distributions with a single law from v = 0, we created a function ad hoc based on the
two limits: inhibition at a short time scale followed by exponential decay. Following the same approach as for
demonstrating the exponential law, we propose:

l&j _ 1 —exp(—1/70)

q 0t 70 )

where q is the probability that there is no exit at time t. For t >> 7, we once again observe the case of independ-
ent events leading to exponential decay of characteristic time 7¢:
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Figure 3. Statistical analysis of the fish evacuation. (a) Complementary of the cumulative distribution function
of the time lapses between two fish exits, q() for several opening diameters D, logarithmic scale on the y axis.
(b) Zoom in the previous plot overlaid with the corresponding single-parameter fits for each diameter. The
fitting function is an interpolation between a short-time inhibition at short timescales and an exponential decay
with characteristic time 7 at longer timescales. In the inset are plotted the same data with respect to the rescaled
time 7y to show that the proposed model fits well the data for the whole range of diameters. ¢. The measured
averaged time lapses for each diameter, < At > are plotted together with the averaged time lapses obtained from
the fit, 7o(e — 1). The two are in good agreement thereby validating the model. The dashed grey line shows Dy,
the diameter at which the flow vanishes and the time lapses diverge. The red line corresponds to Eq. (8) with the
parameters obtained from the fit of the fish current.

14q 1
==, (3)
qét 7
But, when 7 < 79, the approximation becomes:
14q T
@ (4)

and tends towards zero as 7 tends towards zero. Other interpolations are possible when the limit at short time-
scales is zero and the behavior at longer timescales is exponential. After integration of Eq. (2), we obtain the
statistical law used for single-parameter fitting in Fig. 3b:

oo £ -en(-2)] g
70 70

The fits were obtained in the range where q(t) is larger than 8 - 1072, With a total of about 360 experimental
points, we estimated that uncertainty was too high below this probability. The clear collapse of the curves when
plotted as a function of t/7y can be seen in the inset of Fig. 3b. The model therefore provides a good explana-
tion of behavior for the range of diameters tested in this study. For the two smallest apertures, below the critical
length Lc, egress is slower but follows the above-mentioned law without the characteristic power-law tail seen
in clogging situations (see the log-log plot in Supplementary Fig. S2). Nevertheless, shouldering of these two
distributions is visible in the log-lin plot Fig. 3a for time lapses of about 3 seconds. Such a shouldering has been
observed by Pastor et al. in the case of granular materials in a vibrated hopper” and was interpreted as the crosso-
ver between a flowing regime at very short timescales and a clogging regime at longer timescales. Concerning
the evacuation of fish, the shouldering is seen only on a couple of points that represent too few events to be able
to reach a valid conclusion. Nevertheless, we cannot totally exclude a different regime for diameters smaller than
2cm at these long timescales. This would be interesting to be further investigated with a larger number of fish
per experiment and a larger number of openings ranging between 1 and 2 cm.

Interestingly, a single characteristic time 7 seems to be enough to describe both short-time inhibition and
exponential decay. This characteristic time can be compared with the averaged time lapses < At > directly
obtained from the evacuation data. From Eq. (5) and the characteristic times 7y obtained from the fits (Fig. 3b),
the average interval time can be calculated:

< Atg >=71-(e—1). (6)

Except for a small systematic bias of less than 0.1s, the interval times obtained directly from the data and from
the fit process follow exactly the same line (see Fig. 3¢), thus validating the merits of the proposed statistical law.

Model: fish domains as cognitive bubbles

We have seen that a characteristic length can be defined based on the preferred fish-to-fish distance in the waiting
zone. This cognitive length is very close to the crossover opening diameter that differentiates a dropper situation,
in which the fish accumulate and evacuate more slowly, from a wise queuing situation, in which fish density
is maintained at a stable value. We have also shown that a single-parameter statistical law can fit the survival
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Figure 4. Fish as cognitive bubbles. (a) The modified Beverloo’s law fits well the fish current when the cognitive
length L is taken as the characteristic size of the deformable particles. (b) Fish current plotted versus the fitted
function to evaluate the goodness of the fit. The red line is y = x as a reference. (c) Schematics of the model of
cognitive bubbles dictating the fish behaviour.

function of the time lapses over all the opening diameters tested in this work. This law includes an inhibition at
short time lapses which seems important for diameters smaller than the cognitive length. This can be interpreted
as a difficulty to pass through a small aperture even though the aperture is still about twice the size that would
physically constrain the fish. We propose to imagine the fish domain as a deformable 2D bubble whose diameter
equals the cognitive length L.

Bertho et al.>* have measured the flow of bubbles through an orifice where air bubbles were driven by Archi-
medes’ forces in a 2D geometry. In this case, the bubbles are also pushed by their followers and energy can be
dissipated in the deformation of the bubbles as well as in a viscous drag. Friction between the bubbles is negligible
unlike the classical solid grains discharge. In this experimental work, both the driving force and the opening
size were varied. Bertho et al. have shown that the bubble flow can be described by a modified Beverloos law
where the flow rate varies as D'/2 unlike the classical Beverloo’s law'® for non-deformable solid grains where the
exponent is 3/2. Here is the modified law that takes into account particle deformability:

1/2
j=a(p k) @)
Lc

where j is the particle flow rate, D is aperture diameter, L is bubble size, k is related to particle deformability,
and A is a proportionality constant. k is about 1.4 for granular solids that can cause clogging in apertures larger
than the grain size due to the formation of arches. For bubbles, k is about 2/3, as the bubbles can deform to
pass through apertures that are smaller than the typical bubble size. Figure 4a shows the fit of the fish current
to the Eq. (7) with two fitting parameters: A = 2.94 s~! and k = 0.59. “Bubble size” was set to the cognitive
length Lc = 2.18 cm and the exponent set to 0.5. To better evaluate the goodness of the fit, Fig. 4b displays the
data points versus the fitting function. All the points are scattered across the y = x line without a clear trend on
one side or the other. If the exponent in Eq. (7) was let as a third free fitting parameter, the fitted exponent was
0.52, confirming the strong similarity with the law proposed for bubbles. In the fish case, the bubbles are virtual
domains coordinated by cognitive rules. The driving force is more noisy than in the ideal case of identical air
bubbles, the urge to evacuate can differ from fish to fish. Interestingly, the k parameter is very close to that of air
bubbles and is smaller than one, which is the signature of deformable particles.

According to Eq. (7), the model current is expected to vanish for an opening diameter:
Dytop = k - L¢ = 1.29 cm. In practice, we were unable to perform any reproducible evacuation experiments for
diameters below 1.5 cm, even though individual fish are able to swim through smaller apertures, down to about
their body width, when attracted by food. The averaged time lapses < At >, as calculated previously, are also
given by < Aty ppie >= 1/jand hence:

1
< Alpubple >= W. (8)
According to this model, the average time lapses are expected to diverge for D = Dyp, which is indeed the case,
as shown on Fig. 3¢ (dashed grey line). This figure displays as a function of the opening diameter the average
interval times obtained by three different ways: (i) directly from the raw data < At >, (ii) from the single-
parameter fitting of the CDE 1p - (e — 1), and (iii) from the bubble model < Aty,pp >. The three methods are in
very good agreement confirming the validity and consistency of both the fitting model of the statistical analysis
and the bubble model for the fish current analysis.

To be even more precise in our analogy, we can consider the compact piling of circular bubbles that cannot
achieve more than 91% occupancy. The measurement of cognitive length from fish density can be corrected for
this geometrical factor and thus reaches L = 2.35 cm. Cognitive length was slightly underestimated by the
2D projection and analysis. This underestimation of cognitive length, which is a rather abstract length, led to
a slight overestimation of the parameter k. In short, the cognitive bubbles of the fish are more deformable than
the actual bubbles of Bertho et al.® We propose to model the short-time inhibition of one fish to follow another
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fish according to the concept of cognitive bubbles illustrated in Fig. 4c. This bubble is defined by the preferred
fish-to-fish distance and must be deformed to pass through a small aperture. This behavior does not result in any
clogging under the experimental conditions used in this work. Individual fish take longer to pass through the
smallest apertures, but the queuing still follows an exponential rule with a characteristic waiting time.

Conclusion

The flow of animals and hard particles through a bottleneck seems to be quite universal: except for ants, clog-
ging occurs when the urge to evacuate is too high. This behavior is revealed by an intermittent flow leading to a
power-law tail in the time lapse statistics. This question had not been previously addressed in liquids for cognitive
swimming animals, nor in air for flying animals. Here, we tested the bottleneck evacuation on small gregarious
fish in shallow water. As for ants, the egress statistics exhibit exponential decay, with fish patiently queuing,
maintaining fish density in the waiting area. Even when the small size of the opening leads to an accumula-
tion of fish, the time lapse statistics could still be fitted with a characteristic time. This fish accumulation starts
when the opening becomes smaller than the preferred fish-to-fish distance. Based on this cognitive length, we
propose an analogy with non-active matter. Indeed, the fish evacuation follows the same law as the passage of
bubbles through a bottleneck. With the simple experiment described here, we obtained a model that provides
a quantitative description of fish behavior and introduces a cognitive parameter into the modelling of active
matter. Pedestrians and sheep tend to behave like solid grains in a vibrated hopper” where clogging occurs when
the driving force is too large or the opening is too small. Fish tend to behave like deformable particles under a
static load” where the clogging probability decreases as the driving force or the opening size are increased'. A
recent study by Echevarria-Huarte et al.** may bridge the gap between the two scenarii: they show that when
pedestrians are asked to evacuate while keeping a prescribed physical distance, no clogging appears and evacu-
ation gets faster when the agent’s velocity is higher. We show that, for this type of fish, social rules always appear
to dominate, especially compared with sheep or humans, who tend to forget about social rules under high
pressure. The "lessons” of this school of fish strengthened by the recent work by Echevarria-Huarte et al. could
inspire swarm robotics, and help with traffic management for autonomous cars or human crowds. Ultimately,
learning from fish behavior could help to improve the prevention of human stampedes, which repeatedly cause
fatalities all around the world.

Data availability

All data analysed during this study are included in this published article and its supplementary information
files (figures of the raw data and complete analysis table). The raw dataset (movies and tracking data) used and
analysed during the current study are available from the corresponding author on reasonable request.
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