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Collective motion by animal groups can emerge from simple rules that govern

each individual’s interactions with its neighbours. Studies of extant species

have shown how such rules yield coordinated group behaviour, but little is

known of their evolutionary origins or whether extinct group-living organisms

used similar rules. Here, we report evidence consistent with coordinated

collective motion in a fossilized group of the extinct fish Erismatopterus levatus,
and we infer possible behavioural rules that underlie it. We found traces of two

rules for social interaction similar to those used by extant fishes: repulsion from

close individuals and attraction towards neighbours at a distance. Moreover,

the fossilized fish showed group-level structures in the form of oblong

shape and high polarization, both of which we successfully reproduced in

simulations incorporating the inferred behavioural rules. Although it remains

unclear how the fish shoal’s structure was preserved in the fossil, these find-

ings suggest that fishes have been forming shoals by combining sets of

simple behavioural rules since at least the Eocene. Our study highlights the

possibility of exploring the social communication of extinct animals, which

has been thought to leave no fossil record.
1. Introduction
Group-living animals often show coordinated collective motion which can be

explained by local interactions among group members [1]. Empirical and theor-

etical studies have found support for various interaction rules, with repulsion

from close neighbours and alignment and/or attraction towards distant neigh-

bours often playing essential roles in coordination [2–7]. These interaction rules

can explain patterns of collective behaviour in diverse extant taxa, including

bird flocks, fish schools and insect swarms [2,8,9]. Fossils indicating mass

mortality suggest that many extinct species also lived in groups [10], but noth-

ing is known of their collective motion or the interaction rules underlying it.

This limits our understanding of the evolutionary steps towards complex and

coordinated collective behaviour.

Behaviour is a dynamic process that leaves a scarce fossil record, which hin-

ders our understanding of the interactions of past organisms with one another

and their environment. Some insight can be gained from trace fossils produced

by biological activity, such as footprints, burrows and bite marks [11,12].

Although these records lack the temporal component of behaviour, they provide

snapshots of spatial patterns from which behavioural rules of extinct animals

can be inferred. For example, analysis of fossilized trails of benthic marine organ-

isms identified self-avoiding behavioural rules that lead to Lévy-like movement

patterns [13]. For collective motion of animals, a fossil of mass mortality can pre-

serve individual positions and heading directions, providing a snapshot of group

dynamics and a ‘trace’ of how individuals were interacting with each other.

A window on ancient shoaling behaviour may be found in fossilized aggre-

gations of fish whose positions and attitudes are preserved as if the groups were

fixed in a moment [10]. These fossils have been interpreted as shoaling groups

because of the similar size of preserved individuals, a basic characteristic of cur-

rent fish shoals. However, no effort has been made to analyse or model these
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Figure 1. Collective behaviour in a fossil fish school. (a) Analysed fossil of a group of E. levatus in specimen FPDM-V8206 from the Eocene (Green River Formation).
(b) Representation of the length and heading of each fish. The long line passes through the centre of the group (average x and y) in the direction of the average
heading. (c) Frequency distribution of each fish’s nearest neighbour, showing that most are positioned laterally. Inset shows the density plot of the distance between
individuals. (d ) The projected short-term change of the distance to the nearest individual as a function of the observed starting distance. Initially, close neighbours
tend to move away (repulsion) while initially distant neighbours move closer (attraction). Red line indicates fitted logistic regression. (Online version in colour.)
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aggregations from the perspective of collective behaviour,

with the goal of understanding the interactions leading to

shoaling behaviour by extinct animals. In this study, we

inferred possible behavioural rules used by a group of fossi-

lized extinct Erismatopterus levatus by analysing their

positions and heading directions. Using estimated behaviour-

al rules, we developed a simulation model of collective

motion and then compared group-level patterns of the

simulated shoal with those of the fossilized fish group.
2. Material and methods
(a) Geological setting and fossil identification
According to the label of specimen FPDM-V8206 (Fukui Prefec-

tural Dinosaur Museum), the slab was collected in the USA and

formed during the Eocene. We further estimated that the specimen

was from the Green River Formation based on the colour of the

matrix, which is greyish limestone shale. Moreover, E. levatus is

known only from Lake Gosiute and Lake Uinta deposits of the

Green River Formation [14–17] (electronic supplementary

material, figures S1 and S2). The size of the specimen was 570 �
375 mm, and it contained 259 percopsid fish (figure 1a). We ident-

ified the species as E. levatus based on their dorsal fin rays having

two spines with six to seven soft fin rays, the base of their pelvic fin

having a subthoracic location, and their anal fin rays having two

spines with seven soft fin rays.
(b) Data analysis
The slab contained fossils of 259 fish, of which two individuals

were dropped from the analysis because they were apart from

the central aggregation. Specifically, they were twice the average

body length from their nearest neighbours, and there were no

fish present in the direction that they were heading or at their

sides (electronic supplementary material, figure S3). We measured

heading direction of each of 257 fish as a vector from the base of

the tail to the tip of the upper jaw (electronic supplementary

material, figure S4). As the backbones of many individuals were

not straight, the length of the heading direction vector was not

necessarily equal to the body length (electronic supplementary

material, figure S4). Thus, we measured body length by approxi-

mating it with two lines of the same length, where we defined

the intersection of these two lines as the position of each individual

(electronic supplementary material, figure S4). Actual fish shoals

move in three-dimensional space, while the fossilized fish were

distributed on the two-dimensional surface of the slab. We

assumed that this is a two-dimensional projection of a fish shoal

that was compressed onto a horizontal plane, and we analysed

the positions and the directions of fish two-dimensionally. As a

result of this approximation, we may underestimate the distance

between neighbouring individuals. However, we expect that the

relationship between neighbours should be qualitatively robust,

given that vertical distances are often smaller than frontal or hori-

zontal distances [18]. If the living shoal of E. levatus was swimming

in a shallow lake, the appearance of the fossilized fish group

should correspond to the shoal observed from above, as in
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previous empirical studies [3]. To examine the interactions

between neighbouring individuals, we first measured the distance

from the position of each individual to its nearest neighbour. Then,

we moved each individual towards its heading direction by a very

small distance proportional to its body length (0.0001 mm � body

length/average body length). All fish were moved at the same

time, and we inferred their behaviour at the next moment by

measuring changes of the distance between nearest neighbours:

becoming smaller (attraction) or larger (repulsion). To test if the

distance to the nearest neighbour affected their behaviour, we

used a generalized linear model (GLM) with binomial errors and

logit link (logistic regression), where their behaviour (attraction:

1, repulsion: 0) was the dependent variable and the distance to

the nearest neighbour was the explanatory variable. A likelihood

ratio test was used to test for a significant effect (type II test). We

also performed this analysis by fitting a GLM to surrogate datasets

(n ¼ 1000 randomizations), for which we randomized the heading

directions among individuals. We obtained coefficients (slopes) for

all datasets and compared them with that of the fossilized group.

To describe the collective structure of the fish shoals, we

measured the elongation and polarization of the group. To measure

the elongation, we rotated the group by the average angle of head-

ing directions, to create a bounding box around the school aligned

to the average heading direction. We measured the length–width

ratio of the bounding box as the index of elongation. We also

measured the polarization parameter r, which is a measurement

of how aligned the individuals in a group are. All analyses were

performed using R v. 3.1.3 (https://cran.r-project.org/).

(c) Fish distribution with direction preference
To examine if alignment of individuals caused by water currents

could explain the spatial distribution of the fossilized fish group,

we created artificial datasets. In each dataset, the observed indi-

vidual positions were maintained, while each heading direction

was first set to the observed average heading and then rotated

by an angle drawn from a Gaussian distribution with a mean

of zero. We varied the standard deviation of this distribution

from 0.01 (high directional preference) to 1.0 (low directional pre-

ference). For each value of s.d., we created 100 artificial datasets.

We then subjected each dataset to the same logistic regression

that had revealed for the fossilized group a pattern of repulsion

at short distances and attraction at long distances. Each dataset

yielded a coefficient linking distance to movement, which we

then compared to the coefficient of the fossilized fish group.

(d) Simulations
To test if the interaction rules observed in the fossilized fish group

can explain its collective structure, we developed an individual-

based model based on published zone models of fish shoal

movements [2,19]. These are called zone models because individ-

uals respond to neighbours within a set of interaction zones.

When appropriate interaction rules are specified, zone models

are known to generate the highly polarized or oblong patterns

that we observed in the fossilized fish shoal [2,20]. In our simu-

lations, 257 fish moved in a two-dimensional space with periodic

boundary conditions (size ¼ L2). We chose periodic boundary con-

ditions to avoid separation of the group. We used a large enough

space to ensure that individuals at the front and back of the

group did not interact with each other. Simulated fish followed

two behavioural rules: (i) repulsion to maintain a minimum

distance between themselves and other individuals within a

zone of radius rz; and (ii) attraction-and-alignment towards neigh-

bours within an interaction zone of radius ra, if the fish is not

performing an avoidance behaviour. In our analysis of the fossi-

lized shoal, we found evidence for both attraction and repulsion

behaviour (see Results), but we could not find a way to test for

traces of alignment behaviour from a single snapshot of collective
movement. However, most extant fish species align themselves via

direct alignment behaviours [5,6] or by combining attraction and

repulsion behaviours [3,4], suggesting that it is reasonable to

assume that E. levatus also has some alignment mechanism. In

zone models, the most effective way to account for alignment is

by specifying an alignment behaviour for a particular zone [2].

Thus, we included an alignment term additive to the attraction

rule, as in a previous study [19]. Based on these rules, movement

direction of each fish was obtained as follows. If there were other

fish j within a distance rz of fish i, then fish i avoided these fish

by turning towards direction

di(tþ Dt) ¼ �
X cj(t)� ci(t)
jcj(t)� ci(t)j

,

while if there were no fish within its repulsion zone, the fish i
responded to fish k within the interaction range ra by turning

towards direction

di(tþ Dt) ¼ 1

2

X vk(t)
jvk(t)j þ

1

2

X ck(t)� ci(t)
jck(t)� ci(t)j

,

where ci(t) and vi(t) represent the coordinates and velocity, respect-

ively, of fish i at time t. If there were no fish in either the repulsion

or attraction-and-alignment zones, the fish continued to move in

the same direction as the previous time step. Fish could turn at a

maximum rate of uDt degrees. Thus, if the angle between vi(t)
and di(t þ Dt) was less than uDt, fish i could proceed in its desired

vector, otherwise it turned uDt towards it. All turning was

assumed to be subject to slight error, which was simulated by

rotating vi(t þ Dt) by a random angle drawn from a normal distri-

bution with mean zero and standard deviation s. Once its

direction was determined, the fish moved with a speed of

jvi(t)j ¼ jdi(tþ Dt)j, which was limited to the range given in the

electronic supplementary material, table S1. That is, if jdi(tþ Dt)j
fell outside this range, the speed was set to the closest extreme of

the range. The next coordinate of fish i was

ci(tþ Dt) ¼ ci(t)þ vi(t)Dt. We performed 1000 simulation runs

and collected a snapshot of the data at time step 10 000. For each

snapshot, we performed the same analysis as with the fossilized

group. The values or ranges used in our simulations are summar-

ized in the electronic supplementary material, table S1. We chose

these parameter values arbitrarily from ranges used in a previous

study [2]. This is because the purpose of our simulation was to test

if the inferred potential behavioural rules are capable of recreating

patterns similar to those observed in the fossilized fish shoal. As

the information we can obtain from the fossil is limited, we did

not try to estimate parameter values from the fossilized shoal.

For example, it is nearly impossible to measure the moving

speeds or perceptional ranges of individuals. The simulation

program was implemented in Microsoft VISUAL STUDIO Cþþ 2017.
3. Results and discussion
The analysed slab contained 257 individuals of E. levatus,

most of them heading in similar directions (figure 1a,b). All

individuals were in the same lamination. Body lengths (stan-

dard length) ranged from 10.57 to 23.54 mm, which is much

smaller than the descriptive specimen of this species (approx.

65 mm) [21], indicating that they were juveniles or larvae. The

distribution of the distance to the nearest neighbour showed a

single peak with a value smaller than the average body

length (figure 1c). Moreover, most of the nearest neighbours

were positioned laterally (figure 1c). This non-uniform struc-

ture (anisotropy) itself may be an effect of local interactions

between nearest neighbours, probably caused by the lateral

visual field and elongated body shape along the direction

of motion [7]. Similar features are also observed in the

https://cran.r-project.org/
https://cran.r-project.org/
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Figure 2. Collective structures of simulated fish groups that vary in directional preference. (a) Visualized examples varying in preference. (b) Polarization metrics of
simulated groups. With high directional preference (lower standard deviation), groups showed high polarization (greater than 0.9), like the fossilized fish group and
simulated fish shoals ( figures 1b and 3c). (c) Coefficients for logistic regression of inferred behaviour (attraction or repulsion) on nearest neighbour distance, for
simulated groups. Coefficients were evenly distributed around 0, indicating no relationship between behaviour and distance. This contrasts with the fossilized fish
group (figure 1d ), whose positive coefficient (shown by the red line) indicates a shift from repulsion to attraction as distance increases. For each value of s.d., we
created 1000 datasets. (Online version in colour.)
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nearest neighbour analysis of extant shoaling fish species,

although details vary among species [3,6,22–26]. Note that

the observed distances between nearest individuals might be

smaller than those seen in extant fishes [18], because of the

compression of three-dimensional structures into two

dimensions during fossilization.

To identify interaction rules of individuals in the group, we

examined how distance to the nearest individual would change

at the next moment after the snapshot preserved on the slab.

We inferred the position of each fish if it moved a very short dis-

tance in its heading direction from its preserved position. Each

fish was then classified by whether it was now closer to its near-

est neighbour (attraction) or further from it (repulsion). When

we examined how the starting distance to the nearest neighbour

affected their response, we found repulsion at short distances,

switching to attraction as distance increased (logistic regression:

slope+ s.e. ¼ 0.243+0.062, likelihood ratio test: x2
1 ¼ 23.249,

p , 0.001; figure 1d). This trend completely disappeared if we

analysed surrogate datasets created by randomly switching

heading directions among individuals (slope: mean+ s.d.¼

0.002+0.037, n ¼ 1000), indicating that the observed associ-

ation between nearest neighbour distance and heading

direction did not happen by chance. This analysis reveals the

fossilized trace of at least two interaction rules: repulsion at

short distances to avoid collisions by ensuring a minimum

space around each fish, and attraction at longer distances to

maintain group cohesion. These two behavioural rules can

play an important role in coordinated collective motion of

some extant fish species [3,4].

The structure of the fossilized fish group also shared

characteristics with extant fish shoals. The group showed an

oblong shape longer in the direction of movement (length–

width ratio of the bounding box was 3.171). This is the

usual shape of extant shoals [27,28] and is thought to protect
against ambush predators by reducing the frontal area, where

these predators tend to attack [27]. The fossilized group also

showed a high level of individual alignment to one another,

as measured by the polarization parameter r. This parameter

is calculated by dividing the length of the sum of individual

unit vectors in the direction of motion of each individual, ui,

by the number of group members. That is r ¼ ð1=NÞ
Pn

i ui
�� ��,

where N is the number of group members. Polarization

ranges from 0 (no alignment on average) to 1 (all headings

are parallel) [2]. The fossilized group was highly polarized

(r ¼ 0.902), which corresponds to one of the stable states of

collective motion observed in extant fish shoals [2,29].

An alternative hypothesis is that apparent shoaling patterns

are an incidental result of a taphonomic process. A purely

random process cannot provide an adequate explanation, as

the traces of interaction rules described above disappeared if

fish positions were randomized (electronic supplementary

material, figure S5). The fish shoal fossil contrasts with other

slabs of fish mass mortality that show scattered distributions

with no evidence of interaction rules (electronic supplementary

material, figure S6). In previous studies, well-aligned assem-

blies of fish like the one we studied have been thought to

reflect sorting of fish carcasses by water currents and wind

[30–32]. However, this cannot adequately explain our fossil

for the following reasons. First, although wind or water currents

are expected to sort the fish into size classes [32], we found no

correlations between fish position and body length (linear

model; heading direction: F ¼ 2.527, p ¼ 0.113; crossing head-

ing direction: F ¼ 1.618, p ¼ 0.205). (It should be noted, this

lack of correlation is also unexpected for fish shoals, where

size sorting is common [33].) Second, directional preference

alone cannot explain the trace of interaction rules (figure 2).

When we allocated new headings to all fish on the slab by ran-

domly selecting them from a normal distribution; we found that
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higher directional preference (lower standard deviation of

heading) led to higher polarization (figure 2b) but did not repro-

duce the observed pattern of repulsion at shorter distances and

attraction at longer distances (figure 2c). Third, water currents

often result in the disintegration of small fin bones from the

fish carcasses, which are expected to be sorted into size classes

[34,35], but there were no scattered paired bones and elements

in our specimen. All in all, these results discount explanations

based on sorting of fish carcasses, suggesting that the observed

pattern may instead reflect fish behaviour.

Fossils with animals preserved while doing something are

referred to as ‘frozen behaviours’ [10]; examples include fight-

ing dinosaurs [36], queueing trilobites [37] and insects in

copulation [38]. These fossils are assumed to result from

rapid burial, which preserves individual positions during

interactions. In the present study, we similarly assume that

our fish shoal was fixed near instantaneously so that individual

positions and heading directions were preserved in the fossil.

This taphonomic process must have been rapid enough to

maintain the trend of the interaction rules, but it appears not

to have preserved the structures of the shoal completely. The

presence of several abnormal individuals heading in opposite

directions suggests that their positions were somehow modi-

fied (electronic supplementary material, figure S3). Rapid

fixation of the fish shoal might be possible by sand dune col-

lapse on shallow water, which can produce a bed in only
seconds or minutes [39]. Unfortunately, we could not obtain

any evidence to support the occurrence of this event from the

specimen, which consists of a very thin slab giving no infor-

mation about the overlying or underlying layers or the entire

bedding structure. To estimate how the fish shoal was fixed

would require comprehensive geological information about

the rocks surrounding the fossil, including the sequence of

sedimentary structures, stratification patterns and lithic charac-

teristics, which would be possible by fieldwork (e.g. as in [37]).

Sudden freezing caused by supercooling could also explain

rapid fixation, although this seems unlikely, given the warm

climate estimated for the Eocene Green River Formation [40].

Despite lacking evidence of catastrophic events, we can use

geological information from the fossiliferous rock to infer the

fossilized environment. For example, the slab comprises thin

parallel laminae, without any ripples or bedforms. This

suggests that the body of water had a flat, even bottom without

a pronounced depression. If so, then surface heterogeneity

cannot explain the dense aggregation of fish in the specimen.

Considering that dead bodies in an assemblage of carcasses

would be positioned all over the slab (this is true for other

mass mortality fossils [10,31,32] and electronic supplementary

material, figure S6), the observed localized aggregation is likely

to be the result of behaviour rather than an artefact of fossiliza-

tion (see [41] for a discussion of this issue). Also, the sediment is

fine-grained mud, which is one criterion for an in situ rather
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than transported assemblage [42,43]. Nevertheless, we cannot

completely exclude the possibility that the aggregation of fish

was caused by the accumulation of dead bodies over a short

time rather than a simultaneous fixation of an entire shoal.

Further analysis of similar specimens of mass mortality may

be useful to distinguish these explanations.

To test if our inferred interaction rules can explain the

spatial patterns preserved in the fossilized fish group, we

built a simple simulation with self-propelled particles based

on models of extant fish shoals [2,19]. In our simulations, 257

fish moved in two-dimensional space, following two behav-

ioural rules: (i) repulsion to maintain a minimum distance

between individuals; and (ii) attraction-and-alignment towards

neighbours if individuals are not performing an avoidance be-

haviour (see Material and methods). We performed 1000

simulation runs and collected data on a snapshot of each run.

We then examined the snapshots for collective structures simi-

lar to the fossilized fish group, and we tested whether we could

infer the same behavioural rules from the snapshots.

Most of our simulated fish shoals showed oblong shapes

(figure 3a,b) and high polarization (figure 3a,c), and the

observed values of the fossilized group fell well within the

range of simulated values. Moreover, from the snapshots of

our simulations, we could find the trace of two interaction

rules just as we did for the fossilized fish group. We found

that the distribution of the distance to the nearest individual

showed a single steep peak (figure 3d). By assuming that each

fish moved a very short distance in its current heading, most

snapshots showed a positive relationship between the distance

to the nearest individual and the probability of approaching it

(862 of 1000 snapshots showed a positive relationship, where

33.93% of them were statistically significant; figure 3e). How-

ever, one difference between the fossilized fish shoal and our

simulation is the distribution of relative positions of nearest

neighbours. There are many more nearest neighbours at the

front and back of an individual in our simulations (figure 3d)

than in the fossilized fish shoal (figure 1c). This is probably

because actual fish have body shapes that are elongated

along the direction of motion, while the agents in our

simulations are simply points without physical bodies [7].

One of the main functions of shoaling behaviour is reducing

predation risk through risk dilution and predator confusion

[44]. To achieve effective avoidance of predation, it has been

demonstrated that prey should move towards and align with

their neighbours, to prevent being solitary or at the edge of

the group [45]. Because we found evidence of approach from

a distance in our fossilized group of E. levatus (figure 1d), we

can reasonably infer predator avoidance as a selective pressure

leading to shoaling behaviour. Consistent with this, the density

within the group was higher in the safer central area, while it

was lower at the edge of the group (electronic supplementary

material, figure S7), where predators often attack [45]. Thus,
juveniles and larvae of E. levatus might have experienced a

high predation pressure in their Eocene intermountain lake

habitat. Indeed, various predatory fishes, including catfish,

gar and predatory Diplomystus, have been reported from the

same geological formation (Lakes Gosiute and Uinta of the

Green River Formation [15,17]). Moreover, half of extant fish

species shoal as juveniles, when they are more vulnerable to

predation [46]. Thus, analysing mass mortality fossils from

the viewpoint of collective behaviour can provide insight into

selection pressures acting in ancient food webs.

An important goal of collective behaviour research is to

identify the evolutionary process leading to coordinated collec-

tive motion because different interaction rules can be selected

under different ecological conditions and historical contingen-

cies [47]. For this purpose, the comparative analysis of the

interaction rules adopted by different species can be an

effective approach. In this study, we found repulsion and

attraction rules in a fish species belonging to the order Percop-

siformes, which is phylogenetically distinct from orders of

extant species showing similar interaction rules, such as Cypri-

niformes (Notemigonus crysoleucas [3] and Danio rerio [48]),

Cyprinodontiformes (Gambusia holbrooki [4] and Poecilia reticu-
late [5]) or Characiformes (Pristella maxillaris [6]), according to a

recent phylogeny [49]. This suggests that E. levatus living in an

Eocene freshwater system experienced a similar evolutionary

process and occupied a similar niche to that of the extant shoal-

ing Cypriniformes, Cyprinodontiformes or Characiformes

species. Inferring behaviour from fossils of these fish is a valu-

able source of information about the evolution of shoaling,

considering that almost all species in Percopsiformes, includ-

ing E. levatus, are extinct. By applying our approach not only

to other fossilized fish groups but also to other taxa whose fos-

sils of mass mortality can be found (e.g. shrimp, mammals and

dinosaurs [10]), we can better understand palaeoecology and

achieve the reconstruction of the evolutionary process behind

coordinated collective motion.
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