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The ubiquity of consistent inter-individual differences in behaviour (‘animal personalities ’)1,2, suggests
they may constitute a fundamental component of animal groups that may drive their functioning3,4. De-
spite increasing evidence that highlights their importance5–16, we still lack a unified mechanistic frame-
work to explain and predict how inter-individual differences may affect collective behaviour. Here we
investigate how differences in individual behavioural tendencies affect the group structure, movement
dynamics, and foraging behaviour of animal groups using free-swimming stickleback fish (Gasterosteus
aculeatus). Analysis of high-resolution tracking data of known individuals demonstrates that, across a
range of contexts, consistent inter-individual differences in social proximity were strongly linked to speed
and, together with boldness predicted spatial positioning and leadership within groups, differences in
structure and movement dynamics between groups, as well as individual and group foraging perfor-
mance. These effects of inter-individual behavioural variation on group-level states emerged naturally
from a generic model of heterogeneous, self-organising groups. Our study combines experimental and
theoretical evidence for a simple mechanism to explain variation in the emergence of structure, dynam-
ics, and functional capabilities of groups across social and ecological scales. In addition, we show that
individual performance was conditional to the group composition, providing a potential basis for social
selection driving behavioural differentiation between individuals.

In recent years it has become apparent that across a wide range of animal taxa, individuals differ
consistently from one another in their behaviour1,2 (‘animal personalities’), often with large fitness conse-
quences17 and wide-ranging ecological and evolutionary implications18,19. Such variation could provide a
level of heterogeneity within animal groups that may drive collective behaviour. Indeed, recent studies have
started to provide support for that notion, and shown that consistent behavioural differences can influence
leadership5–8, social network structure9,10, collective dynamics11,12, and group performance13–16. However,
rarely are consistent behavioural differences integrated within the mechanistic framework of collective be-
haviour research12,20, which has demonstrated that relatively simple interaction rules play an important
role in the emergence of collective behaviour21–23. It therefore remains unclear how consistent individual
differences drive the structure, movement dynamics, and functioning of animal groups.

Here, we combine high-resolution tracking of known individuals in free-swimming stickleback (Gas-
terosteus aculeatus) shoals, with agent-based models of self-organising groups, to provide a more mechanistic
and predictive understanding of the behaviour, structure, and performance of groups across ecological con-
texts. To capture the essential dynamics within and between groups, we employ a deliberately simple, spatially
explicit model, which has previously been used successfully to explain the emergence of leadership, group
structure, and consensus-decision making in a range of species12,24–27.

We first tested 125 fish in two classic assays to measure individual behavioural tendencies (see Figure
S1). We found consistent inter-individual variation in fish’ tendency to leave a refuge and explore an open
environment (repeatability RC = 0.48, 95% confidence intervals: 0.33-0.60). This exploratory tendency, which
may increase potential predation risk28, was positively linked to fish’ food consumption, even in the safety of
the holding compartment29, and may reflect a willingness to accept a degree of risk in return for potentially
higher foraging gains5. In line with previous work5,7,16 we refer to this tendency as ‘boldness’. We also found
consistent individual differences in fish’ proximity to a confined shoal of conspecifics (RC = 0.58, 0.46-0.68).
This tendency, typically referred to as ‘sociability’30,31, was not correlated with boldness (r123 = −0.05, p =
0.670), but was strongly, negatively linked with the swim speed of the fish (see Figure S1). Fish not only swam
faster the further they moved from the shoal, but fish that were consistently closer to the confined shoal also
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had consistent higher speeds (r123 = −0.79, p < 0.001), even in the boldness assay. This result concords with
the general observation that individuals that move slower tend to form more cohesive groups25, and suggests
differences in social proximity may partly result from intrinsic differences in speed. We therefore prefer to
refer to fish’ ‘social proximity tendency’ rather than ‘sociability’.

Figure 1. Group shoaling experiments. Schematics of (A)
the free-schooling context, (B) the open foraging context with
patches of food, and (C) the semi-covered foraging context
with patches of food and plant cover. Schematics show tracking
segments of one randomly selected group, with colours corre-
sponding to the individual fish. Triangles point in the direction
of motion. (D) Graphic illustrating key spatial and movement
characteristics with arrows depicting movement vectors. For in-
dividual assays see Figure S1.

After quantifying the individual behavioural
tendencies of the fish, we tagged all individuals for
identification (see Methods) and allocated them ran-
domly to groups of five (n = 25 groups; see Figure
S1). In their natural habitat, animals may experi-
ence open, homogeneous spaces, encounter resources
in spatial and temporal patches, and use habitat
structures to hide from predators30,31. We therefore
tested the groups repeatedly in three contexts that
reflect these different, ecologically-relevant scenarios,
each set up in the same large, circular tanks (Figure
1A-C). Using custom-written software, we automat-
ically identified and tracked the position of each fish
in the moving groups, and computed fine-scale spa-
tial, movement, and foraging data (Figure 1D; see
Methods).

On average, sticklebacks moved in highly co-
hesive, ordered shoals and maintained clear zones
of attraction and repulsion, mediated by relative
changes in their speed and heading (Figure S2), in
high accordance with other fish species32,33. How-
ever, large and consistent differences existed between
the structure and movement dynamics of the groups.
To investigate how this variability was linked to vari-
ation in the individual behavioural tendencies within
them, we employed a linear mixed modelling ap-
proach (see Methods).

We first exposed the groups to the conventional collective scenario23, free movement within an open,
homogeneous environment (Figure 1A). Individuals with a lower social proximity tendency, which moved
faster in the individual assays, had larger nearest-neighbour distances (χ2 = 26.79, p < 0.001; Figure 2A) and
moved more quickly (χ2 = 8.70, p = 0.009) in the dynamically moving shoals. At the same time, individual
group members also strongly conformed in their speed (c.f.34), a requirement to maintain cohesion, and
adapted their speed depending on the mean social proximity tendency of their group (χ2 = 7.68, p = 0.012).

As a result of relative differences within groups, fish with a lower social proximity tendency than
their group mates, which thus tended to move more quickly, occupied positions towards the periphery (χ2 =
29.98, p < 0.001; Figure 2B) and front of their group (Figure 2C), an effect that strengthened over time (5
min: ∆AIC = 38.59 vs. 30 min: χ2 = 9.14, p = 0.008). This is line with recent work on pigeons, which showed
that faster birds tend to lead8. By assessing the propagation of movement changes in the groups35, we found
that such fish with a low social proximity tendency were also much more influential in deciding group motion
(Figure S4), and, as a result, relative directional leader-follower networks emerged (Figure 2D). In contrast,
consistent differences in boldness had no effect on the spatial positioning (χ2 = 0.64, p = 0.510) or leadership
(proportion in front: χ2 = 0.06, p = 0.804) within the groups.

From the interaction of individuals with different behavioural tendencies, large differences in structure
and movement dynamics emerged between the groups. Shoals with a low mean social proximity tendency
predominantly schooled when together as a group (rs = −0.52, p = 0.015), and moved relatively quickly,
with high alignment and spacing between individuals (Figure 3). In contrast, shoals composed of individuals
with a high social proximity tendency predominantly swarmed, and moved slowly, with little alignment and
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high cohesion between individuals (Figure 3). Measuring the strength of social interactions in the groups, we
found that the strongest social forces were exhibited in the fastest moving groups (Figure S2D; c.f.32). This
suggest that social forces are actually weaker amongst individuals with a high social proximity tendency,
which are traditionally labelled as more sociable. Boldness had no effect on these group movement dynamics
(schooling: rs = 0.23, p = 0.340).

Figure 2. Effect of social proximity tendency on spatial po-
sitioning and leadership. (A) Fish nearest neighbour distance
in groups as a function of their social proximity tendency, shown
in 5 equally sized categories (mean ± 2 SEM; n = 120 fish). (B)
Proportion of time fish occupied the most central to the most
peripheral position in the group, calculated for each frame and
averaged per individual across all frames (mean ± 2 SEM).
(C) Density plot of the proportion of time individuals spent in
front of the group centre for the full 30 min trial. (D) Visualisa-
tion of a leadership network in terms of propagation of speeding
changes of one randomly selected group. Numbers indicate the
average temporal delay in seconds and arrows point in the di-
rection of propagation, see Figure S3. For plots (B) and (C), in-
dividuals were evenly distributed into three categories, with the
intermediate category not shown for clarity. Data were analysed
as a continuous variable. See Figure S4 for model simulations.

We adapted a classic agent-based model of
animal groups by incorporating variability in indi-
vidual speed and goal-orientedness24,27. Simulations
of the self-organised, heterogeneous groups naturally
result in the observed relationships, both of fish’ so-
cial proximity tendency with the spatial positioning
of individuals and the structure and movement dy-
namics of groups, as well as the lack of such effects
for fish’ boldness tendency (Figure S4).

Building on previous work8,25,32, our study
combines empirical data from individual and group
assays with model simulations to provide evidence
that individual differences in speed are a causal
mechanism that drives group states, including the
structure, leadership, cohesion and movement dy-
namics of groups. Due to relatively higher speeds,
individual group members passively arrive at posi-
tions near the edge and front of groups, which in
turn increases their propensity to lead. At the same
time, higher individual speeds increase the speed of
the group, which thereby passively results in higher
order (alignment) and spacing between individuals.
Differences in speed can be intrinsic as well as an
emergent property, both of other intrinsic (e.g. size)
and labile (e.g. nutritional state) characteristics as
well as external factors (e.g. predation risk). This
provides a simple candidate mechanism by which
collective behaviour can emerge passively from indi-
vidual differences without the need for global knowl-
edge. Our results suggest that consistency in social
proximity of the fish could, at least partly, be ex-
plained by intrinsic speed, warranting further work
to investigate the extent that social proximity is ac-
tually driven by an intrinsic social tendency of indi-
viduals.

To investigate further the functional consequences that may arise from the inter-individual differences
within groups, we exposed the groups to an open and semi-covered environment with patches of food (Fig-
ure 1B,C; see Methods), and analysed group foraging dynamics and performance. We found that fish that
exhibited a low social proximity tendency were most likely to first discover the foraging areas in an open
foraging context (Figure 4A), in line with their higher swim speed and tendency to be in the front (Figure
2C). When the environment also contained a refuge for cover, individuals spent considerable time hiding and
groups often split, and now boldness best predicted what fish discovered the foraging areas (traits × context:
χ2 = 5.77, p = 0.029). Overall, bolder fish were much faster to feed (survival model SM: z = 3.63, p = 0.001;
Figure 4B), and more likely to initiate foraging trips in the semi-covered foraging context, thereby leading
their group mates out of cover (χ2 = 8.15, p = 0.011), but also spending more time out of cover alone
(χ2 = 10.28, p = 0.005; Figure 4C), a quantity that may potentially lead to higher risk of predation28,30.

It was these combined effects of fish’ social proximity and boldness tendencies that ultimately explained
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Figure 3. Group structure and movement dynamics in relation to group mean social proximity tendency. (A-C) Heat
maps showing the distribution and link between the three key components of collective motion for groups with a low mean
social proximity tendency (n = 13) relative to groups with a high mean social proximity tendency (n = 12). Plots are based
on frame-by-frame data at time steps of 1/24th s, with groups evenly allocated to two categories based on their mean social
proximity tendency. Positive values (in red) and negative values (in blue) thus indicate groups are respectively more and less
likely to occupy that parameter space. Contours represent iso-levels in percentage of the highest bin for all groups combined,
see Figure S2. (D) Proportion of time groups were schooling, characterised based on the raw distributions of group speed,
cohesion, and polarisaton (see Methods). Solid grey line and dashed grey lines indicate a linear fit to the data with 95%
confidence intervals.

group performance. Overall, groups composed of bold fish with low social proximity tendencies found and
depleted the food patches most quickly (SM: z = −2.35, p = 0.033), with the relative effect of boldness
intensified due to the availability of cover (z = 2.64, p = 0.016; Figure 4E). Both boldness and social proximity
tendencies also predicted the foraging performance of the individual fish, relative to the mean tendency of
their group (absolute differences: AIC = +13.94): fish had higher food intake the higher their relative boldness
and social proximity tendency (Figure 4F), with the food intake of bolder fish enhanced by the availability
of cover (traits × context: χ2 = 10.32, p = 0.005). Fish with lower social proximity tendencies experienced
greater variance in food intake (F41,39 = 2.06, p = 0.041; Figure 4D and 4F), in line with the prediction that
leadership positions come with higher variance in fitness36.

Again, the general relationships of the fish’ boldness and social proximity tendency with the foraging
performance of both groups and individuals, emerged naturally in simulations of our agent based model:
groups with high mean speed and goal-orientedness depleted food patches the quickest and individuals with
high speed and goal-orientedness had the highest food intake (Figure S4). This shows that while boldness is
intrinsically linked to the foraging motivation of individuals5,16,29 and thereby drives group foraging perfor-
mance directly, differences in social proximity tendency have a passive effect on foraging performance by the
emergent effects of speed.

In summary, we present results from individual and group experiments in combination with model
simulations that provide evidence that consistent individual differences drive the spatial positioning and lead-
ership within groups, differences in structure and movement dynamics between groups, and in turn group
and individual foraging performance. This role of inter-individual differences provides a simple, parsimonious
mechanism by which collective behaviour and group functioning can emerge without individuals having global
knowledge of their group, providing fundamental insights that may help explain and ultimately predict the
emergence of complex social and ecological patterns. We also show that individual spatial positioning and
foraging performance was conditional on the composition of the group fish were in. Over time, this could
result in behavioural feedback loops that may lead to behavioural differentiation between individuals via
social selection, which may help explain the evolutionary maintenance of personality types36,37. Our study
calls for a new generation of theoretical and empirical work that further integrates individual differences with
collective behaviour to better understand the multi-scale consequences of consistent individual behavioural
variation, from within-group positioning to group formation and population dynamics37,38, as well as its
potential causal links via group-dependent individual performance.

Supplemental Information includes four figures and three videos and can be found with this article online.
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Figure 4. Effects of boldness and social proximity tendencies on group foraging dynamics. (A) Total number of dis-
coveries during the open foraging context trials (out of 295 discoveries). (B) Inverted survival plot with confidence intervals
of fish likelihood to feed in the open and semi-covered foraging context. (C) Box plots depicting total time spent out of plant
cover when food was still available in the semi-covered foraging context. (D) Density plot of the average number of food items
eaten per trial across both foraging contexts. For plots (A-D), individual tendencies were evenly distributed into a low, medium,
and high category (n = 42, 42, 41 fish respectively), with the intermediate category not shown for clarity. (E) Group foraging
speed in the open (upper panel) and semi-covered foraging cover context (lower panel) in terms of the latency to consume
each food item (15 provided per trial). Plot shows latencies averaged across trials for each group, and groups split in four
categories based on their mean boldness and social proximity tendencies (low-low; low-high; high-low; high-high: n = 5, 8, 8,
4). (F) Surface plot of the average number of food items eaten (log-transformed) in the open foraging context (points indicate
individual fish), based on a glmm fit to the data, cropped to 90% to show the effect without fish with the extremest tendencies
(n = 112 fish). For model simulation results, see Figure S4.
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Methods

Experimental system. We collected three-spined sticklebacks (Gasterosteus aculeatus) during the summer
of 2014 from a stream near Cambridge, England, and housed them in our lab under controlled temperature
(14 ±1◦C) and light (12h:12 h light:dark) conditions. Fish were kept in large glass tanks (120 cm length
× 60 cm width × 60 cm height) with artificial plants and shelters, which were maintained by both under-
gravel and external filtration. Fish were fed defrosted bloodworms (Chironomid larvae) ad libitum once daily.
After an acclimatisation period of six months, when fish were about nine months old, we randomly selected
125 individuals, controlling for size (body length ‘BL’: 40.6 ± 0.4 mm), and moved them to individual
compartments (18.5 cm × 9.5 cm), each lined with gravel and containing an artificial plant. Compartments
were divided from neighbouring compartments by perforated transparent partitions. We pseudo-randomly
(controlling for holding tank to minimise potential familiarity effects) allocated individuals to one of 25 groups
of five after the completion of the individual behavioural assays (described below). Since it is impossible to
non-invasively sex sticklebacks outside the breeding season, all groups were assumed to be of mixed sex, with
group sex ratio unlikely to have a big impact on our results under these controlled laboratory conditions39

as both sexes are non-territorial and actively shoal together. During the whole experimental period, fish were
fed three bloodworms at the end of each day. Animal care and experimental procedures were approved by the
Animal Users Management Committee of the University of Cambridge as a non-regulated procedures-regime.

Experimental overview. To control for potential social modulation and acclimatization effects40,41, ex-
periments started three days after individual housing. We started with the individual behavioural assays
and subjected fish to the boldness assay on experimental days 4 and 8 and the sociability assay on days 6
and 10. We then allocated individuals to groups of five, which is a common group size for stream-inhabiting
sticklebacks and conforms with previous work, which has predominantly looked at group sizes between 2-30
individuals7,13,32,33. Group size and composition were kept constant throughout the experimental period. To
enable individual identification in the groups, after two rest days (day 13) we tagged fish on their middle
dorsal spine with a uniquely coloured disc-shaped tag (6 mm diameter) made from coloured electrical tape.
This non-invasive tagging method only took between 15-30 sec per fish and has been shown to have no major
effects on either the activity or shoaling behaviour of three-spined sticklebacks42. After another rest day, we
started with the shoaling experiments using two replicates of a large circular tank. The experimenters were
blind to the identity of the fish and the composition of the groups. On day 15 we tested groups in the open
tanks without food or cover, on days 16 and 17, twice per day, with patches of food but without plant cover,
and on days 18 and 19 with food patches and a plant cover.

Individual behavioural assays. Individual fish (n = 125) were tested using two standard personality
assays, conventionally used to quantify boldness and sociability7,16,43. The ‘boldness’assay consisted of a
white Perspex tank (55 cm × 15 cm × 20 cm) containing a deep area (15 cm × 10 cm; 13 cm depth) with an
artificial plant as refuge, and an open sandy area with a slope leading to shallow water (3 cm) at the other
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side (Figure S1A). We quantified the proportion of time fish spent out of the refuge as well as their average
speed when at least one body length away from the refuge. The sociability assay consisted of a tank (50 cm
× 30 cm, 8 cm depth) that was lengthwise divided by two transparent partitions to create one larger middle
compartment (30 cm width), used for the focal fish, and two smaller side compartments (10 cm width), one of
which contained five conspecifics (Figure S1C). At the start of each test day the fish forming the conspecifics
shoal were randomly selected from the stock tanks and allowed to acclimatise to the compartment for 45
min. The position of the compartment housing the five fish was then randomly selected every four trials
after which the shoal was allowed to acclimatise for 10 more minutes before the start of the next trial. In
this assay we quantified the average distance from the shoal compartment as well as their speed (see Figure
S1). Trials lasted 30 and 15 minutes for the boldness and sociability assay respectively. For both assays, fish
were taken from their individual compartment at the start of a trial and returned there immediately after
completing the trial using a dip net. We used a custom replicated set-up of eight boxes that enabled us to test
multiple fish simultaneously under identical conditions, while minimising outside disturbances. Sessions were
automatically recorded at 12 fps in high-definition using Raspberry Pi computers (Raspberry Pi Foundation,
England) positioned in the top of each box.

Group shoaling experiments. To investigate the collective behaviour of the fish, groups were repeatedly
subjected to a white, circular Perspex tank (80 cm diameter, 20 cm height; 7 cm water depth), positioned
inside a large white light tent (200 cm × 100 cm × 160 cm) illuminated from all sides. For the fish, the tank
is a potentially dangerous environment due to being bright, open, and homogeneous, and results in fish to
strongly school together (see Figure S2). For the trials in the foraging contexts we placed three food patches
at random locations in roughly equilateral triangular formation in the tank, between 5 cm from the wall and
15 cm from the tank centre. Food patches consisted of white Perspex grids (5 cm × 5 cm × 1 cm) containing
five bloodworms each, randomly distributed among the grids’ 16 cells. The patches were constructed such that
fish would notice the prey items from a distance of approximately 10-15 cm. For the trials in the semi-covered
foraging context, artificial plants were positioned in the centre of the tank, creating a covered area with a
diameter of 15 cm.

Each group received a total of seven test trials: one in the classic context (30 min), four in the open
foraging context (5 min), and two in the foraging plus cover context (10 min). The group order of testing
was randomised but a fixed context order was used as not to confound the behaviour of the fish in the earlier
contexts with experience of the foraging patches and cover being available. Data analysis of the free-schooling
context trials focused on the first 5 min only (c.f.33) but trials lasted 30 minutes to enable the analysis of
certain temporal effects (see below). Before each trial, fish were taken from their individual compartment
using a dip net and allowed to acclimatise for 30 sec in black plastic cups, after which all five fish of a
group were simultaneously placed in a transparent Perspex cylinder (10 cm diameter) in the centre of the
tank. After another 30 sec acclimatisation, the fish were released by remotely raising the cylinder. At the
end of each trial, fish were placed back in their compartments, potential waste and remaining food items
removed, and tank water circulated to mix any chemical cues. Trials were recorded from above at 24 fps at
a resolution of 1400 × 1400 using Raspberry Pi computers. As groups received two foraging trials per day,
with 5 bloodworms provided in each foraging patch, hypothetically a fish could reach a maximum daily food
intake of 30 food items. This was by far never observed. Furthermore, sticklebacks under similar conditions
are capable of consuming up to 60 bloodworms within a three-hour timespan29. Satiation is therefore unlikely
to have had a strong effect on the observed foraging performance.

Automated tracking and data collection. We acquired highly detailed individual-based movement data
for both individual and group assays with custom tracking software written in Python version 2.7.12 (by
J.W.J.) using the OpenCV library. For the individual trials, a background image, created by averaging
the first 200 frames, was subtracted from each frame and fish identified via automatic tresholding using
constant threshold values. For the group trials we automatically identified fish based on their differently
coloured tags, which enabled us to acquire highly accurate tracking data linked to each individual, despite
occasional occlusions. Positional coordinates were converted from pixels to mm and subsequently smoothed
using a Savitzky & Sgolay smoothing filter with a window of 15 frames. After tracking, all trajectory data
were visually checked for any inconsistencies or errors and, if needed, manually corrected. In addition, we
performed manual video observations for the trials in the foraging contexts and recorded the time each food
item was eaten (0.1 sec precision) as well as the identity of the foraging fish.

Computation of behavioural data. Individual characteristics: We determined each fish’s velocity, speed,
direction, acceleration, and turning speed directly from the discrete tracking data using the following series of
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calculations. With the vector ri(t) = (xt(t), yi(t)) denoting the position of fish i at time t, we approximated
its velocity vi(t) = (ut(t), wi(t)) using the forward finite difference

vi(t) =
ri(t+ ∆t)− ri(t)

∆t
, (1)

where ∆t = 1/24 s is the time interval between subsequent position measurements. The speed vi(t) is then
given by the norm of the velocity vector, such that

vi(t) = |vi(t)| =
√
u2i (t) + w2

i (t). (2)

Next, we quantified the direction of motion using the angle ψi(t) between the velocity vector and the positive
y-axis, which is given by

ψi(t) = atan2(wi(t), ui(t)). (3)

Furthermore, we quantified the acceleration as a finite difference of the velocity

ai(t) =
vi(t+ ∆t)− vi(t)

∆t
=

ri(t+ ∆t)− 2ri(t) + ri(t−∆t)

∆t2
, (4)

and the turning speed, or angular velocity, as a finite difference of the angle,

γi(t) =
ψi(t+ ∆t)− ψi(t)

∆t
. (5)

As fish were placed at the origin of the Cartesian coordinate system pointing north, care was taken to compute
the correct angular difference with regard to the periodicity of ψi(t)

{γi(t) < −π)} : γi = 2π − |γi(t)| or {γi(t) > π)} : −(2π − γi(t)). (6)

Within group positioning: We determined the positioning and ordering of the fish in a group relative
to one another and to the direction of motion of the group centre using the following calculations and linear
transformations. To calculate fish nearest neighbour distance (NND), we computed a matrix of distances
between all individuals and then determined the minimum value for each fish and calculated the distance as

NNDi(t) = minj 6=t(
√

(xi(t)− xj(t))2 + (yi(t)− yj(t))2, (7)

where (xj(t), yj(t)) denotes the coordinates of the jth neighbour.
Next, for each time step we identified the mean coordinates of all fish in a group rc(t) = (xi(t), yi(t)),

that is, the group centre, and then estimated the velocity vc(t) and direction ψc(t) of the group centre at
time t using the calculations as for the individual fish (described above). Then for each frame we calculated
the distance of each fish to the group centre as

CDi(t) =
√

(xi(t)− xc(t))2 + (yi(t)− yc(t))2). (8)

To calculate relative positions of individuals to the group, we shifted the coordinates of each fish so
that the origin of the coordinate system was at the group centroid, and determined the angle between the
positive y-axis through the group centroid and an individual’s position

δi(t) = atan2(xi(t)− xc(t), yi(t)− yc(t)), (9)

which we subsequently used to calculate an individual’s relative direction to that of the group centre

σt(t) = δi(t)− ψgr(t), (10)

which we then adapted to fit to the Cartesian coordinate system pointing north

{σt(t) < −π)} : σt = 2π − |σt(t)| or {σt(t) > π)} : −(2π − σt(t)). (11)

Based on the relative direction and distance to the group centre, we then shifted the coordinates of each fish
so that the origin of the coordinate system lay at the group centre, and its direction pointed north, aligned
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with the positive y-axis:
(x′i, y

′
i) = CDi(t)(sin(σi(t)), cos(σi(t))). (12)

The transformed coordinates of the fish meant that fish with greater y-coordinates were at the front for a
given time step. We then counted the proportion of frames that each fish was located in front of the group
centre. To further examine inter-individual positioning in the group, we calculated fish’ relative direction
to that of its four group mates θij from the respective angles of the fish with the y-axis (ψj) following the
calculations as used for the relative positioning to the group centre.

Group characteristics: To examine the properties of the differently composed groups, we calculated the
speed of the group centre, group cohesion, and polarisation using the following calculations. For each time
step t, the speed of the group vc(t) is given by the norm of the velocity vector, such that

vc(t) = |vc(t)|. (13)

We then calculated the average inter-individual distance IIDc(t), as a measure of group cohesion, based on
the individual distances IIDij between all fish in a group

IIDij =
√

(xi(t)− xj(t))2 + (yi(t)− yj(t))2) (14)

using

IIDgr(t) =
1

n

n∑
j 6=i

IIDij . (15)

And finally we calculated the polarisation of the group

ρ(t) =
1

n

√√√√( n∑
i=1

sin(ψi(t))

)2

+

(
n∑

i=1

cos(ψi(t))

)2

(16)

which is a measure of the alignment of the fish in the group relative to each other, and ranges from 0 (complete
non-alignment) to 1 (complete alignment).

Schooling is defined as a cohesive group that moves with considerable speed and alignment, while a
group is said to swarm when it is cohesive but has no or little speed and/or alignment between its members21.
To investigate the schooling tendency of the groups, we computed the distributions of the three fundamental
components of schooling on the full dataset: group cohesion, speed, and polarisation (see Figure 3 and
Figure S2). Furthermore, based on the detailed distributions of all groups and parameters from previous
work25,32, we also categorised groups to school, based on the following criteria: average inter-individual
distance IIDgr ≤ 160, speed of group centre vector vgr ≥ 0.5 BL/s, polarisation ρ ≥ 0.6, no outliers or group
split. Outliers and group splits were computationally identified based on a non-linear distribution of ordered
distances between all group members in terms of the IID and NND, with parameters identified based on the
raw data distributions.

Propagation of motion: To investigate leadership in terms of the propagation of movement changes
in the group, we examined temporal correlations in speeding and turning changes for all dyads within a
group32,35. We compared the speed and direction of the two fish in a dyad up to 72 frames (3 sec) earlier and
later, in time steps of 1/24th s, and quantified the mean time point of the maximum correlation coefficient
(see Figure S3). A leading event was said to have occurred when a fish’ change in speed or direction was
‘copied’ by another fish delayed in time. Subsequently, we constructed leadership networks based on the time
delays between all group members following Nagy et al35. Analysis was restricted to frames in which fish
were less than four body lengths apart and moved faster than 1 BL/s.

Foraging and hiding behaviour: For the trials in the two foraging contexts we used the positional data
to compute the order that individuals arrived in the vicinity (≤ 30 mm) of and above the foraging patches.
We defined the first fish to ‘discover’ a foraging patch as the one that first arrived in its vicinity during a
trial. For the trials in the semi-covered foraging context we also calculated the proportion of time individuals
spent out of cover (with at least half their body), the proportion of time individuals spent out of cover alone,
and their average order number for leaving cover. In turn, these measures were used to calculate the average
number of fish out of cover and the proportion of time all fish were out of cover.

Data analysis. Data were analysed in R 3.2.0. We used a generalised linear mixed modelling approach44

to investigate the effects of inter-individual behavioural differences on behavioural repeatability as well as
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individual and group shoaling and foraging behaviour. To assess individual behavioural consistency, we cal-
culated Consistency Repeatability45 using linear mixed models that included day as a fixed effect and fish ID
as a random factor. We calculated 95% confidence intervals of repeatability by running 10,000 permutations
of each test. Significant effects are those with a confidence interval that does not overlap 0. Boldness and
social proximity scores were scaled between 0 and 1, with social proximity values square-root transformed
and inverted before scaling. Neither fish’ boldness tendency nor social proximity tendency was significantly
correlated with body size (p = 0.804 and p = 0.765). The randomized group compositions (n = 25 groups)
were normally distributed in terms of the average personality types.

For the behaviours in the shoaling experiments, response variables were calculated based on the the
distribution of the data on a frame-by-frame basis, with mean values calculated for approximately normal
(transformed) distributions and median values when data was skewed. For the individual-level models we
included individual boldness and social proximity scores and the interaction between them as fixed effects.
Group identity was fitted as a random factor to account for the non-independence of individuals within a
group, and individual identity nested in group identity was additionally included for the trials in the two
foraging contexts to account for the repeated measures-nature of the data. For the group-level models we
fitted the mean boldness and mean social proximity tendency of the group and the interaction between
them. We only included measures of group variability in behavioural tendencies in the case of clear a priori
hypotheses as not to over-parameterise our models. Food intake and the likelihood to discover the foraging
patches were fitted to a Poisson error distribution with log link function, appropriate for count data. To
investigate how the effect of inter-individual differences on the proportion of time fish spent in the front of
the group changed over time, we compared models based on the first 5 min and full 30 min of the trial.
To investigate the propagation of speeding and turning changes in the groups, we ran an ordinal logistic
regression with individual boldness and social proximity tendency ranks in the group as fixed factors, and
the random data structure as described above. We analysed the foraging behaviour of individual fish and
the groups over time with Cox proportional hazards (survival) regression models. Survival analyses avoid
censoring the data, thereby allowing for the assumption that fish or groups assigned to maximum time may
have foraged or finished all the food respectively had the trials run longer. For these analyses, the data were
clustered around fish identity and group identity to account for dependence in the data and for trial to
account for changes over time.

Minimal adequate models were obtained by backward stepwise elimination following Crawley44, i.e.
sequentially dropping the least significant terms from the full model, until all terms in the model were
significant (all interaction terms were non-significant unless documented). Statistics for non-significant terms
were obtained by adding the term to the minimal model. We also report AIC when comparing models when
based on different subsets of the data. Residuals were visually inspected to ensure homogeneity of variance,
normality of error and linearity where appropriate. Differences in variance were analysed using a Levene’s
test, making sure there was no difference in variance in the personality composition of those groups. Data
were log- or square-root transformed if assumptions were violated, or, where appropriate, a robust Spearman
rank correlation test was used. We had to exclude one group onwards from the 4th open foraging context
trial due to the death of one fish, and one trial in the open foraging context and one trial in the semi-covered
foraging context due to experimental errors. For two cover context trials no foraging data could be collected
due to a recording error. To control for multiple testing, we employed a False Discovery Rate correction for
all statistical tests, with corrected p-values stated in the text. p < 0.05 is reported as significant and means
are quoted ± SEM throughout unless stated otherwise. Other statistical parameters are reported in the main
text and figure legends.

Individual-based modelling. Overview: We adapted a simple spatially-explicit self-propelled particle
model detailed in Couzin et al24 and combined it with goal-oriented behaviour (omega)26,27, which showed
it to be an important factor in individuals’ responses to known resource locations. We deliberately chose this
simple model, not to obtain a quantitative comparison to the experiments, but to determine if the general
results are consistent with theory, and seek a parsimonious explanation for the observed patterns.

Framework: Groups were composed of individuals, each characterised by a position vector ci(t), a unit
direction vector v̂1(t) and speed |vi(t)|, where i is the identity of the individual and t is the current time step.
The speed of each individual is drawn from a normal distribution to represent consistent inter-individual
differences. Hence, each individual differs in speed and a given individual’s speed remains constant within
a simulation. While having a constant speed is an oversimplification (to obtain the simplest possible model
formulation that can explain the experimental results), due to the nature of response to social interactions,
individuals can effectively slow down, or speed up, by virtue of modifications to the small-scale tortuosity of
their motion. For example, fast individuals at the front of groups will tend to be attracted to those behind,
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resulting in them taking a more tortuous path, effectively slowing them in the direction of travel of the group
as a whole, whereas slower individuals trailing groups will exhibit highly directed motion that increases their
relative speed in the direction of travel with respect to other group members (see Video 3).

Social interactions with others were accounted for through three types of interactions: repulsion, align-
ment and attraction. Individuals turn away from nr neighbours encountered within a small radius (rr) around
them. This represents collision avoidance and maintenance of personal space expressed by the agents, and,
as is apparent in real schools30,31, takes highest priority.

sr(t) = −
nr∑
j 6=i

cj(t)− ci(t)
|cj(t)− ci(t)|

(17)

where sr(t) represents the social component of an individual’s desired direction of motion after responding
to individuals within rr.

If no individual is present within radius rr, the focal individual orients itself with individuals within ra.
These zones are circular, with a blind area of α◦ behind the individual. In these zones, individuals interact
with conspecifics only in the remaining (360− α)◦. All three zones are non-overlapping and their widths are
defined as ∆rr = rr, ∆ro = ro−rr, and ∆ra = ra−ro. Since we simulated a group of five individuals, and due
to the relatively small environment in which experiments were conducted, where individuals can readily see
others at the maximum possible spacing, we set the maximal range of perception, ra to ∞. Each individual
attempts to align its direction of motion with no neighbours in the zone of orientation, giving

so(t) = −
no∑
j=i

vj(t)

|vj(t)|
(18)

and is attracted towards positions of individuals within the zone of attraction

sa(t) =

na∑
j 6=i

cj(t)− ci(t)
|cj(t)− ci(t)|

. (19)

Once individuals have a social vector, they reconcile this with their goal-oriented tendency gi(t)
weighted by a continuous term ω, which represents the strength of individual goal-orientedness. Like speed,
individual ω is drawn from a Gaussian distribution (to represent consistent inter-individual differences) and
remains constant in a given simulation

di(t+ ∆t) =
n∑

i=1

si(t)

|si(t)|
+ ωĝi(t). (20)

di(t+ ∆t) is then normalised d̂i(t+ ∆t) = di(t+ ∆t)/|di(t+ ∆t)|, to represent the desired direction of motion
of the individual. Individuals’ goal-oriented vector gi(t) points in the direction of their current motion until
they enter a radius rc of a rewarding cue. This can be interpreted as their inertia, or their desire to continue
moving in their current direction when reward is not perceived. Once individuals are within this set radius,
their goal-oriented vector gi(t) is directed towards the reward to an extent determined by their ω. Once
individuals are on a food patch, they feed with a feeding rate f .

Motion of all individuals is subject to noise (error in movement and/or sensory integration) which is

implemented by rotating d̂i(t+∆t) by a random angle chosen from a circularly wrapped Gaussian distribution
centred at 0 and of standard deviation e. Once the desired direction has been determined, individuals turn
towards d̂i(t+ ∆t) with a maximum turning rate of ψ∆t.

In the foraging context (see below), boundary conditions were enforced by modifying the desired
direction of an individual to equal a boundary vector bi(t) when they reached a narrow zone near the edge
of the arena. Boundary vector bi(t) is a unit vector pointing towards the centre of the arena. This was done
to allow agents to avoid walls and to prevent them from leaving the arena. In the free schooling context,
individuals were initialised in a periodic boundary environment to ensure that no boundary related artefacts
are observed while measuring spatial positioning of individuals.

Simulations: In line with the experiments, we started with simulations of groups composed of five
individuals. To simulate the free-schooling context and open foraging context presented in the experiments, we
initialised the groups both in an open, boundary free environment and in a circular environment that contained
three food patches (10 units radius). Individuals were initialised with random positions and directions in the
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Table 1. Summary of individual-based model parameters.

Parameter Symbol Values explored
Arena size A 500
Zone of repulsion rr 1
Zone of orientation ro 6
Zone of attraction ra ∞
Field of perception α 270◦

Turning rate ψ 60◦

Speed |v| 0.1− 2.0
Speed error es 0.1
Omega ω 0.01− 0.1
Omega error eω 0.01
Timestep increment ∆t 0.1
Cue detection radius rc 30
Nr of food patchesa 3
Nr of food items per patcha 50
Feeding ratea f 0.001
aForaging context simulations only

middle of the arena, again in line with the experimental procedure. Details about model parametrisation
can be found in Table 1. Parameter values for the schooling models are standard values, previously explored
in24,25. To explore further how the effects may be group-size dependent, we ran additional simulations with
larger groups of twenty. As speed distributions are often right-skewed and bound at zero, including our
experimental data (see Figure S1), we also ran simulations of the free-schooling context (for one specific
parameter condition) with a Gamma distribution of shape parameter (k = 0.4 and scale parameter, θ =√

0.05). These parameters were chosen so that the distribution had a mean within our tested range and
variance identical to the one used in case of the Gaussian distribution. For the free-schooling context we ran
simulations of 2,000 time steps and for the foraging context 10,000, with data being stored every 200 and 500
time steps respectively, with 400 replicates of each parameter condition explored.
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Supplemental Information

Figure S1. Consistent inter-individual behavioural tendencies. Related to Figure 1. (A) Schematic of the
‘boldness assay’, a rectangular tank with a deep refuge area that leads to an increasingly shallow open area on the
other side. (B) Line plot showing individual repeatability in terms of the proportion of time fish spent out of the refuge
(‘boldness tendency’), which was strongly, positively linked to their average distance out of cover (r123 = 0.668, p <
0.001). (C) Schematic of the ‘sociability assay’, a tank with a large centre compartment for the focal fish, and two
side compartments, one empty and one containing five conspecifics. (D) Line plot showing individual repeatability
in terms of the average distance from the conspecifics’ compartment (‘social proximity tendency’). (E) Relationship
between individual boldness and social proximity tendencies (n = 125 fish) and their distributions (grey bars), with
personality scores scaled between 0 and 1. These plots show that fish were highly repeatable in their tendency to
explore out of cover, as well as in their propensity to stay near the confined shoal in the sociability assay, with no
link between them. (F) Group compositions in terms of the individual group members’ boldness and social proximity
tendencies (n = 25 groups of 5). (G) Line plot showing predicted speed curves (quadratic fit) for both testing trials
of each fish in the sociability assay in terms of the distance from the compartment holding the shoal. A speed score
was calculated for each fish by determining the speed where the curve was maximal, averaged across both trials, to
minimise issues with restricted speed near the partition. (H) Relationship between fish’ social proximity tendency
and their average speed score (scaled). (I) Relationship between social proximity tendency and average swim speed
in the boldness assay (r118 = −0.28, p = 0.005). Plots (G-I) indicate a strong, negative relationship exists between
social proximity and swim speed.
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Figure S2. Surface plots of group and individual movement dynamics. Related to Figure 2 and 3. Plots
are based on the full dataset in the open, homogeneous context with time steps of 1/24th s. (A) Relationship between
group speed and cohesion. (B) Relationship between group speed and polarisation. (C) Relationship between group
cohesion and polarisation. Data was cropped to show the most relevant area only (respectively 86.3%, 88.2%, and
97.3% of the full parameter space). Contours represent iso-levels in percentage of the highest bin for data of all groups
combined. These plots indicate a strong link between group cohesion, speed, and polarisation, with faster moving
groups being less cohesive and more strongly aligned. Groups moved at a steady median pace of 30.0 mm/sec, with
an average group cohesion (IID) of 70.7 mm. In the direction of motion, groups had an average length of 100 mm
and rarely exceeded 300 mm. Groups were strongly polarised the majority of the time (median = 0.92) and had very
low levels of fragmentation, with significant outliers or group splits (for explanation, see Methods) only occurring
4.9 ± 1.5% of the time. (D-G) To investigate the individual interaction rules, we selected each fish in each group
and computed its position, acceleration, and turning forces relative to the position and speed of its group mates (see
Methods). Distances are expressed in units average body length (‘BL’). (D) The probability of finding neighbouring
fish at a given position relative to the position of the focal fish, which was placed at the origin pointing north. Fish
density is presented in percentages relative to the densest bin for all groups combined. (E) and (F) Respectively
the acceleration and turning speed of the focal fish as a function of the position of its group mates. (G) Focal fish’
acceleration forces as a function of the swim speed of its group mates and its front-back distance. For the turning
speed, positive values indicate a right turn and negative values a left turn. Data was cropped to show the most
relevant area only (D-F: 92.1% and G 93.3% of the full parameter space). These plots indicate that on average, (D)
fish are very likely to be within one body length of another group member side-by-side, and within two body lengths
front-to-back (NND = 39.0 mm), (E) fish speed up when a neighbouring fish is far ahead or just behind them, but
slow down when a neighbouring fish is far behind or just in front, (F) fish turn left when a neighbouring fish is on its
far left side and turn right when its neighbour is on its far right side, with weaker opposite turning tendencies when
neighbouring fish are very close, and (G) fish acceleration forces become stronger the faster the neighbouring fish is
moving.
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Figure S3. Propagation of movement changes. Related to Figure 2. To investigate the propagation of
movement changes, we selected each fish in each group as focal individual and compared its swim speed and direction
to that of all its group mates up to 3 seconds later, at time steps of 1/24th s. We then determined the average
time difference for the highest correlation across the trial for all dyads in each group. Fish were ranked based on
their social proximity tendency (rank 1-5) within each group. (A) and (B) Bar plots depicting number of dyads for
which movement changes on average propagated from the fish with the higher social proximity tendency versus from
the fish with the lower social proximity tendency. Bars show mean values for rank difference of 1-3 (n = 100, 75,
50 respectively) and total number for a rank difference of 4. Dotted line represents the value that both personality
ranks would lead equally. (C) and (D) Median correlations in movement changes for the fish with the highest social
proximity tendency relative to fish with the lowest social proximity tendency in each group and the other way around.
Correlation coefficients were scaled for each group to control for between-group variability, and analysis was restricted
to frames in which both fish were moving at a speed of at least 10 mm/s during the full 30 min trial in the free-
schooling context. Both the (C) the swim speed correlation and the (D) turning correlation of fish with the highest
social proximity tendency in a group peaked after zero, with a delay time of less than 0.5 s before decaying (indicated
by the grey dotted line), whereas for fish with the lowest social proximity tendency the correlation curve does not
show such a peak. This suggests that fish with a higher social proximity tendency on average speed up, slow down
and turn in response to the speed and direction of fish that have a relatively lower social proximity tendency. Both
speeding, r123 = 0.65, p < 0.001, and turning changes, r123 = 0.54, p < 0.001, were positively linked with the tendency
to be in front. These plots thus show that fish with a higher relative tendency for social proximity, which moved faster
in the solitary and group assays and were more in front, are more likely to lead their group mates in terms of both
(A) the propagation of speeding changes (ordered logistic regression: z = −2.78, p = 0.012) and (B) the propagation
of turning changes (z = −2.76, p = 0.012), and that this increases the larger the rank difference between the two fish.
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Figure S4. Data from the individual-based model simulations. Related to Figures 2, 3 and 4. (A)
Mean distance in front/behind the group centroid in terms of an individual’s speed rank (blue) or omega rank (goal-
directedness; red) in the group. (B) Density plot of the proportion of time individuals spent in front of the group
centroid in terms of their set speed, categorized in three equally sized bins with the intermediate bin not shown for
clarity. (C) Mean nearest-neighbour distance in terms of an individual’s speed rank (blue) and omega rank (red).
(D) Mean nearest-neighbour distance in terms of an individual’s speed rank but now with speed scores drawn from
a gamma distribution, see Methods and Figure S1. Front/back and nearest-neighbour distances were averaged across
the simulation and expressed in units of repulsion radius. Error bars indicate 95% confidence intervals of the mean.
These plots indicate that within a group, faster individuals tend to be towards the front of the group and further
from their neighbours (note, also very slow individuals tend to be further away), especially when the distribution of
individual speeds is right-tailed. Individual goal-directedness (omega) had no effect on these behaviours. Compare with
Figure 2 and see Figure S1. (E-H) Surface plots depicting the relationship between (E) group speed and cohesion,
(F) group speed and polarisation, (G) group cohesion and polarisation for groups of 5 individuals, and (H) group
cohesion and polarisation for groups of 20 individuals. Plots are based on the full dataset but cropped to show the
most relevant area only (respectively 90.3%, 90.4%, 92.2% and 85.8% of the full parameter space). Colour scale is
square-root transformed and reflects z-scores in percentage relative to the highest bin, with contours representing
iso-levels. Plots (A-H) are based on 400 replicates of 2,000 time steps taken at intervals of 200 time steps. Plots
(E-H) indicate that faster groups, i.e. those composed of individuals with higher set speed, were sparser and more
polarised than their slower counterparts. The link between speed and polarisation becomes especially clear when the
group is larger, with groups of 20 needing higher speed to reach the same level of polarisation. The effect of speed
on inter-individual distance, however, is weak. This is partly due to the three zone model, which allows for stable
existence of neighbours in the alignment/orientation zone alone (see Methods). Compare with Figure 3 and Figure
S2. (I) Cumulative food intake over time, showing mean values for groups evenly split into four categories based on
their average set speed and goal-directedness (omega). (J) Surface plot showing individual food intake calculated as
the number of food particles consumed by an individual in terms of its speed and goal-directedness (omega). Data
was cropped to show the most relevant area (73.6% of the full dataset). (I-J) are based on 400 replicates of 10,000
time steps taken at intervals of 500 time steps. These plots indicate an interaction between agent speed and omega
drove both group and individual foraging performance: groups depleted the food more quickly the faster and more
goal-oriented they were, and within groups, individuals that were faster and more goal oriented consumed more food.
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This is linked to the fact that faster individuals are more in front and therefore arrived at rewards sites sooner than
their group mates, while omega determined an individual’s directedness towards the food once within the cue detection
radius (see Methods). Compare with Figure 4.

Supplementary videos

Video S1. Individual personality assays.
Video showing the tracking of an individual fish in the ’boldness’ assay and in the ’sociability’ assay with the
behavioural measures automatically acquired.

Video S2. Group shoaling experiments.
Video showing a group of fish tested in the three assays used for the group experiments: an open, homogeneous
environment, an open environment with patches of food, and a semi-covered environment with patches of
food.

Video S3. Individual-based simulations of self-organising, heterogeneous groups.
Video showing a visualisation of the individual-based simulations of self-organised groups consisting of 5 and
subsequently 20 agents, with the emergence of leadership plotted dynamically over time.
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