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The emergent patterns of collective motion are thought to arise from appli-
cation of individual-level rules that govern how individuals adjust their
velocity as a function of the relative position and behaviours of their neigh-
bours. Empirical studies have sought to determine such rules of interaction
applied by ‘average’ individuals by aggregating data from multiple individ-
uals across multiple trajectory sets. In reality, some individuals within a
group may interact differently from others, and such individual differences
can have an effect on overall group movement. However, comparisons of
rules of interaction used by individuals in different contexts have been largely
qualitative. Here we introduce a set of randomization methods designed to
determine statistical differences in the rules of interaction between individuals.
We apply these methods to a case study of leaders and followers in pairs
of freely exploring eastern mosquitofish (Gambusia holbrooki). We find that
each of the randomization methods is reliable in terms of: repeatability of
p-values, consistency in identification of significant differences and similarity
between distributions of randomization-based test statistics. We observe con-
vergence of the distributions of randomization-based test statistics across
repeat calculations, and resolution of any ambiguities regarding significant
differences as the number of randomization iterations increases.
1. Introduction
Coordinated collective motion is a ubiquitous phenomenon, manifest across
multiple species [1,2]. In many instances, large groups move in a coherent
and cohesive manner, producing striking patterns, without centralized control
or prior planning. The broad, prevailing hypothesis is that the group-level pat-
terns of collective motion, including coordinated directed movement, arise from
relatively local social interactions between individual group members [1,2].
Such interactions are sometimes referred to as ‘rules of interaction’ or ‘rules
of motion’ and describe how individuals adjust their velocity as a function of
the relative positions, velocities and behaviours of their group mates [3].

Model-based interaction rules often include mechanisms for at least one
of the following: collision avoidance with nearby group mates (repulsion),
alignment/orientation with the movements of group mates at intermediate dis-
tances and attraction/cohesion to group mates to facilitate joining a group
when an individual is isolated, to maintain group membership and to avoid
or limit separation from the group for individuals [4–10]. With such rules, or
a subset of such rules, in action, models of collective motion can generate pat-
terns of movement that reasonably resemble real animal motion across a range
of species and contexts.

Models including those referenced above grew to dominate the theory and
understanding of collective animal movement. Empirical support for the
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hypothesis that collective animal motion arises from local
interactions was limited to comparisons between emergent
patterns from models and local group structure, such as
neighbour distances, in real groups. This was until advances
in animal tracking, and methods for analysing the trajectories
of animals, led to the development of methods for resolving
rules of interaction from observational data in much finer
detail. One of the seminal studies in this area tracked the
motion of starlings in three dimensions over short time
periods via stereophotography, and found evidence of the
use of local interaction rules in the statistical distribution of
neighbours relative to other individuals [11]. Subsequent
studies then examined the tendency for individuals to align
in flocks of homing pigeons [12], and found further evidence
for the presence of local interactions driving collective motion
in the local group structure and alignment of flocks of surf
scoters [13]. At a similar time, methods were developed to
estimate interactions directly from animal (or particle) trajec-
tories [14,15]. Building on this sequence of studies, Herbert-
Read et al. [3] and Katz et al. [16] then concurrently applied
techniques for estimating the average rules of interaction
used by individuals undergoing two-dimensional motion to
trajectory data of fish obtained by visual tracking. Explicitly,
these methods estimated the components of the average
changes in an individual’s velocity as a function of: the rela-
tive coordinates of their group mates, along with the speed of
the individual, the relative direction from the individual to
their group mates and the speed of the group mates. Both
studies revealed the presence of collision avoidance and
attraction behaviour, consistent with model assumptions,
but the details of these behaviours differed from how they
have been modelled in some cases.

Subsequent studies have taken the analysis of interactions
in collective motion further. Strandburg-Peshkin et al. [17] used
ray-casting methods from computational science to infer
the visual network in moving groups of fish, and identified
that such visual networks better explain behavioural respon-
ses than the alternatives of metric, topological or Voronoi
diagram-based networks [17]. Tunstrøm et al. [18] performed
a systematic analysis of the emergent states of shoaling fish
via order parameters at fine temporal scale; the decoupling
of social and boundary interactions, and bursting and coasting
movements, were addressed in [19,20]; and Heras et al. [21]
used artificial neural networks to infer interaction rules,
including work to understand which independent variables
are most important in the determination of such rules. The
ambition of recent work has even extended to inference of
repulsion and attraction behaviour in ancient, and extinct,
species through the structure of fossilized fish shoals [22].
A number of studies over the last decade have also sought
to construct collective motion models informed by, or derived
directly as part of, the process of estimating rules of interaction
[19,20,23–25]. The resulting ‘data-driven’ models allow for an
examination of the accuracy of estimated rules of interaction
via comparisons of simulated and real group-level properties
of movement.

Many of the studies outlined above infer interactions, or
their presence, by aggregating data across multiple individuals
or observational trials [3,11,13,16,21], and in so doing generate
a picture of the behaviour of an average individual. For large
enough groups of animals that exhibit a tendency to conform
with the movements of others [26], the behaviour of this aver-
age individual may be a good indicator of the behaviour of the
real individuals in the group. However, this may not be the
case for all moving groups, and theoretical [27] and experimen-
tal work [28] has shown that the structure and dynamics of
collective movement are affected by differences between indi-
viduals in interaction rules, sociability and locomotion. Such
individual differences could be due to differences in internal
state, such as hunger level [29,30], the acquired knowledge of
individuals [31,32], cues in the environment [33,34] or the
fact that a group comprises mixed species [35]. In broad
terms, understanding the relationship between individual het-
erogeneity, across a broad range of physiological and
behavioural traits, and group-level behaviour has become fun-
damental to better understanding of not just collective
movement, but collective behaviour in general [36].

A key element to understanding whether there are differ-
ences in rules of interaction between categories of individuals
is an appropriate statistical test. As an initial attempt to address
this problem, a randomization method was applied to examine
potential differences in interactions between leaders and
followers in pairs of free-swimming eastern mosquitofish
(Gambusia holbrooki) in the prototype work for this study [37].
That method identified particular intervals, to the front and
back or sides of individuals, over which the difference in
responses of leaders and followers to their partners, in terms
of changes in speed, changes in direction of motion, speed
and the statistical distribution of neighbour positions, were
larger than might be expected at random. A similar approach
was applied by Harpaz et al. [38] to examine differences in
the weighting applied to social rules of interaction and inter-
actions with arena walls between free-swimming naive
zebrafish (Danio rerio) and zebrafish trained to seek food in
the arena. The approach applied in [38] differed from that in
[37] in that the measures of interest were compared over
regions in two dimensions, rather than intervals in one dimen-
sion, and t-tests rather than randomizations were applied to
identify any significant differences. Both approaches suggested
some differences (at the 0.05 significance level) between the cat-
egories of individuals being compared. However, both analyses
were performed over relatively large numbers of intervals
(47 per behavioural measure in [37]) or regions (42 including
the arena walls in different directions in [38]) without taking
into account the potential for false positives owing to multiple
testing. Beyond these two studies, direct comparisons of rules
of interaction inferred from observational data have been
largely qualitative. For example, work in [34] examined poten-
tial differences in estimated rules of interaction functions
applied by X-ray tetras (Pristella maxillaris) in the presence of
water-based chemical cues via visual inspection of the fitted
curves. A similar approach was applied in [35] to compare
the estimated rules of interaction applied by threespine stickle-
backs (Gasterosteus aculeatus), ninespine sticklebacks (Pungitius
pungitius) and roach (Rutilus rutilus) in mixed-species shoals.

In this paper, we describe a set of randomization methods
for identifying when there are statistically different rules
of interaction between differently categorized individuals
within groups. The approach applied here is more in line
with standard statistical methods for comparing curves or
distributions [39–42], where differences between curves are
summarized by single numerical values, rather than a mul-
tiple-test approach, as applied in [37,38]. The schemes that
we have developed are general, and can be partnered with
any technique for fitting functions that estimate rules of inter-
action from observational data (such as [3,16,19–21]). For this
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Figure 1. (a) The relative frequency, p, that partners occupy given x-coordinates for leaders (red curve) and followers (blue curve). In this plot the focal individual is
located at the origin, and is travelling parallel to the positive x-axis ( from left to right). (b–d) The results of randomization calculations based on mean (b), median
(c), or maximum (d) absolute difference tests. The number of iterations, n, performed for each randomization test increases from left to right across the columns of
this figure. Within each panel, histograms illustrate the distribution of randomized test statistics for each of five repeat tests (coloured histograms) for each form of
test statistic and number of randomization iterations. A vertical dashed red line indicates the observed absolute difference between the fitted functions according to
the chosen test statistic. P-values for each repeat test are tabulated in the legend of each panel.
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study, rules of interaction and related quantities, were deter-
mined by the force-matching methods used in [34], which
have been shown to be capable of inferring model
prescribed rules of interaction from simulated data to a
reasonable level of accuracy, even when data are relatively
limited [43] (see electronic supplementary material, §S2 for
further discussion). We apply our randomization methods
to a case study to examine potential differences in the rules
of interaction, and related quantities, between leaders and
followers in pairs of freely exploring eastern mosquitofish
in shallow water in a laboratory. As part of this work we
examine the convergence, repeatability and parsimony of
each of the randomization schemes.
2. Material and methods
2.1. Rules of interaction and related measures
Electronic supplementary material, §S1 details the method that
we applied to estimate rules of interaction in the form of the aver-
age changes in the components of velocity of individuals (via
changes in speed, Δs/Δt, and direction of motion, Δθ/Δt) as a
function of the relative (x, y) coordinates of their group mates.
The consistent frame of reference for the fitted functions was
constructed so that a ‘focal’ individual was located at the
origin of the coordinate system (0, 0), and the direction of
motion of the focal individual was aligned with the positive x-
axis. In addition we examined the relative frequency that
group mates occupied particular relative coordinates in the
same coordinate system, and, for supplementary calculations,
the mean speed of individuals as a function of the relative coor-
dinates of group mates, along with measures of the relative
alignment with group mates at given coordinates.

2.2. Randomization methods
We developed the following randomization tests as a first
attempt at identifying when there are significant differences in
the rules of motion applied by individuals belonging to two
different categories within moving groups. The tests can be
immediately and simply modified to make comparisons between
more than two categories by applying a two-category test to all
pairs of categories, and then making an appropriate correction
to significance levels to take into account multiple comparisons,
such as applying the Holm–Bonferroni method [44]. Although
the case study examined further below is of data derived from
the movements of pairs of eastern mosquitofish, the methods
described here are immediately applicable to larger groups,
where categories of interest contain more than one member per
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Figure 2. (a) The relative frequency, p, that partners occupy given y-coordinates for leaders (red curve) and followers (blue curve). In this plot the focal individual is
located at the origin, and is travelling parallel to the positive x-axis (out of the page, and towards the reader). Details of (b–d) are the same as those in figure 1.
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set of observations, and to any species, given individual trajec-
tory data with sufficiently fine temporal resolution.

The first step in the two-category tests is to divide individ-
uals within groups (or separate sets of observations) equally
into the natural categories of interest/to be compared, such as
leaders and followers (as for the case study examined here), or
into differently treated group members, which, for example,
could be hungry and satiated individuals as was the case for
the mixed groups of crimson spotted rainbowfish studied in
[30]. Having made this division, the next step is to fit a separate
average rules of interaction (or some associated measure) func-
tion to the data from individuals in the two natural categories
following the methods described in electronic supplementary
material, §S1 (or another valid approach, such as that used by
Katz et al. [16], Calovi et al. [19], Escobedo et al. [20] and Heras
et al. [21]). We denote these fitted functions as A and B. We
then adopt one of the three following measures as a quantifier
of how different the fitted functions are between the different cat-
egories of individuals: the mean absolute difference between the
observed functions (Dmean), the median absolute difference
between the observed functions (Dmedian) or the maximum absol-
ute difference between the observed functions (Dmax), where the
mean, median or maximum is taken across all the bins used in
determining the functions (see electronic supplementary
material, §S1.2 for details on binning). Explicitly, the mean
absolute difference is given by

Dmean ¼ 1
Nb

XNb

k ¼ 1

jAk � Bkj,
where Ak and Bk are the values of the fitted functions, A and B, in
the kth of Nb bins. The median and maximum values of the set of
jAk � Bkj are also determined via standard processes. We then
apply the following randomization procedure for n iterations.

(1) Randomly assign equal numbers of individuals within each
set of observational data into two categories, C1 and C2.

(2) Generate a separate rules of interaction (or related measures)
function for C1 and C2 individuals.

(3) For each iteration, m, determine the mean, median or maxi-
mum absolute difference across bins of the C1 and C2

functions (as is consistent with the chosen reference statistic),
Dm

mean, D
m
median or Dm

max.

An estimate for the probability of observing a mean, median or
maximum absolute difference greater than the reference distance
D (omitting the subscripted mean, median or max identifier)
with individuals randomly categorized is then

P ¼ the number of Dm . D
n

:

Low values of p (less than 0.05) then suggest that the
observed difference between fitted functions based on the
selected categorization of individuals within groups is signifi-
cantly larger than would be expected based on random
categorization of individuals within groups. We discuss efficient
implementation of the above randomization scheme in con-
junction with estimating rules of interaction in electronic
supplementary material, §S3.
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Figure 3. (a) The relative frequency, p, that partners occupy given (x, y) coordinates for leaders (left) and followers (centre). In these plots the focal individual is
located at the origin, and is travelling parallel to the positive x-axis ( from left to right). The colour scale on these plots is such that bluer regions correspond to lower
densities, and redder regions correspond to greater densities. Details of (b–d) are the same as in figure 1.
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2.3. Case study: leaders and followers in pairs of female
eastern mosquitofish

We trialled our randomization methods on a set of 40 obser-
vations of pairs of female eastern mosquitofish (G. holbrooki)
freely exploring a simple experimental arena (detailed in elec-
tronic supplementary material, §S5). We categorized
individuals within each pair as leaders or followers based on
the proportion of time spent at the front of the pair by each indi-
vidual, when the pair were at close range to each other (electronic
supplementary material, §S5).
2.4. Case study: measures examined, convergence
and repeatability

We applied our randomization methods with each test statistic to
examine potential differences between leaders and followers in
pairs of mosquitofish across the following measures: the relative
frequency, p, that partners occupied given relative x, y or (x, y)
coordinates; the mean change in speed, Δs/Δt, of an individual
as a function of the relative x, y or (x, y) coordinates of its partner;
and the mean change in direction of motion, Δθ/Δt, of an indi-
vidual as a function of x, y or (x, y). In supplementary
calculations, we also examined: the mean speed of an individual,
s, as a function of x, y or (x, y); and the mean directions of motion
of partners as a function of their (x, y) coordinates, along with the
focus, R, about these mean directions.
We examined the effect of increasing the number of ran-
domizations on p-values and distributions of randomized test
statistics, by performing sets of n = 100, n = 1000 and n = 10 000
randomizations for each measure and test statistic. We also exam-
ined the reliability of our results by repeating our calculations
five times for each test statistic, measure and number of ran-
domizations. (In total, we performed 2 331 000 randomization
calculations for this study.) We made qualitative comparisons
of the p-values derived from each test, along with the distri-
butions of test statistics using histograms with consistent
binning (for each test statistic at each resolution/number of ran-
domizations). We also used two-sample Kolmogorov–Smirnov
tests [40–42] to compare distributions of randomized test stat-
istics for each of our mean, median and maximum absolute
separation tests, for each measure and value of n, with signifi-
cance thresholds corrected according to the Holm–Bonferroni
method [44] to take into account multiple pairwise comparisons.
3. Results
Over the domain of our plots partner fish tended to occupy
regions to the front and back of focal individuals more fre-
quently than to their sides (figures 1–3). There are also
clear regions relatively rarely occupied by partners close to
the focal individual in figure 3.

The fish in our observational set tended to speed up when
their partners occupied a small region close to and behind
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Figure 4. (a) The mean change in speed, ðDs=DtÞ(x), of leaders (red curve) and followers (blue curve). In this plot, the focal individual is located at the origin,
and is travelling parallel to the positive x-axis ( from left to right). Details of (b–d) are the same as in figure 1.
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them, and slow down when their partners were close to and
in front of them (figures 4–6; the region where these effects
are evident extends out to a distance of about 30–40 mm
from the location of the focal individual). When partners
were further away and behind, individuals tended to
reduce their speed; when partners were further away, but to
their front, then individuals tended to increase their speed.
This behaviour is consistent with moderation of speed to
avoid collisions at short range, so as not to be separated by
too great a distance from partners, and was previously
observed in [3]. The region over which speed moderated
avoidance behaviour was observed coincided approximately
with the region relatively rarely occupied by partners, close to
the focal individual (figure 3).

When partners were close to and in front of focal individ-
uals (within approx. 30–40 mm), focal individuals tended to
adjust their direction of motion to turn away from these part-
ners (figures 7–9), consistent with short-range avoidance
behaviour moderated via turning. When partners occupied
the small region behind focal individuals, then focal individ-
uals tended to turn towards, rather than away from, these
partners—behaviour that is not consistent with simple
short-range repulsion mechanisms used in model-based
studies [10]. The overall short-range turning response
revealed here was not fully resolved in the previous study
of interaction rules used by eastern mosquitofish [3], perhaps
because of the slightly coarser spatial resolution used in the
previous study. Beyond the region extending out to about
30 mm from the focal individual, the mosquitofish tended
to adjust their direction of motion to turn towards their part-
ners (figures 8 and 9), consistent with [3].

The randomization tests identified significant differences
between leaders and followers for nine measures across all
five sets of randomizations with 100, 1000 and 10 000 iter-
ations as detailed in table 1 and electronic supplementary
material, table S3. The consistent identification of significant
differences in the relative frequencies that partners occupied
given x or (x, y) coordinates across all test statistics for all
randomization realizations and values of n is internally con-
sistent with the categorization of individuals based on the
amount of time occupying the front or back of each pair.

There was reasonably close agreement between p-values
across sets of randomizations for each pairing of test statistic
and n, and across different values of n, suggesting that tests
based around each of the three test statistics are reliable. In
most cases p-values all lay consistently above or below the
0.05 threshold for significance for a given test statistic and
number of randomizations. However, some, but not all,
repeats of the maximum absolute difference test for changes
in speed as a function of x suggested significant differences
for n = 100 iterations (four out of five cases) and n = 1000 iter-
ations (three out of five cases), but this ambiguity was resolved
with n = 10 000 iterations where all repeat tests suggested
significant differences. Similar ambiguities for differences in
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Figure 5. (a) The mean change in speed, ðDs=DtÞ(y), of leaders (red curve) and followers (blue curve). In this plot, the focal individual is located at the origin,
and is travelling parallel to the positive x-axis (out of the page, and towards the reader). Details of (b–d) are the same as in figure 1.
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speed as a function of x were also resolved when n was
increased to 10 000 iterations (electronic supplementary
material, table S4).

Visual disparities were evident in distributions of ran-
domized test statistics for repeat test sets with n = 100
randomizations. These disparities diminished as n increased
to 1000, and were negligible when n = 10 000 across all
measures compared, for each of the mean, median and
maximum absolute difference tests. There were very few
instances where pairwise comparison of randomized test stat-
istic distributions suggested that these distributions were
drawn from different underlying distributions (see electronic
supplementary material, table S5).

At the highest level of resolution (n = 10 000), the most con-
servative test was the maximum absolute difference test, which
identified significant differences between leader and follower
fish for four measures out of 14, including those detailed in
the electronic supplementary material (mean change in speed
as a function of x, the relative frequencies that partners occu-
pied given x or (x, y) coordinates and the relative directions
of motion of partners at given (x, y) coordinates). The mean
absolute difference test identified significant differences
between leaders and followers for nine measures with n = 10
000; in addition to the measures identified as significantly
different by the maximum absolute difference test, these were
the mean change in speed as a function of (x, y), the mean
change in direction of motion as a function of y and as a
function of (x, y), the mean speed as a function of x, and R
(the focus of relative directions of motion of partners about
the mean relative direction) as a function of (x, y). Least conser-
vative was the median absolute difference test, which identified
significant differences between leaders and followers across 10
measures, including the mean change in speed as a function of
y, and all of the nine other measures determined as signifi-
cantly different by the mean absolute difference test when
n = 10 000.

In terms of the details of the significant differences other
than those associated with the tendency to occupy the front
or back of a pair, according to all three forms of randomization
test, leaders adopted greater changes in speed than followers
over the approximate partner range −75 < x < 100 mm
(figure 4). As a consequence, leaders applied greater increases
in speed when their partners were close to them and behind
(approx. −50 < x < 0 mm), smaller decreases in speed when
their partners were close to them and in front (approx. 10 <
x < 40 mm) and greater increases in speed when partners
were slightly further in front (for x > 40 mm, approx.).

Less conservatively, the mean and median absolute differ-
ence tests identified significant differences between leaders
and followers in the mean change in speed as a function of
(x, y), and the mean change in direction of motion as a func-
tion of y and as a function of (x, y). Consistent with inspection
of the plots of the mean change in speed as a function of x, it
seems that leaders exhibited greater changes in speed as a
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Figure 6. (a) The mean change in speed, ðDs=DtÞ(x, y), of leaders (left) and followers (centre). In these plots, the focal individual is located at the origin, and is
travelling parallel to the positive x-axis ( from left to right). The colour scale on these plots is such that bluer regions correspond to decreases in speed, and redder
regions correspond to increases in speed (right colour bar). Details of (b–d) are the same as in figure 1.
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function of (x, y) when their partners occupied the domain
where −50 < x < 50 mm, −50 < y < 50 mm, with an associated
effect that leaders tended to exhibit larger magnitude
increases in speed over a larger region where partners were
close and behind them than followers (figure 6, redder
regions of surface plots, directly behind the focal individual).
In addition, the region over which leaders exhibited larger
magnitude decreases in speed when partners were close
and in front was smaller than that for followers (figure 6,
comparing the darker blue regions directly in front of the
focal individual). Outside the region directly in front of
focal individuals where the individual tended to turn away
from their partner (out to a distance of approx. 30 mm,
figure 9), followers tended to exhibit greater speed turns
towards their partners than leaders (figures 8 and 9),
particularly those to their front (figure 9).

In addition, the median absolute difference test suggested
that there were significant differences between leaders and
followers in the mean change in speed of individuals as a
function of y. The curves for both leaders and followers for
this measure exhibit a lot of variation (figure 5), but one
clear pattern is that leaders mostly tended to increase their
speed when their partners were to their side over the approxi-
mate range −40 < y < 40 mm, whereas followers tended to
reduce their speed when their partners occupied the same
region to their sides.
4. Discussion
All three tests that we trialled, based on mean, median or maxi-
mum absolute differences between fitted functions, were
largely self-consistent. These self-consistencies included gener-
ation of similar p-value estimates irrespective of the number
of randomization iterations applied, broadly consistent identifi-
cation of differences between fitted curves as being significantly
different or not, and very few statistical differences between the
distributions of randomization-generated test statistics.

The maximum absolute difference test was the most parsi-
monious of the three tests trialled here, identifying significant
differences between leaders and followers for four measures
(including those detailed in the electronic supplementary
material). These measures included two that we had a reason-
able expectation before we performed our calculations would
be identified as different—the relative frequencies that individ-
uals occupied given x-coordinates or (x, y) coordinates relative
to a focal individual. This expectation was due to the position-
based categorization of leaders and followers, and the fact
that this expectation was met helps give some confidence that
the randomization methods work sensibly. The mean absolute
difference test identified significant differences across nine
measures, with the least parsimonious of the tests being the
median absolute difference test which identified 10 significant
differences. Given that all three tests seem viable, and exhibit
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Figure 7. (a) The mean change in direction of motion, ðDu=DtÞ(x), of leaders (red curve) and followers (blue curve). In this plot, the focal individual is located at
the origin, and is travelling parallel to the positive x-axis ( from left to right). Positive changes in direction correspond to anticlockwise (or left) turns, and negative
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high levels of self-consistency, if onlyone testwere to be applied,
then, on the basis of parsimony, itmight be reasonable to choose
themean absolute difference test, as it is neither themost nor the
least givingof the three tests trialled, at leastwhenapplied to the
data for this study. However, our study here does not resolve
which test is best (if only a single test is to be used); such a ques-
tion could be resolved via futurework using simulationmodel-
derived data where individuals are split into distinct categories
with differing prescribed interaction rules, and the accuracy of
each test in identifying these differences is scrutinized.

Another practical consideration is the number of
randomization iterations required to reliably identify a sig-
nificant difference. Calculations with 100 or 1000 iterations
were sufficient for most of the cases examined here, except
some instances where the estimated p-value was close to
0.05. These ambiguities were resolved when 10 000 ran-
domization iterations were performed. A possible strategy
for applying the randomization methods outside this study
might be to perform a single set of 100 or 1000 randomiz-
ations per measure of interest, and then repeat with a larger
number of iterations in cases where p is close to 0.05.

A potential issue with the tests that we have described in
this work relates to non-equal sample sizes. Owing to the
way that data are aggregated when fitting the types of func-
tions examined in this work, if one category of individuals
contributes substantially more data than the other to the
overall pool of data, then the behaviour of this category
could dominate the functions generated via randomization.
In turn, this could make the differences between the functions
fitted via randomization relatively small, and render any con-
clusions based on comparing the differences between real
categories and random categories less meaningful. Thus, we
think that the methods described here are likely to be most
reliable when the categories of individuals to be compared
provide roughly equal amounts of data. An option that
could be investigated in terms of dealing with non-equal
amounts of data could be sub-sampling smaller amounts of
data from the category that dominates the data as part of
the overall randomization procedure. We note that for this
study equal amounts of data are provided from individuals
classified as leaders and followers, but some groups provided
relatively little data to the overall pool compared with others
(see electronic supplementary material, tables S1 and S2)
owing to the fact that not all pairs of mosquitofish stayed
close to each other over the entire duration that they were
filmed together. Thus, our overall results are likely to be
more influenced by the behaviour of the pairs that stayed
closely grouped for the longest durations throughout obser-
vations. Further issues that also should be investigated are
the potential sensitivity of the analysis to the domain over
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Figure 8. (a) The mean change in direction of motion, ðDu=DtÞ(y), of leaders (red curve) and followers (blue curve). In this plot, the focal individual is located at
the origin, and is travelling parallel to the positive x-axis (out of the page, and towards the reader). Positive changes in direction correspond to anti-clockwise (or
left) turns, and negative changes in direction correspond to clockwise (or right) turns. Details of (b–d) are the same as in figure 1.
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which interactions are estimated (the domain was fixed at
−100≤ x, y≤ 100 mm for the case study here), and to the
dimensions of the bins used during this estimation.

The methods described in this paper are specific to exam-
ining within-group differences, and could be of immediate
use in examining differences in interaction rules from exper-
imental data where the internal state of individuals has
been manipulated. For example, multiple studies have estab-
lished differences in basic measures of grouping and
locomotion between hungry and satiated individuals within
the same groups [29,30], and the analysis described here
could be used to investigate further if such differences are
correlated with significant differences in interaction rules.
Allowing for a more nuanced perspective, individuals prob-
ably exhibit heterogeneity across more than just one
measurable parameter [36]. Such parameters could include
measures for boldness and the tendency to remain in close
proximity to other group members [28], or measures of meta-
bolic rates and critical sustained swimming speeds [45]. In
the case that heterogeneity across more than one parameter
is of interest, individuals could be associated with one of
multiple natural categories, in a variant of the randomization
schemes examined here, with pairwise comparisons made
between all categories. An appropriate correction could
then be made to significance thresholds to take into account
such multiple pairwise comparisons. The randomization
schemes can also be modified in a straightforward manner
to examine differences across sets of differently treated
groups as well, as was applied in [46]. The main alterations
are to apply categorization at the level of the groups, rather
than the individuals, first fitting and comparing functions
based on treatment to obtain baseline reference statistics,
and then randomly allocating entire groups to one of two cat-
egories to ultimately generate a distribution of randomized
test statistics. Such alterations allow detection of significant
differences in interaction rules, and related quantities in
studies where the ecological context of entire groups is
manipulated (or naturally different) [34].

A question about rules of interaction that is not necess-
arily answered directly by the analysis examined in this
paper is if interactions identified as significantly different
are biologically meaningful. A combination of experimental
and analytical approaches will be needed to investigate this
question further. Empirically, the identification of individuals
that differ in their interactions from one another allows
further experiments to test the functional significance of
such traits. For example, do those types of individuals also
differ in their ability to detect resources or avoid threats in
their environment, and do these differences contribute to
the survival and reproductive success of individuals?
A further question is whether particular combinations of
individuals with statistically different rules of interaction
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Figure 9. (a) The mean change in direction of motion, ðDu=DtÞ(x, y), of leaders (left) and followers (centre). In these plots, the focal individual is located at the
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Table 1. Measures for which significant differences between leaders and followers were identified for all five repeat randomization tests with n = 100,
n = 1000 and n = 10 000 for given test statistics. Here p is the relative frequency that partners occupied given relative coordinates, Ds=Dt is the mean change
in speed of individuals as a function of the relative coordinates of their partner and Du=Dt is the mean change in direction of individuals as a function of the
relative coordinates of their partner.

measure test statistic(s)

p as a function of x mean absolute difference, median absolute difference, maximum absolute difference

p as a function of (x, y) mean absolute difference, median absolute difference, maximum absolute difference

Ds
Dt

as a function of x
mean absolute difference, median absolute difference

Ds
Dt

as a function of y
median absolute difference

Ds
Dt

as a function of (x, y)
mean absolute difference, median absolute difference

Du

Dt
as a function of y

mean absolute difference, median absolute difference

Du

Dt
as a function of (x, y)

mean absolute difference, median absolute difference
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drive differences in group functioning at a collective level?
Similar questions have been addressed in sticklebacks by
assessing individual differences in sociability and activity
[28]. If an across-group comparison of differently treated
groups is made via the randomization methods described
here, then measures of the emergent patterns of group
motion can be examined in concert with interaction rules.
These measures could include the statistical density or
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relative alignment of individuals relative to some reference
point (a focal individual for local structure, or the group cen-
troid for the whole group), and group order parameters, such
as polarization and angular momentum [18]. Another
approach, which seeks to establish a more causal relationship
between observed interactions and group-level patterns of
movement, is to use interactions inferred as part of the analy-
sis as the basis for a generative model of collective motion.
Equation-based interaction functions are a conceptually con-
venient basis for such a data-driven model [19,20,23–25,28].
However, functions fitted by the methods used in this
paper, or the approach in [21], could also be used to construct
such a model. In the context of an across-group comparison
of behaviour, the relationship between differences in inter-
action rules and emergent patterns of movement could then
be examined via simulation, with the accuracy of simulation
results examined via direct comparison with experimentally
observed group movement patterns.

With the above considerations in mind, our work reveals
some potentially interesting differences in the way that mos-
quitofish that occupy the leadership position and their
partners interact in terms of changes in velocity and the
speed that they maintain with respect to the location of
their partners. Leaders tended to adopt greater speeds than
followers when their partners were behind them (see elec-
tronic supplementary material, §S6), and exhibited greater
changes in speed than followers when pairs were separated
by approximately 50 mm or less. In combination such behav-
iour seems consistent with leaders moving to take the front-
most position, or to maintain this position once they have
occupied it. Fish that occupied the rear of pairs most
frequently exhibited avoidance behaviour moderated by
changes in speed, especially reductions in speed, over a
slightly larger domain than leaders, and tended to adjust
their direction of motion more quickly to move towards part-
ners to their side than leaders. Thus, according to these
measures, followers seem more socially responsive to leaders
than leaders are to followers in this context. At a group level,
the prototype work for this study established that a func-
tional outcome of the leader–follower relationship was that
pairs travelled at greater median speeds when leaders occu-
pied the front-most position of the pair versus when
followers occupied these positions [37]. Diminished social
responsiveness by leaders and heightened responsiveness of
followers in leader–follower interactions have also been
observed in other contexts, including the movement of
threespine sticklebacks away from cover [47].

The methods described here allow the statistical identifi-
cation of individuals with different rules of interaction
within groups of freely moving animals. With the purported
role of individual heterogeneity in groups driving group
functioning, such methods may be applied to robustly test
for the existence and importance of such heterogeneity in
moving animal groups.
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