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In groups of animals only a small proportion of individuals may possess particular information, such as
a migration route or the direction to a resource. Individuals may differ in preferred direction resulting
in conflicts of interest and, therefore, consensus decisions may have to be made to prevent the group
from splitting. Recent theoretical work has shown how leadership and consensus decision making can
occur without active signalling or individual recognition. Here we test these predictions experimentally
using humans. We found that a small informed minority could guide a group of naive individuals to a tar-
get without verbal communication or obvious signalling. Both the time to target and deviation from target
were decreased by the presence of informed individuals. When conflicting directional information was
given to different group members, the time taken to reach the target was not significantly increased; sug-
gesting that consensus decision making in conflict situations is possible, and highly efficient. Where there
was imbalance in the number of informed individuals with conflicting information, the majority dictated
group direction. Our results also suggest that the spatial starting position of informed individuals influ-
ences group motion, which has implications in terms of crowd control and planning for evacuations.
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Animals that form groups frequently have to make
important consensus decisions regarding their direction
of locomotion, the activities they perform and the timing
and duration of these activities (Conradt & Roper 2003).
In some cases, it has been shown that very few individuals
within a group may actually possess information on, for
example, the direction to a resource (ants, Leptothorax albi-
pennis: Franks et al. 2002; honeybees, Apis mellifera: Seeley
2003; golden shiners, Notemigonus crysoleucas (in the labo-
ratory): Reebs 2000; guppies, Poecilia reticulata (in the lab-
oratory): Reader & Laland 2000; Swaney et al. 2001). The
simplest situation where such information differences

Correspondence and present address: ]. Dyer, Institute of Integrative
and Comparative Biology, University of Leeds, Leeds LS2 9]T, U.K.
(email: bgyjdd@leeds.ac.uk). D. P. Croft is at the School of Biological
Sciences, University of Wales Bangor, Deiniol Road, Bangor, Gwynedd
LL57 2UW, U.K. I. D. Couzin is at the Department of Ecology and Evo-
lutionary Biology, Princeton University, Princeton, NJ 08544-1003,
US.A.

0003—3472/08/$34.00/0

among group members are present could be because of
the different spatial positions of individuals. For example,
peripheral group members are likely to encounter a stimu-
lus first (a predator for example) and will respond accord-
ingly, the information, such as a change in direction, may
then spread through the rest of the group (Radakov 1973;
Kils 1986). Information differences may also occur as a
result of differences in experience and learning between
individuals. In some migrating flocks of birds, it has
been shown that younger inexperienced individuals
follow older more experienced birds that have previously
travelled the route (Lovvorn & Kirkpatrick 1982;
Maransky & Bildstein 2001). Some individuals may have
encountered and learnt to recognize certain predators
and respond with evasive behaviour, which is likely to
spread through the group including to those which have
no previous experience of the predator (Radakov 1973).
In many situations conflicts may exist between
the preferences of different group members (Conradt
1998; Ruckstuhl 1998; Ruckstuhl & Neuhaus 2000;
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Ruckstuhl & Neuhaus 2002; Couzin et al. 2005). If these
conflicts cannot be resolved and no consensus can be
reached then the group will split and individuals will
forego the benefits associated with being part of a large
group (Krause & Ruxton 2002). Consequently, animals
that benefit greatly from being part of a large group are
likely to have evolved mechanisms by which conflicts
in individual preferences can be quickly and efficiently
resolved, thereby maintaining group cohesion.

Modelling work has provided some insight into the
functions and mechanisms of collective behaviour and
consensus decision making in animal groups. Conradt &
Roper (2003) investigated the relative fitness conse-
quences of democratic and despotic decisions, finding
that in most situations democratic decisions result in
less extreme outcomes that are likely to be less costly to
the group as a whole. They conclude that democratic
decisions should be widespread in the animal kingdom
and that despotic decisions should only be beneficial
where groups are small and differences in information
are large.

Couzin et al. (2005) used computer simulations to
investigate the mechanisms behind collective behaviour
and consensus decision making. They showed that only
a very small proportion of informed individuals are
required to guide a group primarily composed of naive
individuals towards a target location. They found that
consensus decisions can be reached even when the in-
formed individuals do not know whether they are in a ma-
jority or minority, or how the information they possess
compares with that of other informed individuals with
potentially conflicting information. While this model
provides unique insight into decision-making processes
in animal groups, as yet these predictions remain largely
untested.

Empirical work on consensus decision making has
primarily concentrated on the eusocial insects (e.g.
Camazine et al. 1999; Seeley & Buhrman 1999; Mallon
et al. 2001; Britton et al. 2002; Pratt et al. 2002; Couzin
& Franks 2003; Franks et al. 2003; Seeley 2003; Dornhaus
et al. 2004; Seeley & Visscher 2004; Pratt 2005) and, there-
fore, much more is known about the mechanisms behind
consensus decisions in eusocial insect colonies than in
vertebrate groups. Two particularly well studied and
elegant examples involve nest site choice in swarming
honeybees, A. mellifera, and the ant, L. albipennis. Scouts
locate potential new sites and their recruiting success is
dependent on the quality of the new site (honeybees,
A. mellifera: Seeley & Buhrman 1999; Seeley 2003; Seeley
& Visscher 2004; ants, L. albipennis: Mallon et al. 2001;
Franks et al. 2003). This positive feedback loop ensures
that consensus decision can be achieved when the num-
ber of scouts recruiting for a particular site reaches a certain
threshold (quorum), at which point all individuals leave
for the new site (Britton et al. 2002; Franks et al. 2003).
In both examples the underlying mechanism is based on
simple rules of self-organization (Camazine et al. 2001;
Conradt & Roper 2005).

Work on consensus decision making in vertebrate
groups has largely concentrated on decisions about travel
routes or the timing of activities (Conradt & Roper 2005).

Traditionally, it was thought that in vertebrate groups,
dominant individuals would lead decision making and
largely determine the outcome. More recently, research
has suggested that consensus decisions may be more com-
mon than previously thought (Conradt & Roper 2003).
Examples of consensus decisions in vertebrate groups of-
ten involve the group commencing movement or moving
in a particular direction when a certain threshold of indi-
viduals have signalled their intent through means such as
head movements (Whooper swans, Cygnus cygnus: Black
1988), calling (Gorillas, Gorilla gorilla: Stewart & Harcourt
1994) or gazing in a particular direction (African Buffalo,
Syncerus caffer: Prins 1996). Reebs (2000) showed that
a small minority of informed fish (golden shiners, Notemi-
gonus crysoleucas) can guide naive conspecifics from a
preferred area of the tank, to a less preferred brightly lit
area of the tank where food was expected. Reader et al.
(2003) found that four demonstrator guppies, P. reticulata,
could guide four naive conspecifics through a hole to
escape an oncoming trawl net. In this example, all indi-
viduals shared the motivation to escape the trawl net,
but only some of them knew the correct escape route.

Small groups are widely used to make important
decisions in human societies (Davis 1992a; Winquist &
Larson 1998; Kocher & Sutter 2005). Consequently, deci-
sion making in human groups has been, and continues
to be, an important topic for both social psychologists
(see McGrath 1978; Brandstatter et al. 1982, Levine &
Moreland 1990; Davis 1992b; Ten Velden et al. 2007)
and economists (e.g. Bornstein & Yaniv 1998; Kocher &
Sutter 2005; Eliaza et al. 2007). A large body of work has
looked at both the outcomes of group decision making, of-
ten through comparing group decisions with individual de-
cisions (e.g. Bornstein & Yaniv 1998; Kocher & Sutter 2005),
and the processes involved in group decision making, in-
cluding the influence of majorities and minorities on group
decisions (e.g. Asch 1956; Latané & Wolf 1981; Ten Velden
et al. 2007). Asch (1956) famously showed that individuals
would conform to a group even when they knew they were
wrong, demonstrating the power of majority influence in
groups. Awealth of psychology literature also exists on lead-
ership and followership behaviour, which is reviewed from
an evolutionary perspective by Van Vugt (2006).

Most research into group motion in human crowds has
been largely theoretical and has mainly concentrated on
modelling pedestrian behaviour in evacuation scenarios.
Influential research by Helbing et al. (2000) specifically
investigated the mechanisms and conditions that lead to
panic and jamming through uncoordinated motion in hu-
man crowds. They found that a mixture of individualistic
and collective behaviour is the optimal strategy for escaping
a smoke filled room. Individualistic behaviour allowed
some individuals to successfully locate exits, and collective
(herding) behaviour ensured that the behaviour was
imitated.

Aube & Shield (2004) also modelled an evacuation sce-
nario to investigate the effect of placing informed leader
agents at different points in a panicking crowd, finding
that a mixture of embedded, peripheral and distant leaders
is the most effective way of saving the greatest number of
individuals in the shortest time.



This study uses human groups to investigate consensus
decision making both in the absence and presence of
conflicting information. First, we look at how the pro-
portion of informed individuals within a group affects the
speed and accuracy with which a consensus decision is
reached. Couzin et al. (2005) predict that for a given group
size accuracy increases asymptotically as the proportion of
informed individuals increases. Couzin et al.’s (2005)
model does not make predictions about time as no end tar-
gets are specified just preferred directions, but we predict
that the time taken to reach a target will decrease with an
increasing proportion of informed individuals. Second,
we introduce conflicting information to different individ-
uals and look at how the conflict is resolved and whether
the group can still reach a consensus decision accurately
and efficiently. We also examine some of the mechanisms
behind the decision-making process. To our knowledge,
this is the first time any study on vertebrates has looked
at whether groups can overcome conflicts in directional
preferences to reach a consensus movement decision.

METHODS
General Methods

The experiments took place between February and July
2005 at the University of Leeds and the University of Hull.
Participants were undergraduate students, open-day visi-
tors and local school children (aged 14—16 years). In total,
40 mixed-sex groups of eight individuals were used for
testing (20 in the single-target experiment and 20 in the
conflict experiment). All participants were naive as to the
purpose of the experiment.

A circular arena with a 10 m diameter was marked on
the floor and cards labelled 1-16 were spaced equally
around its perimeter. A circle with a diameter of 2 m was
marked out in the centre of the first circle with the letters
A—H spaced equally around its perimeter (Fig. 1, inset). In-
dividuals were asked to stand on a letter (A—H) on the
inner circle to ensure that all starting positions were equal
and equidistant from the outer periphery. To avoid any
bias due to initial direction of locomotion, the initial ori-
entation of each individual in a trial was randomized by
instructing them to face a number from the outer circle
chosen at random without replacement.

Each group was given the following standard set of
instructions: “‘When we tell you to begin you should start
walking at a normal speed and do not stop before being
told to do so. You can walk anywhere inside or outside the
circle but you must remain together as a group of eight
and you should not talk or gesture to each other.” Normal
walking speed was not defined but was demonstrated to
participants. Group splits were observed on three occa-
sions within the conflict treatments. When this occurred
it was recorded and the group was reset and reminded that
they must stay together, before repeating the trial.

In addition to these standard instructions participants
were each handed a slip of paper with an individual
behavioural rule to follow. They were instructed to read
and memorize the information, then hide the slip to
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ensure that no other member of the group could see it.
The slips of paper gave one of two different behavioural
rules, one for uninformed individuals (naive individuals)
and one for informed individuals. Behavioural rule 1 gave
instructions to simply ‘stay with the group,’ resulting in
naive individuals. Behavioural rule 2 gave instructions to
‘go to number X, without leaving the group’ creating
informed individuals (X represents a randomly chosen
number on the outer circle between 1 and 16).

Single-Target Experiment

Each group of eight was tested in three different treat-
ments in which only the number of informed individuals
was changed. The treatments were ‘control’ (all individuals
receive behavioural rule 1), ‘one-informed’ (one individual
receives behavioural rule 2, the rest receive behavioural
rule 1), and ‘two-informed’ (two individuals receive behav-
ioural rule 2, the rest receive behavioural rule 1). For each
group of eight, two-informed individuals were randomly
selected from the eight starting positions. The first was used
in the one-informed treatment and both were used in the
two-informed treatment to reduce variability between
different treatments of the same group.

The informed individuals’ targets were randomly
assigned and in the two-informed treatment both the
informed individuals were given the same target number
on their instruction slip. Because of our repeated-measures
design there was a potential for order (training) effects
within groups. To minimize these effects the six possible
orders of the three treatments were systematically tested.
Our subjects were not allowed to talk or gesture during the
experiments. This condition may not be unrealistic for
humans in crowds given that our trials are usually very
short (median time of 15.5 s) and that strangers are usually
atleast initially reluctant to actively exchange information.

Each trial lasted until any member of the group came
within approximately 50 cm of the outer circle as judged
by one of two observers, placed on either side of the circle
and if no target was reached within 3 min, the trial was
terminated. The observers had no information on which
treatment was being tested, who was informed, or what
their target was. For each trial, we recorded the time taken
to get to within approximately 50 cm of the perimeter and
the number closest to the groups’ finishing position.

Conflict Experiment

For the second experiment, a conflict in the information
given to the informed individuals was introduced. The
experimental arena for the conflict experiments was identi-
cal to the single-target experiment. The informed individuals
were given one of two separate targets, 180° apart. We used
four treatments, which differed in the number of individuals
given each target: in the first treatment, two individuals were
given each target (the ‘2 versus 2’ treatment), in the second,
three individuals were given one target, and two the second
(3 versus 2), in the third, four individuals were given one
target and two the second (4 versus 2), and in the fourth,
three individuals were given one target and one the second
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Figure 1. Median (£quartiles) time taken to reach the periphery of the circle by groups tested under the different experimental treatments. (a)
The single-target treatments: zero, one and two informed. Treatment differences are indicated by Friedman post hoc tests. Asterisk denotes
a significance of 0.025 (see Conover 1999). (b) The conflict treatments: 2 versus 2, 3 versus 2, 4 versus 2, and 3 versus 1 (N =12). (c) The
conflict treatments: 2 versus 2 and 3 versus 2 with their greater sample size (N = 20). (Inset) Overhead view of the arena (diameter 10 m).
The letters forming the inner circle denote the start positions of individuals and the arrows their respective start orientation. The numbers
on the outer circle were used (1) to orientate the individuals at the start of each trial and (2) as target destinations for leaders.

(3 versus 1). This allowed us to test the prediction of Couzin
et al. (2005) that even a small inequality in the numbers of
individuals in conflict will result in the majority deciding
the direction of group motion.

As before, we used a repeated-measures design, where
each group of eight individuals was tested in each of the
four treatments. Informed individuals were randomly
assigned for the 2 versus 2 treatment and similarly to
the single-target experiment these same individuals were
the informed individuals in each of the other treatments
but with one extra and two extra informed individuals
randomly assigned to the 3 versus 2 and 4 versus 2
treatments, respectively. This allowed us to minimize the
potential for individual behavioural variation to affect the
results for a given group. As before, the different treatment
orders were tested systematically.

At the start of our investigation, we used only the 2 versus
2 and 3 versus 2 treatments, thus the first eight groups were
only tested in these two treatments. Subsequently, we
added the 4 versus 2 treatment (to increase the imbalance
in the conflict) and the 3 versus 1 treatment (as a contrast to
2 versus 2 controlling for absolute number of informed
individuals) and the 12 remaining groups were tested in all
four treatments. Participants in the conflict experiment had
not taken part in the single-target experiment.

Trials followed the same format as for the single-target
experiment. From the information on the final finishing
position of each group, we calculated a measure of
deviation, based on how the final position differed from
the closest of the two target locations.

Where the number of individuals with each target was
equal (2 versus 2 treatment) we looked at whether the spatial
starting positions of informed individuals could influence
the overall direction of the group. First, for each pair of
informed individuals with a common target we calculated
the number of individuals separating them from each other.
Second, we calculated the difference between the separation
values of each pair and looked at how this affected the overall
direction of the group. We hypothesize that as the difference
between the separation values increases the more likely it is
that the pair that starts closer together will determine the
overall group direction. We judged that one of the pairs has
determined group direction if the group finishes at the target
of that pair, or within two numbers either side.

The Effect of Previously Informed Individuals

In some situations (e.g. if the two-informed trial came
before the one-informed trial, or in the conflict experiment,



if the 4 versus 2 trial came before the 2 versus 2 trial)
individuals who were informed in the previous trial
would be naive in the following trial. We test for the
effects of previously informed naive individuals for each
treatment separately within the single-target and conflict
experiments. This is done by comparing the time to
periphery and deviation from target on occasions where
previously informed (now naive) individuals were pres-
ent and occasions were they were not. For example for
some groups, the one-informed trial preceded the two-
informed trial and for others the opposite was true.
Comparison between these situations allows us to de-
termine whether previously informed individuals had a
significant effect. This analysis is possible for the control
treatment (compare cases where one or two individuals
were previously informed to cases where none were
previously informed), the one-informed treatment (com-
pare cases where one individual was previously informed
to cases where none were), the 2 versus 2 and 3 versus 1
treatments (as for control treatment), and the 3 versus 2
treatment (as for one-informed treatment).

Video Analysis

To investigate the mechanisms of leadership, where
possible (9 of the 20 single-target groups) groups were
recorded on video film from a stage raised above the arena.
The video was examined to discover how the behaviour of
informed individuals differed from that of the naive group
members. First, we looked at whether the informed
individuals spent more time in the vicinity of their target
than uniformed individuals. We divided the arena into
quarters, with the target always at the centre of one of the
quarters (the target quarter). For each group, we recorded
how much time each individual spent in the target
quarter. The trials from the one-informed treatment were
analysed and on occasions where the one-informed
groups could not be used (i.e. they did not reach or get
near to their target) we used the two-informed trial from
the same group. To analyse the results we calculated the
mean time spent in the target quarter by the uninformed
individuals and compared this with the time spent in the
target quarter by the informed individual, or the mean of
the time spent in the target quartile by the informed
individuals, where two-informed trials were used.

Secondly, we looked at whether informed individuals
spent more time at the front of the group. We measured
this from the point where the group polarized, which was
judged by two individuals independently as the point
where all individuals within the group were facing and
walking in a uniform direction towards the target. From
this point to the end of the trial we measured the length of
time spent at the front of the group by the informed
individual compared with the mean time spent at the
front by uninformed group members.

Statistical Analyses

Statistical analysis was carried out in SPSS (SPSS Inc.,
Chicago, IL, U.S.A.), version 11. A binary logistic regression
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was used to analyse the data on the effect of spatial
starting position of leaders on the likelihood of them
determining group direction. Otherwise, nonparametric
tests were used throughout as none of the data conformed
to parametric assumptions, neither could it be satisfacto-
rily transformed. Exact tests were used throughout;
therefore, all P values displayed are Pexact. Friedman tests
were used to make comparisons for paired data. Where
a Friedman test returned a significant P value, we used
the post hoc method outlined in Conover (1999) to
make multiple comparisons between individual treat-
ments. Mann—Whitney U tests were used for independent
data. Spearman correlations and binomial tests were also
used.

RESULTS
Testing for Training Effects

Because of the repeated-measures design there was
a potential for each group’s performance to improve
with each trial (training effect). We found no significant
difference in either the time to periphery and deviation
from target between groups in their first, second and third
trials for the single-target experiment (Friedman tests,
time: %% = 3.44, N = 20, P = 0.184; deviation from target:
xz =2.39, N=19, P=0.323) and first, second, third and
fourth trials for the conflict experiment (Friedman tests,
time: %% = 5.10, N = 12, P = 0.167; deviation from target:
%2 =3.69, N=12, P =0.299).

The Effect of Previously Informed Individuals

There was no significant difference in time taken to
reach the periphery, for trials where no previously in-
formed individuals were present and those where one or
more previously informed individuals were present, in any
of the single-target treatments (Mann—Whitney U tests,
control: z=-1.043, N=28.12, P=0.314; one-informed:
z=-1.635, N=10.9, P=0.108) or conflict treatments
(2 versus 2: z=-1.313, N=13.7, P=0.202, 3 versus 2:
z=-0.000, N=13.7, P=1.000, 3 versus 1: z=—1.376,
N =6.6, P=0.180). Likewise, for the one-informed treat-
ment there was no significant difference in deviation
from target between trials where no previously informed
individuals were present and those where one previously
informed individual was present (Mann—Whitney U test,
z=-1.148, N=10,9, P=0.272). This was not tested for
conflict treatments as there were too few occasions when
groups deviated from their targets.

Single-Target Experiment

Time to periphery

The time taken to reach the periphery differed signifi-
cantly between treatments (Friedman test: %= 6.08,
N =20, P =0.046). Groups with two-informed individuals
were faster to reach the periphery than control groups, but
no significant difference was found between either groups
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with one-informed individual and controls, or groups
with one and two-informed individuals (Fig. 1a).

Deviation from target

The deviation from the target location differed signifi-
cantly between treatments (Friedman test: v2=16.35,
N=19, P <0.001). One of the groups did not reach the
periphery of the circle within the maximum 3 min in
the one-informed treatment resulting in a sample size of
19. Both the treatments with one-informed individual
and two-informed individuals showed smaller deviations
from the target location than the control treatment. How-
ever, two-informed individuals did not bring a significant
decrease in the deviation from the target location, com-
pared with one-informed individual. This is probably
because the accuracy is already very high with just one-
informed individual (Fig. 2a).

Speed versus accuracy

Finally, we tested whether higher speed (to reach the
periphery) came at the expense of lower accuracy. No
relationship between the time taken to reach the periph-
ery and deviation from the target location was found
within any of the three treatments (Spearman correlation:
control: r,=-0.052, N=20, P=0.828; 1 informed:
r,=-0.76, N=19, P=0.757; 2 informed: r,=0.217,
N =20, P=0.358).

Conflict Experiment

Time to periphery

There was no significant difference in the time taken to
reach the periphery of the circle between treatments 2
versus 2, 3 versus 2 and 4 versus 2 (Friedman test:

(b) (0

Deviation from target (sectors)
O = N W s 0 O N @
T T T T T
o
I

2 versus 2 —
3 versus 2
4 versus 2
3 versus 1
2 versus 2
3 versus 2

Number of informed individuals

Figure 2. Median (£quartiles) deviation of groups from their target
under the different experimental treatments. (a) The single-target
treatments: zero, one and two informed. Treatment differences are
indicated by Friedman post hoc tests. Asterisk denotes a significance
of 0.025 (see Conover 1999). (b) The conflict treatments: 2 versus 2,
3 versus 2, 4 versus 2, and 3 versus 1 (N = 12). (c) The conflict treat-
ments: 2 versus 2 and 3 versus 2 with their greater sample size
(N = 20).

v?=3.41, N=12, P=0.193; Fig. 1b). There was also no
significant difference in time taken between the 2 versus
2 and 3 versus 2 treatments when tested separately using
their greater sample size of 20 (Wilcoxon test: z= —1.02,
N =20, P=0.322; Fig. 1c¢).

Deviation from target

There was no significant difference between the treat-
ments in the deviation of groups from the target location
(Friedman test: yx*>=4.80, N=12, P=0.123; Fig. 2b).
Median deviation was zero for all four treatments, with
groups finishing exactly at their targets in the vast major-
ity of trials (8/12 times in the 2 versus 2 treatment, 10/12
times in the 3 versus 2 treatment, 12/12 times in the
4 versus 2 treatment, and 7/12 times in the 3 versus 1
treatment). There was also no significant difference in de-
viation between the 2 versus 2 and 3 versus 2 treatments
when tested separately using their greater sample size of
20 (Wilcoxon test: z= —1.38, N =20, P =0.219; Fig. 2¢).

Overall group direction

One set of informed individuals was determined to have
decided overall group direction when the group finished
at their target or within two numbers either side of it. In
the 3 versus 1 treatment, two of the groups failed to finish
within two numbers each side of either target and so
neither set of informed individuals was deemed to have
determined group direction and N is reduced to 10. In
those treatments where the two groups of informed indi-
viduals differed in numbers, the majority won a significant
proportion of the decisions regarding the overall group di-
rection (binomial tests: 3 versus 2: N = 20, P = 0.041 (75%
of groups finished at majority target, 25% at minority
target); 4 versus 2: N=12, P =0.039 (83% of groups fin-
ished at majority target, 17% at minority target); 3 versus
1: N=10, P=0.021 (75% of groups finished at majority
target, 8% at minority target, 17% at neither target;
Fig. 3). The result for the 3 versus 1 treatment shows that
the majority leads the group when the total number of in-
formed individuals is controlled for between treatments
(in this case a total of four informed individuals for both
the 2 versus 2 treatment and 3 versus 1 treatment).

For the treatment of 3 versus 2 deviation from the target
was almost always zero regardless of whether overall group
direction was dominated by the minority (two-informed
individuals, median deviation = 0O, five out of five groups
finished exactly at their targets) or the majority (three-
informed individuals, median deviation =0, 13 out of
15 groups finished exactly at their targets). This result sug-
gests that once a group of informed individuals is in con-
trol, they can effectively steer the overall group regardless
of whether this is the smaller (e.g. two-informed individ-
uals) or larger group of informed individuals (i.e. three-
informed individuals). Similarly, the groups’ progress
towards the target was not slower when the minority led
the group (two-informed individuals, median time =9 s),
than when the majority (three-informed individuals, me-
dian time =11 s) was in control of the group (Mann—
Whitney U test: z=—0.439, N=15.5, P =0.686). We did
not have a large enough sample size to test this for the 4
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each treatment and striped bars represent the minority. Treatment
differences are indicated by binomial tests: asterisk denotes a signifi-
cance of 0.05.

versus 2 or 3 versus 1 treatments, as there were only two
occasions on which the minority dominated the overall
direction of the group for the 4 versus 2 treatment and
one occasion for the 3 versus 1 treatment.

Speed versus accuracy

There was clearly no relationship between the time
taken to reach the periphery and deviation from the target
location within any of the conflict treatments. This was
not tested statistically as there were so few occasions when
groups deviated at all from their targets.

Spatial starting position of informed individuals

Where the number of individuals with each target
was equal (2 versus 2 treatment) we found an influence
of the spatial starting positions of informed individuals.
As the difference between the separation values (close-
ness) of the two pairs increased the more likely it was that
the pair that started closer together decided the overall
group direction (binary logistic regression: y* = 7.476,
N =20, P=0.0006).

Conflict Compared with Single Target

There was no difference in the time taken to reach the
periphery of the circle or the accuracy with which the target
was reached between the treatment with two-informed
individuals and a single target (2 versus 0) and the
treatment where two pairs of informed individuals each
pulled in different directions (2 versus 2; Mann—Whitney
U tests, time: z=—1.578, N; = N, = 20, P=0.114; Fig. 1;
deviation from target: z=-0.362, N;=N,=20,
P =0.717; Fig. 2). This result suggests that collective deci-
sions in conflict situations situation can be made very
efficiently.
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Individual Level Behaviour

Informed individuals spent significantly more time in
the quartile containing their target than uninformed
individuals (informed median (s) + IQR =10.5 £ 24;
uninformed median (s) &+ IQR = 7 4+ 18.3: Wilcoxon test:
z=-2.07, N=9, P=0.039). Informed individuals also
spent significantly more time at the front of the group
than uninformed individuals after the group had polar-
ized (Wilcoxon test: z=—-2.31, N=29, P = 0.020; Fig. 4).

DISCUSSION

Our results show that, in line with theoretical predictions
(Couzin et al. 2005) and empirical studies (Kohler 1976;
Brown 1986; Reebs 2000; Brown et al. 2006), a minority
of informed individuals can lead a naive group. We found
that both the speed and accuracy of human crowd move-
ment were influenced by the presence of informed
individuals in the group. The influence of informed indi-
viduals on the group direction appeared to be more sub-
stantial than the influence on group speed. Across taxa,
previous studies have reported a link between information
status and leadership. In colonial birds, individuals follow
conspecifics that foraged successfully in the recent past
(Brown 1986) and in shoaling fish it has been shown
that trained individuals could manipulate the direction
of the group (Kohler 1976; Reebs 2000; Brown et al. 2006).

We found that neither the speed nor accuracy of the
group was significantly increased by the presence of two-
informed individuals when compared with a single
informed individual (Fig. 1). In contrast, Reebs (2000)
showed that increasing the number of trained individuals
in a shoal of fish (golden shiners, Notemigonus crysoleucas)
had a strong effect on shoal movement direction. How-
ever, he increased the number of leaders from a single
trained individual, to three and then five out of 12, which
represents a greater proportion of the group than in our
study. Couzin et al. (2005) found that accuracy increased
asymptotically with proportion of informed individuals
and their predictions suggest that we should observe a
difference in accuracy between one- and two-informed in-
dividuals in a group of eight. In our study, the group

w
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\S] w
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Median time spent at front after

Informed individuals Uninformed individuals

Figure 4. Median (+quartiles) time (s) spent at front by informed
individual after polarization of the group. Treatment differences are
indicated by Wilcoxon tests: asterisk denotes a significance of 0.05.
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already achieves very high accuracy with a single informed
individual suggesting a more immediate effect. It would be
interesting to test the predictions of Couzin et al. (2005)
using larger groups and a larger arena to allow for greater
variation in the proportion of informed individuals.

It may be predicted that there is a trade-off between the
speed and accuracy with which consensus decisions are
made: the longer it takes to reach the consensus decision
the more likely it is that the decision is accurate. Franks
et al. (2003) found that in house-hunting ant colonies,
Leptothorax albipennis, a speed—accuracy trade-off exists,
and that when conditions are benign the ants take longer
over their collective decision making to maximize accu-
racy, whereas when conditions are harsh they must
come to a decision more quickly at the expense of accu-
racy. We did not find a relationship between the speed
and accuracy of our groups. It is possible that our arena
was not large enough to allow for sufficient variation be-
tween trials or that our sample size was too small to detect
such a trade-off.

To our knowledge, the influence of conflicting informa-
tion on consensus decision making has not previously
been tested experimentally. In conflict situations where
the number of informed individuals on either side of the
conflict differed, the group almost always decided in favour
of the majority (e.g. the three in the 3 versus 2 and 3 versus
1 treatments and the four in the 4 versus 2 treatment). This
shows that a difference of just one-informed individual can
make a decisive difference in terms of the outcome of the
consensus decision, as predicted by Couzin et al. (2005). It
is probable that in most situations the greater the number
of individuals possessing a piece of information, the more
likely that information is reliable.

The introduction of conflict into our groups did not
significantly increase the time taken to reach the target
suggesting that consensus decision making in conflict
situations can be remarkably efficient. It is likely that the
conflict is resolved very early on. For example, one set of
informed individuals may have a more favourable spatial
starting position and once they establish control of group
motion their preference may be reinforced and the group
gains too much momentum for individuals with other
preferences to do anything but follow. In one of the
variants of the model presented by Couzin et al. (2005)
a feedback loop was introduced on the weighting of the
preferred direction of informed individuals. If individuals
found themselves moving in a similar direction to their
preferred direction, their preference for that direction
was further reinforced. Likewise if informed individuals
are heading away from their preferred direction their
preference is reduced.

Modelling work by Aube & Shield (2004) suggested that
the spatial placement of leaders within a crowd could
strongly influence the speed and accuracy of group move-
ment. We found that the informed individuals that started
the experiment closer together (in trials where the number
ofinformed individuals going to each target was equal) were
more likely to determine the direction of the group. Simi-
larly, Leca et al. (2003) found that in groups of white-faced
capuchin monkeys, Cebus capucinus, individuals starting in
core positions within the group were more likely to

successfully initiate group movements than those starting
from peripheral positions suggesting that spatial position
can be important.

We believe the scenarios we tested can be likened to
those where human crowds try to exit buildings during an
evacuation because of fire or another hazard, similar to the
scenarios modelled by Helbing et al. (2000) and Aube &
Shield (2004). These are situations in which often only
a few individuals are informed about the safe location
for assembly and there can be considerable background
noise which makes verbal information exchange difficult.
There are obvious differences in that in our study there
was no obvious motivation for naive individuals to
move anywhere or the great degree of panic that could
be present. Despite this we hypothesize that very similar
basic processes would be likely to govern the movement
of the group. Our study and further empirical work look-
ing at group movement in humans could have very im-
portant implications in terms of crowd control and in
planning for evacuations. This could be in terms of decid-
ing how many individuals need to be informed on loca-
tions of exits in confined public spaces and where in the
crowd would be the most effective place for informed in-
dividuals to be to effectively lead the group. Our finding
that the group decides in favour of the majority could po-
tentially mean that in situations where several exits are
available and known by various numbers of people, there
might result some crowding at one exit while other exits
remain unused, although this is true only if there is an
incentive for the crowd not to split.

Our analysis of individual level behaviour shows that
informed individuals spent longer in the zone containing
their target and more time at the front of the group once
the group has polarized. This suggests that when the
group is heading away from the target, the informed
individual stays towards the rear of the group, potentially
holding the group back and that when the group moves
back towards the target the informed individual attempts
to lead the group by moving to the front and taking
advantage of the momentum towards the target. Interest-
ingly, our behavioural rules (either ‘stay with the group’ or
‘go to number X, without leaving the group’) did not
specifically code for any group-level pattern or behaviour,
yet we find that groups with an informed individual tend
to polarize and approach the target with the informed
individual at the front of the group. This contrasts to the
behaviour of the groups without informed individuals,
where a lot of time appeared to be spent circling in a torus
(as found in Couzin et al. 2005).

In this study we tried to minimize communication
between individuals through obvious signals like talking
and pointing. Despite these limitations upon communica-
tion between individuals, it was clear that informed in-
dividuals often behaved in a way which may have given
subtle cues to uninformed individuals. By far the most
commonly observed of these behaviours was for informed
individuals at the front or on the edge of the group to
regularly glance over their shoulders at the group. Other
behaviours that we observed were for informed individuals
to walk backwards towards the target while facing the
group, walking round the edge or through the centre of the



group to get to the front (in relation to the target) and
walking back and forth along the edge of the group
regularly changing direction while staying as close as
possible to the target. Occasionally, informed individuals
were also observed to walk slightly faster than other group
members to reach the front of the group. Informed in-
dividuals varied greatly in their ability to gain control of
group motion, which may have been because of a variety of
factors including personality (some individuals may
simply have been more confident leading the group) or
how they balanced the two different parts of their behav-
ioural rule (go to number X, without leaving the group).
Although not explicitly tested (because of sample size), we
did not observe any obvious gender differences in leader-
ship ability in our study. It may be possible that one sex is
more successful at leading or that naive individuals are
more likely to follow members of the same or even the
opposite sex. Further work could look at the effect of leader
gender and personality on group movement decisions and
also the influence of changing the relative importance of
the different rules. Couzin et al. (2005) found that in their
model the balance between the motivation of informed
individuals to move in a certain direction and their desire
to maintain social cohesion could affect both the accuracy
of the group and the likelihood of it splitting.

Our study provides new insight into the ability of
informed individuals to lead groups of naive individuals
and the ability of groups to resolve conflicts in informa-
tion. We show for the first time for vertebrate groups, that
conflicts in information can be resolved quickly and
efficiently, with groups nearly always deciding in favour
of the majority. This occurs without the use of obvious
signals and without individuals having any knowledge of
the quality of any other group members’ information or
how it compares with their own. Understanding the
mechanisms by which knowledgeable individuals can
lead naive groups, and by which consensus decisions
can be reached when individuals have conflicting prefer-
ences is important in increasing our understanding of
group cohesion and may provide insight into the evolu-
tion of cooperation.
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