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In primates, authors have reported the specific organization of individuals during collective movements.
Some authors have suggested that intentional mechanisms underlie this particular organization because
primates have high cognitive abilities that can allow them to use this kind of behaviour. However,
mechanisms underlying the emergence of complex systems are not necessarily complex and can be
based on local rules. We investigated the joining processes observed during collective movements in one
semifree-ranging group of Tonkean macaques, using an individualized agent-based model. The complex
patterns observed, such as departure latencies, associations and order of individuals at departure of
a collective movement, could be explained using a rule based on affiliative relationships. The decision an
individual took to join the movement depended on the departure of its strongly affiliated individuals.
Thus even in primates, complex collective behaviour may emerge from interactions between individuals
following local behavioural rules.
� 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Living in groups reduces predation risk (Wrangham 1980) while
increasing foraging efficiency (Alexander 1974; Giraldeau & Caraco
2000). However, this strategy requires group members to be
cohesive and thus synchronize their activities (Krause & Ruxton
2002; Conradt & Roper 2005). In many species, different activities
cannot be carried out in the same area. Animals often have a place
to rest: a cliff for some primates or birds (Kummer 1968; Danchin
et al. 1998), a burrow for many social carnivores or rodents (Fox
1972; Rasa 1986), a collective nest for social insects (Camazine et al.
2001). However, individuals have to move collectively to another
spot to forage or to drink (Kummer 1968; Boinski & Garber 2000;
Fischhoff et al. 2007).

In primates, authors have reported a specific organization of
individuals during collective movements (Rhine & Westlund 1981;
Waser 1985; Rhine & Tilson 1987; Hockings et al. 2006). For
instance, dominant individuals may occupy a specific position in
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the group movement, to obtain prior access to food or to decrease
the predation risk (Whitten 1983; Waser 1985; Janson 1990; Hall &
Fedigan 1997; Boinski et al. 2000). Intentional mechanisms might
underlie this specific organization, thanks to the high cognitive
abilities of primates as discussed in Hemelrijk (2002) and Toma-
sello & Call (1997). In fact, Boinski & Campbell (1995) have sug-
gested that white-faced capuchins, Cebus capucinus, show coercive
behaviour to manipulate intentionally the decisions of other group
members, thus demonstrating a ‘Machiavellian intelligence’
(Whiten & Byrne 1997). However, other complex systems exist and
mechanisms underlying their emergence are not necessarily
complex (Camazine et al. 2001). For instance, the complexity of
nests in social insects is not run by a central authority requiring
sophisticated cognitive abilities but emerges from simple and local
rules between the insects themselves and between the insects and
their environment (Deneubourg & Goss 1989; Bonabeau et al. 1997;
Camazine et al. 2001). Using these simple rules, authors have
explained how large groups such as fishes in shoals or birds in
flocks coordinate their movements (Camazine et al. 2001; Couzin &
Krause 2003; Biro et al. 2006), fireflies synchronize their flashings
(Strotgatz & Stewart 1993; Ramirez-Avila et al. 2003) and locusts
coordinate their marching (Buhl et al. 2006). Self-organization
seems to be a parsimonious way to explain the complexity of
d by Elsevier Ltd. All rights reserved.
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animal societies (Deneubourg & Goss 1989; Camazine et al. 2001;
Detrain & Deneubourg 2006).

Recent studies have demonstrated that such self-organized
processes can also exist in small groups with highly structured
relationships. For example, ‘mimetic synchronization’ exists in
Merino sheep, Ovis aries (Gautrais et al. 2007), where the proba-
bility that an individual will carry out an activity increases with the
number of other group members already displaying this activity.
Similarly, in semifree-ranging white-faced capuchin monkeys, the
choice of a direction seems to depend on ‘anonymous mimetism’
(Camazine et al. 2001) when collective movements involving
binary choice are artificially induced (Meunier et al. 2006). These
self-organized processes exist even through capuchins are known
to use recruitment behaviours to initiate a movement (Leca et al.
2003) or to occupy specific spatial positions within the group
(Janson 1990; Hall & Fedigan 1997). From these contrasted findings,
it is therefore crucial to investigate whether the organization of
individuals during a movement may be explained by local rules.

In this study, we assessed how individuals join a collective
movement in a semifree-ranging group of Tonkean macaques.
Tonkean macaques use recruitment signals and preliminary
behaviours to coordinate their movements (Sueur & Petit 2008a).
Moreover, the organization of group members at departure seems
to be relatively stable and specific, and affiliative relationships seem
to influence this pattern (Sueur & Petit 2008b). Nevertheless, these
previous quantitative analyses only allowed us to highlight some
correlations between variables, and it remains unknown why or
how an individual decides to join a movement. Only modelling
would allow an assessment of which mechanism underlies the
individual decision.

With a modelling approach, two alternative options are
possible: one can (1) predict some behaviour or (2) explain it
(Bryson et al. 2007; Sellers et al. 2007; Epstein 2008). By using an
agent-based model, we can recapture all variables of observed
collective movements and then compare the observed with the
simulated phenomena. This kind of analysis was not possible using
traditional approaches (Couzin et al. 2005; Meunier et al. 2006;
Bryson et al. 2007; Sellers et al. 2007; Epstein 2008). We aimed to
assess whether the decision to move responded to simple rules
based on the number and the identities of individuals already
moving (Pratt et al. 2005; Sellers et al. 2007). We do not claim that
collective movement would be only self-organized processes. As
reported above, Tonkean macaques seemed to use intentional
behaviours during collective movements (Sueur & Petit 2008a).
Furthermore, self-organized processes as well as more complex
behaviours such as intentional ones can underlie the same
phenomenon (Camazine et al. 2001; Hemelrijk 2002; Detrain &
Deneubourg 2006; Meunier et al. 2006). Nevertheless, we expected
that the joining processes (i.e. the probability that an individual
joined a movement) would be based on simple and local rules
(Deneubourg & Goss 1989; Camazine et al. 2001) rather than on
a calculation of the best strategic position to occupy during
movement (Whitten 1983; Waser 1985; Janson 1990; Hall & Fedi-
gan 1997; Boinski et al. 2000). Scientists have long considered
rationality to be the best explanation of how an individual behaves
faced with its conspecifics (Sumpter 2006). Nevertheless, we have
to give priority to the more parsimonious explanation among
different hypotheses (principle of Occam’s razor). In this context,
self-organization is a simpler explanation than intentional behav-
iours implying high cognitive abilities (Detrain & Deneubourg
2006) and could lead to well-adapted choices (Sumpter & Pratt
2009).

Comparing the experimental data on collective group move-
ments to an individualized agent-based model (i.e. characteristics
and relationships of each studied Tonkean macaque were
Please cite this article in press as: Sueur, C., et al., Selective mimetism a
mental and theoretical approach, Animal Behaviour (2009), doi:10.1016/
implemented in the model), we tested four hypotheses: (1)
Individuals are independent (null hypothesis). (2) Individuals join
a movement according to the number of individuals having already
joined whatever their identity (anonymous mimetism) as found in
capuchin monkeys (Meunier et al. 2006) or in merino sheep
(Gautrais et al. 2007). (3) Individuals only join a movement when
their relatives are already involved in it (mimetism according to
kinship). Indeed, several authors have reported that kinship influ-
ences a range of social behaviours in primates (Gouzoules & Gou-
zoules 1987; Mateo 2003; Chapais & Berman 2004). (4) Individuals
join a movement if their preferred partners (i.e. kin and nonkin
individuals) have already moved (mimetism according to affilia-
tion). Indeed, affiliative relationships seem to influence certain
behaviours such as social information transmission (Coussi-Korbel
& Fragaszy 1995; Voelkl & Noë 2008), alliances (Chapais et al. 1991;
Chapais & St-Pierre 1996) or grooming (Thierry et al. 1990). In the
last two hypotheses, individuals will base their decision to join
a movement on the identities of the individuals that have already
moved. In fact, in Tonkean macaques, we expected that an indi-
vidual’s decision to move would depend on mimetic processes
modulated by social relationships between group members, espe-
cially affiliative ones.

METHODS

Subjects and Environment

The group of Tonkean macaques under investigation was bred in
the Centre of Primatology at the University of Strasbourg, in
seminatural conditions. All group members were born in captivity.
The study group was composed of five matrilines (see Supple-
mentary material for details). At the time of the study (November
2005 to March 2006), it consisted of 10 individuals: one adult male
(10 years old), five adult females (10, 9, 7, 6 and 5 years old), one
subadult male (3 years old) and three juveniles (2, 1 and 1 year old).
The composition of the group was comparable to that of several
wild and stable groups (Whitten et al. 1987; Supriatna et al. 1992)
that were composed of a small number of individuals (6–14) and
with only one or two males (Pombo et al. 2004; Riley 2005, 2007).
The study group lived in a park (0.5 ha), which included trees,
bushes and grassy areas. Individuals had an inside shelter, where
commercial pellets and water were provided ad libitum. Fruit and
vegetables were distributed once a week, outside of observation
hours. Group members used the parkland in a heterogeneous way
and moved collectively (see Observed and simulated distributions
of number of joiners in the Results) between areas devoted to
specific activities. The mean distance of a collective movement was
33.7 � 1.42 m. The park range was thus large enough to study
collective movements as shown in several previous studies on
several species with various group sizes (from 10 to 22 individuals;
Leca et al. 2003; Meunier et al. 2006; Gautrais et al. 2007; Jacobs
et al. 2008; Sueur & Petit 2008a, b).

Definitions

The beginning of a collective movement was defined by the first
departure of an individual who walked more than 10 m in less than
40 s. This criterion was the same as the one used by Leca et al.
(2003), Jacobs et al. (2008) and Sueur & Petit (2008a, b) and it
allowed us to discriminate first departures (i.e. initiations) from
other movements such as foraging movements or intention
movements used in the preliminary period (Sueur & Petit 2008a).
The departure of the first individual to depart over a distance of
more than 10 m was an obvious signal for other group members
(Leca et al. 2003; Jacobs et al. 2008; Sueur & Petit 2008a, b).
t departure in collective movements of Macaca tonkeana: an experi-
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Table 1
Definitions of parameters used in this study

Parameter Definition

ai Number of non-kin related moving agents for individual i
C Mimetic coefficient
DT01 Departure latency of the first departing individual, i.e. time

elapsed between the end of the previous collective movement
and the departure of this individual

DTj�1,j Departure latency of a joiner j, i.e. time elapsed between the
departure of the joiner j�1 (first departing individual included)
and the departure of the joiner j

j Number of individuals participating in the movement
li Departure probability of individual i
ki Number of kin-related moving agents for individual i
M(k,i) Ratio of contacts between the moving individual k and

the resting individual i
j01 First departure probability, probability of starting a movement,

equal to the sum of l (departure probability of each individual)
ji Probability per unit time of an individual i becoming a joiner

(corresponding to the kinship hypothesis and the affiliation
hypothesis where the identities of individuals
are taken into account)

jj Probability per unit time that one of the n resting agents
became the jth joiner (corresponding to the independent
hypothesis and the anonymous mimetic hypothesis
where the identities of individuals are not taken into account)

n Number of resting individuals
N Number of individuals in the group
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A ‘joiner’ was defined as any individual walking for more than 5 m
in a direction that formed an angle of less than 45� with the
direction of the first individual to depart. We considered a collec-
tive movement as finished when no individual joined the move-
ment within 5 min of the departure of the first individual or the last
individual to join (Sueur & Petit 2008a, b).

Observation Procedure

The group was observed and filmed 4 h per day between 1000
and 1600 hours. Each collective movement was recorded onto
videotape. When the first departing individual was joined by at
least one other individual, a collective movement was observed
using the all-occurrence sampling method (Altmann 1974).
Participants (first departing individual and joiners) were observed
one by one using video scoring. Only movements not associated
with conflict or sexual consort, and for which all group members
were present at the start (�10 m from the point where the first
departing individual started, Sueur & Petit 2008a, b), were
considered. We observed a total of 146 collective movements but
only 111 collective movements fitted our criteria and were analysed
below.

Data Scoring and Calculation

We scored the number of joiners for each collective movement.
Then, we calculated the frequency of collective movements for
each number of joiners. We scored the identity and the departure
latency of the first departing individual (DT01) and of every joiner
(DTj�1,j). We calculated the rank of each individual, regardless of its
identity, during the joining process. The rank of the first departing
individual was rank 1, the rank of the first joiner was rank 2, and
the rank of the jth joiner was rank j þ 1. We calculated the
departure latency of the first departing individual DT01 by scoring
the time elapsed between the end of the previous collective
movement and the departure of this individual. This latency cor-
responded to the duration for which this individual was stationary,
that is, carrying out an activity other than moving. We then scored
the departure latency of each joiner, that is, the departure latency
of the joiner j, DTj�1,j corresponding to the time elapsed between
the departure of the joiner j � 1 (i.e. the previous departing indi-
vidual, first departing individual included) and the departure of
the joiner j. Since we never observed an individual joining the
movement at the same time as another, two individuals never had
the same rank. According to the equation of each model version,
the joining of the joiner j was not solely influenced by the identity
of the joiner j � 1 but by all already moving agents. This formu-
lation (j, j � 1) was only a way to calculate the departure latencies
between ranks and the order and associations of individuals
during the joining.

Affiliative Relationships

The affiliative relationships correspond to preferential associa-
tion between certain group members (nonkin-related and kin-
related). Using instantaneous sampling every 5 min (Altmann 1974)
outside a moving context, we quantified affiliative relationships by
the number of scans where individuals were observed in body
contact. We only kept scans in which all group members were
observed. In total 111 scans were collected. For subsequent anal-
yses, we used the ‘ratio of contacts’; this was the number of scans
for which two individuals were in contact per the total number of
scans (see Supplementary material for details). The distribution of
affiliative relationships was not homogeneous with some individ-
uals seen together more often than others (chi-square of
Please cite this article in press as: Sueur, C., et al., Selective mimetism at
mental and theoretical approach, Animal Behaviour (2009), doi:10.1016/
homogeneity: c33
2 ¼ 67.9, P ¼ 0.0003). Kinship and affiliative rela-

tionships were not significantly correlated (matrices correlation,
Dietz R test: r ¼ 0.07, N ¼ 10, P ¼ 0.357).
The Model

Definitions of indices and coefficients can be found in Table 1.
The coding details of the different versions of the model can be
found in the Supplementary material.

Parameters
As the distribution of the first departure latencies corresponded

to an exponential distribution (see Preliminary analyses in the
Results), the departure probability of the first individual j01 was
the log gradient of this exponential distribution, that is, the inverse
of the mean departure latency of the first departing individual
(Amé et al. 2006; Meunier et al. 2006; Gautrais et al. 2007):

j01 ¼
Xn

i¼1

li (1a)

Given that j01 ¼ 0.0007 per s and n ¼ N ¼ 10, the probability per
individual of departing first is li ¼ 0.00007 per s.

Individuals may have the same mean departure latency while
their frequency of departing first (i.e. departure probability) may
differ. Based on this result, the mean latencies to depart first (DT01)
were equal whatever the individual, even though the individual
probabilities to depart first may be different:

DT01 ¼
1

j01
(1b)

Thus, individual differences in first departure probabilities were
taken into account in the model (see Supplementary material for
details).

In a mimetic process where the departure probability is
proportional to the number of individuals already moving, the
departure in collective movements of Macaca tonkeana: an experi-
j.anbehav.2009.07.029
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probability per unit time that one of the n resting agents became
the jth joiner was:

jj ¼ ðlþ Cðj� 1ÞÞn (2a)

where C was the mimetic coefficient per individual.
The departure latency of the joiner j was:

DTj�1;j ¼
1

ðlþ Cðj� 1ÞÞðn� ðj� 1ÞÞ (2b)

or

1
DTj�1;j

¼ ðlþ Cðj� 1ÞÞðn� ðj� 1ÞÞ

¼ ðl� CÞðnþ 1Þ þ jð2C þ Cn� lÞ � Cj2 (2c)

As the distribution of the inverse of departure latencies of joiners
fitted a parabolic curve (see Preliminary analyses in the Results),
the equation of the departure probabilities was:

1
DTj�1;j

¼ �0:0131þ 0:0237j� 0:0021j2 (2d)

with l ¼ 0.00007 per s, n ¼ N ¼ 10 and C approximately equal to
0.001–0.002 (see Supplementary material for details of the calcu-
lation of C).

The number of individuals, individual identities, network of
kinship and affiliative relationships of the observed group were
included in the model. Thus, the number of agents N was fixed to
10. We set the values of kinship at 0 for nonrelated individuals and
at 1 for related individuals, whereas the values of affiliative rela-
tionships were the ratios of contacts for each dyad, which varied
from 0 (individuals never in contact) to 1 (always in contact). We
chose to consider the kinship as binary because several studies
have reported the influence of kinship (basically kin or nonkin) on
many social behaviours, whatever the degree of relatedness (see
Gouzoules & Gouzoules 1987; Chapais & Berman 2004). At the start
of a simulation, all agents (N) were in an area called the resting area
and had to move to another area, the foraging area. We imple-
mented the departure probability li of each agent. The departure
probability of the first departing individual, the only individual that
would not be influenced by the other group members to move, was
the same for the four versions of the model. Given that (1) the
distribution of affiliative relationships was not homogeneous, (2)
the affiliation differed from an anonymous system, (3) affiliative
relationships were not correlated with kinship relationships (see
Affiliative relationships for details), we can consider the three
models (anonymous, kinship and affiliation) as distinct with no
overlap of joining mechanisms. Owing to the scale of the area
covered by the observed group (see Methods), we assumed in the
model that all agents were aware of the state (resting or moving) of
all other agents at any time. This condition was necessary to assess
whether individuals had global or local information about the
joining process.

Independence hypothesis
The first hypothesis assumed that individuals were indepen-

dent: the departure probability of an individual was not influenced
by the departure of the other group members.As a consequence, the
individual departure probability remained constant (independent
of the rank).

Under this hypothesis, the probability that one of the n resting
agents (e.g. individual i) became a joiner j per unit time was li.
According to equations (1a) and (1b), the departure latency of the
joiner j was the inverse of the sum of the li of the n resting agents:
Please cite this article in press as: Sueur, C., et al., Selective mimetism a
mental and theoretical approach, Animal Behaviour (2009), doi:10.1016/
DTj�1;j ¼
1

Pn

l¼1
ll

(3)

In our case, the probabilities were identical with l1 ¼. ¼ lN ¼ l

Anonymous mimetic hypothesis
The second hypothesis specified that individuals will be influ-

enced by the departure of their conspecifics, thanks to a mimetic
process. To test this hypothesis, we added a mimetic coefficient C in
the above version of the model (independent hypothesis). The
probability per unit time that one of the n resting agents became the
joiner j under the anonymous mimetic hypothesis was obtained
from equation (2a) and its departure latency from equation (2b). In
this version of the model and according to equation (2a), a resting
agent had the same probability of joining the already moving agents
whatever their identities. Thus, whatever their identity, all moving
agents had the same probability of being joined by resting agents.
Kinship hypothesis
The third version of the model tested the influence of kinship

relationships. In this case, the departure probability of an individual
was only influenced by the number of its relatives participating in
a movement.

The identity and kin relationships of each individual were
included in this version of the model. In contrast to the previous
versions, the probability per unit time that one of the n resting
agents became the joiner j differed between agents with respect to
their kin relationships with the already moving agents.

The probability of an individual i of becoming a joiner j under
the kinship hypothesis was:

ji ¼ lþ Cðki � 1þ ai � 0Þ ¼ lþ Cki (4)

where ki is the number of kin-related moving agents for individual i
and ai is the number of nonkin-related moving agents for individual
i. In this version of the model and according to equation (4), the more
a resting agent had kin-related moving agents, the greater was its
probability of joining them. Thus, the more a moving agent had kin-
related resting agents, the greater was its probability of being joined.

Affiliation hypothesis
In this hypothesis, we tested the influence of the affiliative

relationships between group members on the decision to join.
This version of the model took into account the individual

identities and the affiliation of each dyad. Each observed affiliation
relationship (measured by the number of scans where individuals
were observed in body contact, see Affiliative relationships) of the
study group was implemented in the model allowing us to consider
affiliation differences between dyads. The probability per unit time
that one of the n resting agents became a joiner j differed between
the resting agents with respect to their affiliative relationships with
the already moving agents.

The probability of an individual i becoming a joiner j under the
affiliation hypothesis was:

ji ¼ lþ C
XN

k¼1

Mðk; iÞ (5)

where M(k,i) was the ratio of contacts between the moving indi-
vidual k and the resting individual i which accounted for their
affiliative relationship (see above for how ratio of contacts was
measured).

In this version of the model and according to equation (5), the
more a resting agent had strongly affiliated moving agents, the
t departure in collective movements of Macaca tonkeana: an experi-
j.anbehav.2009.07.029
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dashed line represents the mean value.
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greater was its probability of joining Thus, the more a moving agent
had strongly affiliated resting agents, the greater was its probability
of being joined.

Simulation
We implemented the different versions of the model, corre-

sponding to each hypothesis, in Netlogo 3.1.4 (Wilensky 1999;
Bryson et al. 2007). At each time step (1 s) in the model, a number
between 0 and 1 was randomly attributed to each resting agent (i.e.
at the resting area); when this number was higher than the theo-
retical departure probability of each agent, the individual left the
resting area for the foraging area; if this number was smaller than
the theoretical departure probability, the agent did not move. The
identity, the rank and the departure latency of each agent partici-
pating in a movement (first departing individual or joiner) were
scored for each simulated collective movement.

To be consistent with the experimental situation, we stopped
a simulation when no agent joined within 300 s of the departure of
the first departing individual or the last joiner (see Definitions). As
with the observed collective movements, from zero to nine agents
can join a first departing individual in the simulated collective
movements. We set the number of simulations to 1000 for each
hypothesis and each set of tested parameters.

Statistical Analysis

The observed distribution of the number of joiners and those
obtained from the simulations (under the four hypotheses) were
compared using Spearman rank correlation tests. Observed and
simulated means and variances of departure latencies were
compared using Kolmogorov–Smirnov tests. We used a Dietz R test
to correlate matrices of observed and simulated frequencies of
direct joining (i.e. when individual A was the joiner j and B the
joiner j þ 1 or when individual B was the joiner j and A the joiner
j þ 1). We set the number of permutations to 10 000 for matrices
correlations. Permutations of the rows and columns of one of the
two matrices were automatically generated and, for each permu-
tation, statistical values were calculated. This method provided
more accurate and stable P values (Hemelrijk 1990; de Vries et al.
1993; Whitehead 1997). We used Spearman rank correlation tests
to compare the observed and simulated orders of individuals at
departure.

The significance level was set at 0.05. All tests were two tailed.
We carried out tests using SPSS 10.0 (SPSS Inc., Chicago, IL, U.S.A.)
and SocProg 2.3 for the correlations of matrices (Whitehead 1997;
Whitehead 2007; Sueur & Petit 2008b).

RESULTS

Preliminary Analyses

Analysis of the observed departure latencies
We compared the different observed departure latencies for the

group. A Kruskal–Wallis test showed that the distribution of the
interindividual departure latencies was not consistent (H9 ¼ 197.8,
P < 0.00001; Fig. 1). A Dunn’s multiple comparisons test revealed
that the departure latencies of the first departing individual were
20-fold higher than the departure latencies of all other (nine)
joiners (P < 0.00001) suggesting a mimetic process.

Departure of the first departing individual
There was no difference in the observed departure latencies

between the different first departing individuals (H9 ¼ 10.65,
P ¼ 0.300). The distribution of the departure latencies of the first
departing individual, whatever its identity, fitted with a theoretical
Please cite this article in press as: Sueur, C., et al., Selective mimetism at
mental and theoretical approach, Animal Behaviour (2009), doi:10.1016/
exponential distribution (curve estimation: F1,110 ¼ 5619, R2 ¼ 0.98,
P < 0.00001, see Fig. S1 in the supplementary material). The log
gradient of this exponential distribution was the inverse of the
mean departure latency of the first departing individual and cor-
responded to the departure probability of the first individual j01

(equation 1a; Amé et al. 2006; Meunier et al. 2006; Gautrais et al.
2007).

Nevertheless, neither sex (Mann–Whitney, U test: U ¼ 9.5,
Nmale¼ 4, Nfemale¼ 6, P¼ 0.593; meanmale¼ 10.7�4.8, meanfemale

¼ 16.8� 5.8) nor age (Spearman rank correlation: rS ¼ 0.43, N ¼ 10,
P¼ 0.245) nor dominance (Spearman rank correlation: rS ¼ �0.51,
N¼ 10, P¼ 0.160) influenced the probability of departing first in this
study group as found in another Tonkean macaque group (Sueur &
Petit 2008a).

The joiners’ departure and the mimetic process
For each rank, we compared the distribution of the departure

latencies of the joiner to a theoretical exponential distribution and
to a linear distribution. If the distribution fitted an exponential one,
then the departure probabilities of joiners would be constant per
unit time. If it fitted a linear one, then the departure probabilities of
joiners would depend on time. The observed distributions for all
ranks best fitted an exponential distribution (curve estimations:
F1,110 > 1645, R2 > 0.85, P < 0.00001, see Fig. S2-10 in the supple-
mentary material). Consequently, the departure probabilities of
joiners were constant per unit time.

The inverse of the departure latency (equal to the departure
probability) was a parabolic function of j (equation 2c; Dussutour
et al. 2008) as shown by a Spearman rank correlation test (r ¼ 0.86,
n ¼ N ¼ 10, P ¼ 0.002).
Observed and Simulated Distributions of Number of Joiners

First, we analysed the observed distribution of the number of
collective movements according to the number of joiners. This
distribution was not homogeneous (chi-square test: c9

2 ¼ 206,
P < 0.00001) and was bimodal. There were more collective move-
ments with no joiner (16.2%) and with all joiners (48.6%) than
collective movements with one to eight joiners (4.4 � 1.1%; Fig. 2).
This bimodality was the signature of an ‘all or nothing’ process:
departure in collective movements of Macaca tonkeana: an experi-
j.anbehav.2009.07.029
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Figure 2. Observed distribution of the number of collective movements according to
the number of joiners.
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either no collective movement occurred or the entire group moved
(Meunier et al. 2006; Gautrais et al. 2007).

We then compared the four simulated distributions of the
number of joiners to the observed one. We never observed bimo-
dality for the independent hypothesis. The distribution was mon-
omodal with a maximum at no joiners and the percentage of
collective movements where all individuals moved was 0% (see
Fig. S11 in the supplementary material). For the other three
hypotheses we conducted simulations with different mimetic
coefficients C (from 0.0005 to 0.002), since the calculated value of
the mimetic coefficient was approximated (equation 2d). For the
anonymous mimetic hypothesis, we observed bimodal distribu-
tions that correlated with the observed distribution (with
0.0005 � C � 0.0009; Spearman rank correlation tests: rS � 0.58,
N ¼ 10, P � 0.032; Fig. 3a), with the highest correlation for
C ¼ 0.0007 (Spearman rank correlation test: rS ¼ 0.72, N ¼ 10,
P ¼ 0.016; Fig. 3a). The percentage of collective movements where
all individuals moved was 64.6% (compared to 48.6% for the
observed collective movements). In contrast, we never obtained
bimodality for the kinship hypothesis. All simulated distributions
were monomodal with a maximum at zero or one joiner. As a result,
the simulated distributions of the number of joiners did not
correlate with the observed distribution (Spearman rank correla-
tion test: rS � 0.14, N ¼ 10, P � 0.790; Fig. 3b) and the percentage of
0.002

0.001

0.0009

0.0008

0.0007

0.0006

0.0005
0 1 2 3 4 5 6 7 8 9

0.002

0.001

0.0009

0.0008

0.0007

0.0006

0.0005
0 1 2 3

Numb

M
im

et
ic

 c
oe

ff
ic

ie
n

t

(a) (b)

Figure 3. Simulated distribution of the frequencies of collective movements according to
hypothesis and (c) the affiliation hypothesis. The frequency is expressed as a percentage (5%
for approximately two to seven joiners (in black). The distribution of the frequencies under
distributions of the frequencies under the anonymous mimetic hypothesis and the affiliatio
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collective movements where all individuals moved was 0%. Con-
cerning the affiliation hypothesis, we observed bimodal distribu-
tions with a correlation with the observed distribution only for
C ¼ 0.0009 (Spearman rank correlation test: rS ¼ 0.62, N ¼ 10,
P ¼ 0.044; Fig. 3c). The percentage of collective movements where
all individuals moved was 67.2%.
Observed and Simulated Distributions of Mean Departure Latencies

Since the first departing individual latency was the same for all
versions of the model, only joiners’ mean departure latencies were
of concern in this comparison. Kolmogorov–Smirnov tests revealed
that the simulated distributions of the mean departure latencies of
the independent hypothesis and the kinship hypothesis (whatever
the value of the mimetic coefficient) differed from the observed
distribution (Z � 2.05, N ¼ 5, P � 0.0001; Fig 4; see the supple-
mentary material for figures with error bars; Figs S12–S15).
Conversely, distributions of the mean departure latencies of the
anonymous mimetic and affiliation hypotheses did not differ from
the observed distribution (with 0.0009 � C � 0.002, Z � 0.94,
N ¼ 10, P � 0.301; Fig. 4). Because of these results, in the next
analyses we focused only on the anonymous mimetic and affiliation
hypotheses.
Observed and Simulated Distributions of Variances of Departure
Latencies

The distribution of variances of departure latencies may reflect
the signature of the influence of social relationships. According to
equation (2a), the probability of joining under the anonymous
mimetic hypothesis did not depend on identities and social rela-
tionships. Thus, the variances were only influenced by l and C.
Conversely, the probability of joining under the affiliation
hypothesis was influenced by the identities and the social rela-
tionships; thus the variances were influenced as well by l, C and by
the sum of M(k,i) (see equation 5). As a result, the variances of the
departure latencies of the affiliation hypothesis would be wider
than for the anonymous mimetic hypothesis. Kolmogorov–Smirnov
tests showed that the simulated distribution of variances of
departure latencies under the anonymous mimetic hypothesis
differed from the observed distribution whatever the value of C
(Z � 1.41, N ¼ 10, P � 0.033; Fig. 5), whereas the simulated distri-
bution under the affiliation hypothesis did not differ from the
observed distribution (with 0.0008 � C � 0.002, Z � 1.342, N ¼ 10,
P ¼ 0.055; Fig. 5).
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the kinship hypothesis was monomodal with a maximum for zero or one joiners. The
n hypothesis were bimodal.
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Observed and Simulated Organizations of Group Members

The probabilities that two individuals directly joined each other
in the observed and simulated collective movements under the
anonymous mimetic hypothesis were not correlated (Dietz R test:
R ¼ 0.06, N ¼ 10, P ¼ 0.319). Conversely, these probabilities were
significantly correlated under the affiliation hypothesis (Dietz R
test: R ¼ 0.31, N ¼ 10, P ¼ 0.002). These results meant that affili-
ative relationships allowed us to predict the associations of group
members at departure of a collective movement.

For each first departing individual, we compared the observed
orders of the nine joiners at departure to the simulated ones
obtained under the two hypotheses using Spearman rank correla-
tion tests. Under the anonymous mimetic hypothesis, the simulated
orders were never correlated with the observed ones, (rS � 0.55,
N ¼ 9, P � 0.124). Under the affiliation hypothesis, the simulated
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Figure 5. Variance of departure latencies per rank (logarithmic scale) for observed
data and for the anonymous and affiliation hypotheses. The mimetic coefficient
equalled 0.001.
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orders were correlated with the observed ones for four of the 10
first departing individuals (rS � 0.64, N ¼ 9, P � 0.044).

DISCUSSION

In this study, we showed that a simple rule based on social
relationships can explain the dynamics and organization of
collective movements. We showed that individuals did not behave
independently when deciding to move but considered the
network of social relationships when joining groupmates (Cama-
zine et al. 2001). These findings recall social facilitation (Tolman
1964; Zajonc 1965) or response facilitation (Byrne 1994), in which
an individual performing a specific act increases the probability
that an observer will also perform this act. Similarly, mimetism
underlies collective movements in different species (Detrain et al.
1999; Camazine et al. 2001; Couzin & Krause 2003; Jeanson et al.
2005; Sumpter 2006; Gautrais et al. 2007). In primates, a study
on artificially induced collective movements reported that an
anonymous mimetism process seemed to explain the joining
process in capuchin monkeys (Meunier et al. 2006). Capuchins
based their decision on the number of individuals already moving,
regardless of their identities. Such an underlying anonymous
process probably exists because a ‘shot signal’ (a whistle) induced
these collective movements; this pattern was compared to a situ-
ation of predation risk in which it is more important to flee than to
take care of social partners. Conversely, in spontaneous collective
movements, as we studied here, animals can choose between
either resting or moving and therefore may actually consider their
social relationships before deciding. The selective mimetism we
found differed from Meunier et al’.s findings (2006) since the only
hypothesis explaining all patterns we observed was the affiliation
one. The departure probability of an individual did not depend
simply on the number of joiners, but also on the social relation-
ships it possessed with these individuals. A similar influence of
relationship was found in Merino sheep, with males more
frequently imitating other males than females (Michelena et al.
2006; Gautrais et al. 2007). We did not exclude from our study the
possibility that the joining process may be a mix of different
underlying mechanisms. For instance, the first joiners may join the
movement according to their affiliative relationships while the last
joiners may join according to an anonymous mimetic process. As
our results showed, the distribution of mean departure latencies
also looked like an anonymous mimetism but only the affiliation
model can explain all the patterns we studied. Affiliation influence
was the more accurate explanation for the joining process in the
study group of Tonkean macaques.

The bimodality of the observed distribution of the number of
joiners was recreated under both anonymous mimetic and affilia-
tion hypotheses and suggests a high cohesion of the group. When
an individual ‘decided’ to move, either it was joined by all group
members or it was not joined at all, leading to an ‘all or nothing’
phenomenon. For these hypotheses, we obtained slightly inferior
mimetic coefficient values than the estimated ones. This might be
because of some simplifications through modelling or other vari-
ables. For example, Sueur & Petit (2008a) reported that in Tonkean
macaques, when a first departing individual was not joined, it gave
up and generally went back to the group. This behaviour might
modulate the distribution of the number of joiners and reinforce its
bimodality. Within the 300 s criterion, in seven cases (6.3%), the
first departing individual went back when it was not joined or was
joined by one individual. Because of this small number of ‘giving-
ups’, we ignored this parameter in our model.

In many species, affiliative relationships may be constrained by
kinship and dominance (Drews 1993), but may occur between
nonkin individuals (Hill 1990; Matsumura 1993; Perry 1998). Many
departure in collective movements of Macaca tonkeana: an experi-
j.anbehav.2009.07.029



C. Sueur et al. / Animal Behaviour xxx (2009) 1–98

ARTICLE IN PRESS
authors have suggested that kinship is one of the most important
factors influencing behaviour and group stability (Hamilton 1964;
Gouzoules & Gouzoules 1987; Mateo 2003; Chapais & Berman
2004). However, Chapais and collaborators (Chapais et al. 1991;
Chapais & St-Pierre 1996) showed that nonkin relationships were
crucial in alliances and contributed to the stability of matrilineal
dominance in Japanese macaques, Macaca fuscata. Moreover,
proximity and/or contact between individuals seems to be a good
predictor of social information transmission (Coussi-Korbel & Fra-
gaszy 1995; Voelkl & Noë 2008), as we found for the dynamics and
organization of collective movements in Tonkean macaques.
Affiliative relationships seem to be a key characteristic of the
cohesion and the stability of groups (Wey et al. 2008), whereas
groups split if cohesion mechanisms are only based on kinship, as
the kinship hypothesis showed in the present study. The Tonkean
macaque society is well known for its mixing of different matrilines
during social interactions. In this species, strong affiliative bonds do
not solely depend on kinship (Thierry 2004, 2007). Thus, it is not
surprising that an individual decided to join a movement when its
highly affiliated partners had departed and not only because the
first individual had departed. In this context, the key individuals or
determinants (Byrne et al. 1990; Sueur & Petit 2008a) seemed to be
mostly the strongly affiliated individuals. These results may help to
clarify the still controversial definition of leadership. We can
wonder, who is the leader? The first departing individual or these
key individuals of the joining process?

In Tonkean macaques, the departure of a collective movement
was highly structured with specific patterns of order, timing and
subgroups of individuals. This stable organization may be explained
by our rule of joining, based on affiliation and mimetism. This
explanation corresponds to the definition of a self-organized
process: complex collective behaviour may emerge from interac-
tions between individuals following simple behavioural rules based
on local information (Bonabeau et al. 1997; Detrain & Deneubourg
2006; Sumpter 2006). In the same way, Hemelrijk (2000, 2002)
explained some aspects of social and spatial behaviours of
macaques, using an agent-based model that did not implement
their developed cognitive abilities (Hemelrijk 2002). Nevertheless,
some authors (Conradt & Roper 2005; Stueckle & Zinner 2008) have
opposed consensus (more complex negotiation) and combined
decisions (self-organized processes). We showed that both
processes can underlie group movements; Tonkean macaques
displayed negotiation and recruitment behaviours (Sueur & Petit
2008a) as well as self-organized behaviour such as selective
mimetism (present study). We did not exclude the possibility that
other factors could affect the joining probability such as intrinsic
factors or recruitment behaviours. We did not need to implement
these factors in our model, however, to explain the joining process
accurately. We are aware that this model has only been tested in
a single group. However, the methodology used here could be
applied to other social species to demonstrate the importance of
such rules in collective decision making, regardless of their cogni-
tive complexity.
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