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There is increasing evidence that animal groups can maintain coordinated be-

haviour and make collective decisions based on simple interaction rules.

Effective collective action may be further facilitated by individual variation

within groups, particularly through leader–follower polymorphisms. Recent

studies have suggested that individual-level personality traits influence the

degree to which individuals use social information, are attracted to conspeci-

fics, or act as leaders/followers. However, evidence is equivocal and largely

limited to laboratory studies. We use an automated data-collection system

to conduct an experiment testing the relationship between personality and col-

lective decision-making in the wild. First, we report that foraging flocks of

great tits (Parus major) show strikingly synchronous behaviour. A predictive

model of collective decision-making replicates patterns well, suggesting

simple interaction rules are sufficient to explain the observed social behaviour.

Second, within groups, individuals with more reactive personalities behave

more collectively, moving to within-flock areas of higher density. By contrast,

proactive individuals tend to move to and feed at spatial periphery of flocks.

Finally, comparing alternative simulations of flocking with empirical data, we

demonstrate that variation in personality promotes within-patch movement

while maintaining group cohesion. Our results illustrate the importance of

incorporating individual variability in models of social behaviour.

ttps://dx.doi.org/10.1098/rspb.2014.1016
1. Introduction
In many social species, complex and striking collective behaviour can arise from

simple interaction rules [1]. Within-group responsiveness between neighbours

allows for cohesion and consensus to form in movement decisions [2], predator

avoidance [3] and resource exploitation [4], and thus provides important benefits

for individual group members [5,6]. Although less well-studied, variation in the

properties of individuals who comprise groups may be an important component

of collective behaviour, with both phenotypic differences and within-group vari-

ation in social affiliations affecting decision-making processes [7–9]. In particular,

if animals differ in their degree of sociality, then variation in the strength of social

cohesion may mediate group-level movement, with asocial animals exerting

directional ‘pulling power’ on more social individuals [10]. Such emergent

leader (initiator)–follower polymorphisms [11] have been observed in the group-

ing behaviour of a diverse range of taxa, and leadership tendencies are

increasingly proving to be consistent and repeatable within individuals [12,13].

While empirical support is limited, it is possible that variation in social behaviour

within groups may also be important in balancing coordinated action with

exploration, information-gathering and efficient patch exploitation [14–17].
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Recent theoretical work has proposed that consistent

grouping and leadership tendencies may relate to variation

in individual-level personality traits [15,18]. If so, then

such consistent and potentially heritable differences in person-

ality may help characterize individuals’ roles in collective

decision-making. Frequency-dependent selection on leader or

follower behaviour may also help explain the persistence of

variable personalities in natural populations [15,19], which to

date remains one of the most contentious issues in animal per-

sonality research [20–22]. However, empirical support for a

link between social behaviour and personality remains

scarce, and evidence for the strength and direction of this

relationship is equivocal. Most notably, sheep scored as shy

in an assay for boldness were found to have a higher social

attraction parameter [7] and graze closer to others [23],

whereas in captive geese, bold individuals were more likely

to make asocial decisions and less likely to use social infor-

mation [24], though this effect was dependent on group size

[25]. The evidence is clearer for studies of leadership in pairs

of foraging fishes, where bold individuals were more likely

to initiate movements from cover [12,26], move to new

patches [27] and be less responsive to other individuals [26],

tempered by effects of experience and motivation [13,28].

At the population-level, a social network approach in great

tits has recently been used to demonstrate an association

between social foraging and personality, with more proactive

individuals more likely to move between flocks and holding

shorter-term associations [29].

Within-group diversity in personality may also be an

important component of efficient group movement, explora-

tion and foraging success. In ants and social spiders, recent

studies have suggested that mixed personality colonies are

more successful, an effect thought to be linked to more effi-

cient task allocation [30–32]. These group-level outcomes

may further be influenced by the most extreme behavioural

types present; in social spiders, the most proactive individual

is the best predictor of group behaviour [33], whereas in gup-

pies, group exploration is related to the behaviour of the least

exploratory individual [17]. However, previous studies have

largely been restricted to captive animals, and focused on dis-

crete group outcomes (e.g. reproductive success [32,34])

rather than on collective movement or decision-making. We

further have little knowledge of how personality may

influence intragroup social interactions in the wild, where

environments are dynamic and groups are comprised

naturally associating individuals.

Here, we use an automated data-collection system to study

flocking behaviour in a winter population of wild great tits

(Parus major) and test the relationship between individual

variation, social attraction and collective decision-making.

Studies of the great tit represent one the most comprehensive

examinations of the functional importance of personality to

date, with personality quantified using the reactive–proactive

axis common across multiple taxa. In comparison with reactive

individuals, proactive individuals are more aggressive, exhibit

fast and superficial exploration of novel environments, lower

neophobia and increased boldness [35]. The axis is believed

to reflect a trade-off between risk-taking and productivity,

with individuals either prioritizing risk-prone behaviour

with potentially high rewards, or more risk-averse behaviour

that enhances survival [20]. As a proxy for this axis, we used

an assay of exploration behaviour in a novel environment,

scored on great tits temporarily taken into captivity.
Exploration behaviour is repeatable [36], heritable [36], under

selection [37,38] and linked to a range of life-history traits in

several populations [35,38,39].

In our study, wild flocks of great tits were given a choice

of four foraging locations within artificial habitat patches.

Individuals were fitted with passive integrated transponder

(PIT) tags, and foraging locations were fitted with radiofre-

quency identification (RFID) PIT-tag reading antennae.

Great tits were identified in replicate habitat patches over

two winters, and Bayes’ rule used to calculate the probability

of birds arriving at feeders as a function of the distribution of

individuals across the patch. Social attraction towards the

flock centre or periphery was then inferred by fitting a

decision-making model of collective behaviour for each indi-

vidual [40]. Collective behaviour was compared with two

individual traits identified in King et al. [14] as likely to

affect grouping and leadership tendencies: personality and

dominance rank. Finally, we conducted simulations to gain

an understanding of the extent to which consistent individual

variation in the behaviour of group members influenced flock

dynamics and patch exploitation, and compared the results of

the simulations with our empirical data. We thus present

complementary lines of evidences derived from experimental

and computational modelling approaches to understand

how individual-level personality traits influence collective

decision-making behaviour.
2. Material and methods
(a) Study area and population
The research was undertaken in a 385 ha area of broadleaf decid-

uous woodland at Wytham Woods, Oxfordshire (518460 N,

18200 W). The population of great tits in Wytham Woods has

been the focus of an extensive long-term breeding survey,

whereby all nestlings and adults are caught and fitted with

British Trust for Ornithology metal leg-bands. Since 2007, all

captured individuals have also been fitted with a uniquely

coded PIT tag (IB Technology, Aylesbury), allowing automated

detection of individuals with PIT-tag reading antennae. Our

research was conducted in winter, when great tits form loose fis-

sion–fusion flocks that roam widely in search of ephemeral food

sources. Typically, 60% of this wintering population of Wytham

great tits is comprised locally born birds ringed and PIT-tagged

as nestlings. The remaining immigrant birds were either caught

as breeding adults in the breeding seasons previous to the

study, or by using mist-nets at multi-access feeders during the

autumn. Localized mist-netting was also conducted prior to

field experiments, and we estimate that the proportion of PIT-

tagged birds in the population exceeded 90% at the time of the

study (electronic supplementary material, S1) [29].

(b) Field methods
Over the winters of 2010/2011 and 2011/2012, we installed

20 replicated habitat patches (five and 15 in each year, respect-

ively), spread throughout the woods. Each habitat patch

comprised four identical sunflower feeders fitted with two

RFID PIT-tag reading antennae (Francis Instruments, Cam-

bridge, see Quinn et al. [41], Aplin et al. [29,42] for further

details), and placed at the corners of a 50 � 50 m square. We

aimed to position feeders such that individuals formed distinct

subgroups at each feeder, but remained part of one overarching

flock. Feeders were therefore spaced 50 m apart, as this is still

within auditory and visual range of all the other feeders, but

minimizes potential for individuals to feed on different feeders
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from the same perching location. With this in mind, feeders were

also occasionally moved by up to 5 m in order to minimize

differences in habitat features that have previously been found

to influence feeding behaviour [43].

All feeding stations had two access holes and were filled with

unhusked sunflower seed. The typical behaviour for birds feed-

ing on this resource is to remove the seed and process it in a

nearby tree. The design therefore minimized potential interfer-

ence competition [44], and as these feeders also provided food

at a constant rate throughout the study, there were no confound-

ing effects of resource depletion. To allow for natural discovery

of sites, each habitat patch was deployed after dark on the eve-

ning prior to the start of data collection. Patches were checked

from day 2 onwards, and all four feeders removed once any

one feeder was fully depleted. If no feeder was fully emptied,

then the patch was removed on the morning of the fourth day

and data from that day discarded, giving a maximum of three

full days of data collection for each replicate.

(c) Personality assays
Great tits were caught with mist-nets and temporarily taken into

captivity at the Wytham field station over two winter seasons

(2010–2012). Birds were housed overnight and then individually

assayed the following morning in a novel environment with five

artificial trees, before being released at the site of capture. Twelve

types of behaviour (e.g. flights and hops) were recorded over

8 min, and these were compiled into a principal component

(PC) analysis. PC1 described 45% of variation, and the square-

root of PC1 was used in a general linear model with individual,

time of year and an individual’s number of previous assays as

fixed effects. This resulted in a single exploration score for each

individual, with individuals ranging from slow explorers (SEs)

to fast explorers (FEs), also see [29,37,39,41]. Such assays have

been conducted in this population since 2005 [37], with good esti-

mates for individual repeatability (r ¼ 0.34) [45]; methods are

originally based on a design by Verbeek et al. [46]. Exploration

behaviour is a proxy for the reactive–proactive personality axis

in great tits, and has been previously linked to foraging

behaviour [41,44].

(d) Dominance rank
In order to test whether individual variation in collective behav-

iour was related to dominance, we created an estimated

dominance index related to sex, age and body size. We ordered

individuals as adult males, juvenile males, adult females and

juvenile females, and then ranked individuals within these

classes by wing length to generate an overall index, ranging

from the largest adult male to the smallest juvenile female.

While this is an indirect measure of dominance, there is a long

history of studies in great tits to support this rank as estimated

[47,48]. Age and sex are the strongest determinants of dominance

in tits [49,50], whereas wing length (as a proxy for body size) has

also been found to be a good predictor of both dominance and

social position in this species [48,51,52]. There is likely to be a

further degree of flexibility in this hierarchy related to territory

proximity [52,53]; however, any bias should be mitigated by

the spatial variability in replicate habitat patches.

(e) Patch arrivals and feeder choice
We detected the arrival of individuals into the patch by combin-

ing the data from the four feeders. Individuals were deemed to

arrive when they were first detected on any feeder. Subsequent

arrivals were defined as detections after an absence of more

than 240 s from the patch. Conversely, birds were deemed to

have departed from the patch if not detected within 240 s since

their last record on any feeder. We discarded the very first arrival
by each individual, because we assumed that prior to that point

individuals had no personal information about the patch. For

each event, we recorded the feeder on which individuals sub-

sequently arrived and departed from, and the distribution of

all other individuals feeding in the patch at that time. We then

used Bayes’ rule to calculate the density-dependent probability

of arriving (A) at a feeder of density r:

P(Ajr) ¼ P(rjA)P(A)

P(r)
: (2:1)

Here P(r) is the frequency (i.e. probability distribution) of observ-

ing a density r taken from the entire dataset of all four feeders;

P(A) is the prior probability of arriving at a given feeder indepen-

dent of proportion (which we fixed at P(A) ¼ 1/4 because all

feeders were of equal quality) and P(rjA) is the observed fre-

quency of a density r at feeder where the individual was first

detected in a given visit. We provide the posterior probability

of arriving given the number of individuals present at a site in

the electronic supplementary material, §S4.
( f ) Inferring the decision-making rule used in feeder
choice

In order to ascertain whether the exploration behaviour was

related to within- or between-individual differences in flocking,

we ran generalized linear-mixed models of flock size at arrival

against exploration score, with identity as a random effect

(electronic supplementary material, §S3). Next, we gained an

understanding of the collective behaviour of individuals by fit-

ting the parameters of a previously published model of social

decision-making [40]. This model uses three parameters, s, k
and a. Parameter s refers to the weight that individuals place

on the choices made by others. That is, the model assumes

when an individual observes a conspecific making a choice, it

behaves as if it believes that it makes a ‘good choice’ s times

more often than a bad choice. Thus, s in this study refers to an

attraction (i.e. towards the centre of the group) or repulsion

(i.e. towards the periphery of the group) [40,54]. Although

derived in the context of information about site quality, here s
in our study could relate to a combination of predation risk

and site quality [54], given that birds may not have known that

all feeders were identical. Parameter k defines how individuals

assess the attraction of each option based on the distribution of

individuals across them. That is, when k ¼ 1, birds make their

choices based on the relative difference in the number of conspe-

cifics at each option. When k ¼ 0, decisions are made based on

the absolute number of individuals on each site. Given flocks

vary in size, the biological interpretation of 0 , k , 1 may rep-

resent birds occasionally choosing less populous sites when the

flock is large (following Weber’s law [55]). Finally, parameter a
defines the non-social quality of each food source. Because our

patches were made up of four identical feeders that did not

deplete, the value of a was equal for each choice as there was

no a priori information suggesting one feeder should be consist-

ently chosen over another. Including a in the model had no

qualitative effect on our result, and we set a ¼ 1; see discussion

in [55], e.g. eqn 17.

The effect of s and k parameters on the probability of an indi-

vidual choosing a site based on the distribution of conspecifics is

given by the following model (from [40]):

P(XijB) � 1

1þ s�(nx�k
P

y=xny)
: (2:2)

Here, nx refers to the number of individuals on feeder x at time

i, and ny is the number of individuals at each of the other fee-

ders at that time. For low values of s (at or near 1), this

function is a shallow linear increase. As s increases, the
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function becomes sigmoidal, and the probability of picking an

empty feeder asymptomatically approaches 0, whereas the

probability of picking the most popular feeder asymptomati-

cally approaches 1. We demonstrate the effects of the

parameters s and k in the electronic supplementary material,

§S2 and figure S2a. The true probability is then acquired by

normalizing, and the sites are picked by probability matching,

chosen in proportion to equation (2.2) [40,56] (electronic

supplementary material, §2, figure S2b).

Finally, we calculated the best-fitting value of s for each indi-

vidual separately, while keeping k constant. In this case, a k-value

for the entire population was calculated using maximum-likeli-

hood estimation, where the probability of each observed feeder

choice was calculated given the model, summing up the log-like-

lihoods for each set of given parameter values (using optim
function in R [57]). Using the likelihood surface, we also calcu-

lated the 95% confidence intervals for each individual’s

estimated value of s. Generalized linear models were used to

explore the relationship between s, personality and dominance

rank. Individuals varied in their numbers of arrivals, influencing

the uncertainty of the estimated parameter. Therefore, we

weighted each value of s by the inverse of the size of its

95% CI, but found this had no impact on the estimates of the

relationship (electronic supplementary material, §S1c).

(g) Testing if the model replicates the data
We ran 100 simulations, each with 100 arrival events. At each

step a new individual arrived into a patch of four identical fee-

ders and a random individual was removed. This maintained a

fixed patch-level population size, which we randomly drew

from the distribution of group sizes we observed. Arrival den-

sity was plotted against the theoretical asocial prediction in the

same way as for the empirical data, and a thin plate spline

regression was used to fit a surface of this relationship to the

individual personality scores. This smoothing algorithm is a

generalization of standard splines to multiple dimensions (in

this case, 2) [58]; we used the Tps function in the R package

fields [59].

(h) Simulations of collective decision-making
Finally, we investigated properties of simulated flocks under

different scenarios of s distributions. First, we simulated flocks as

above with s values for each arriving bird either: (i) fixed at the

value for the most FE birds, (ii) fixed at the mean value for all indi-

viduals, (iii) fixed at the value for the most SE birds, or (iv) s
randomly sampled from the population distribution. We then

tested two group properties be important; (i) diversity of feeder

use and (ii) flock cohesion. Diversity of feeder use was defined

as how evenly all four feeders were used, measured using the

probability of interspecific encounter index [60]. This was scaled

to range between 0 and 1, with 1 indicating that all four feeders

were used equally. Cohesiveness was defined as the average pro-

portion of individuals that were found in the largest subgroup

for each simulation, with 1 indicating that all individuals were

always at just one feeder. Four representative simulations were

used to create electronic supplementary material, movies A–D.

We then compared these results with the same measures taken

directly from the empirical data to investigate which scenario

best replicated observed flocking behaviour.
3. Results
(a) Flock behaviour
A total of 813 individual great tits were identified over the 20

habitat patches, with 3494 independent patch arrival decisions.
These individuals arrived at highly populated feeders more

frequently than expected by the theoretical asocial prediction

(figure 1a). This result was robust to 1000 jack-knife randomiz-

ations with 40% of the data removed. Overall, maximum-

likelihood estimation resulted in a population-level social

attraction parameter (s) of 1.93 (95% confidence interval

(CI)¼ 1.79–2.14). Parameter k (range 0–1) was estimated as

0.36 (95% CI¼ 0.31–0.42). That 0 , k , 1 suggests that

when the number of conspecifics is high, individuals entering

the patch consider the relative densities on the feeders rather

than the absolute number of other individuals. The patch arri-

val decisions from 10 000 simulations using parameter values

for s and k replicated the results well and were a good fit to

the observed data (figure 1a: blue line). This was particularly

striking given the simplicity of the predictive model, and

suggests that simple interaction rules are sufficient to explain

the patterns of collective behaviour observed in the study.
(b) Individual variation in collective behaviour
A subset of the individuals observed at the habitat patches had

also been previously assayed for personality (n ¼ 134). In

addition to personality scores, dominance rank was estimated

for all individuals with known biometrics (n ¼ 369). To inves-

tigate how this individual variation in dominance and

personality influenced flocking behaviour, we calculated the

social attraction parameter s for each focal individual, keeping

k constant at the population level (k ¼ 0.36). There was no

relationship between dominance rank and s (coefficient+ s.e.

0.002+0.001, p ¼ 0.08; electronic supplementary material,

figure S3a). However, among individuals with known person-

alities, exploration behaviour was inversely proportional to

the weighting of social attraction, with more reactive (SE)

individuals behaving more collectively (coefficient+ s.e.

20.20+0.08, p ¼ 0.008; figure 1b). There were also marked

differences in the distribution; more proactive (FE) individuals

fed significantly more at feeders with a low relative density

than more reactive (SE) individuals (coefficient+ s.e.

20.07+0.02, p , 0.001). We found no relationship between

personality and the number of individuals present in the

patch (coefficient+ s.e. 0.36+0.87, p ¼ 0.41; mean flock

size ¼ 6; electronic supplementary material, §S3b), feeding

rates (coefficient+ s.e. 0.59+0.41, p ¼ 0.15; electronic

supplementary material, §S1a) or flock size at departure

(coefficient+ s.e. 0.23+0.23, p ¼ 0.33).
(c) Simulations of group dynamics
Simulations for 10 000 arrival decisions (sampled across the

range of personality scores) resulted in a clear prediction that

proactive (FE) individuals should behave less collectively

across all densities (figure 1c). To investigate how this individ-

ual variation in social attraction may affect group foraging

behaviour, we then simulated continuous arrivals and depar-

tures to four identical feeders in a patch. When groups

consisted of all proactive individuals (max. FE, s ¼ 1), they

rarely aggregated at any one feeder (figure 2a), with a high

mean diversity of feeder use (figure 3a) and very low group

cohesion (figure 3b). By contrast, groups of all reactive individ-

uals (min. SE, s ¼ 4.4) and groups where all individuals had an

average phenotype (s ¼ 2.2) all rapidly fixed at a single feeder

and rarely shifted (figure 2b,c), with low diversity of feeder use

(figure 3a) and very high group cohesiveness (figure 3b).
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When simulated groups consisted of individuals with vari-

able social attraction parameters (randomly selected from

observed personality distribution), they showed a diversity of

feeder use much greater than for all average or all SE groups

(average group mean ¼ 0.26; variable group mean ¼ 0.58;

figure 3a). By contrast, group cohesion was similar in variable

groups to average groups and all SE groups (average group

mean ¼ 0.95; variable group mean ¼ 0.98), and together

much higher than FE groups (FE group mean¼ 0.17; figure

3b). This allowed the simulated variable flock to shift from

one feeder to another as a largely integrated unit (figure 2d).

Finally, diversity of feeder use and group cohesion was calcu-

lated for empirical data from habitat patches (n ¼ 20). In this

case, the observed data showed high values for both diversity

of feeder use (empirical group mean ¼ 0.76; figure 3a) and

group cohesion (empirical group mean ¼ 0.97; figure 3b),

similar to simulated variable groups.
4. Discussion
By monitoring movement decisions in wild birds, we obtained

evidence from several sources that personality is related to

individual variation in collective decision-making. When wild

great tits were given a choice of four identical feeders in a habi-

tat patch, all individuals tended to arrive and move to more
highly populated feeders, resulting in highly synchronous

flocking behaviour. A Bayesian decision-making model of

collective behaviour described these individual movements

well. Simulations of this model predicted synchronous

flocking behaviour, linking the individual- and group-level

observations. However, while all individuals exhibited some

degree of collective behaviour, it also varied with personality.

More reactive (SE) individuals were more likely to choose fee-

ders with a high relative density of individuals and had a

higher weighting of social attraction s. By contrast, more proac-

tive (FE) individuals were more likely to forage on the spatial

periphery of flocks, and move away from areas of high density.

This was independent of their estimated dominance rank, flock

size or feeding rates, suggesting that there was no effect of com-

petition or neophobia on social behaviour, despite being

positively (competitiveness) or negatively (neophobia) corre-

lated with exploration behaviour in some other contexts [44,61].

Our study is, to our knowledge, the first to show such a

relationship between personality and individual differences

in collective behaviour in naturally occurring wild groups.

Previous captive experiments in sticklebacks, sheep and

geese [7,12,24,25] also support the direction of these results,

and suggest a pattern whereby reactive individuals have a

greater social attraction to conspecifics and are more likely

to use social information. This pattern could even potentially

extend to producer–scrounger dynamics, with some studies
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suggesting that shy individuals are more likely to scrounge

(e.g. in geese [62]). Our results are further consistent with

our previous research on social behaviour of great tits,

where reactive (SE) individuals tended to have stronger and

more temporally stable social network associations [29], and

may suggest one potential simple mechanism by which

such longer-term population-level patterns may be obtained.
We have extended the scope of this previous research in a

number of ways by quantifying this relationship over 2

years and over a large spatial scale, in a fission–fusion popu-

lation where foraging flocks are comprised naturally

associating individuals of variable personalities.

Personality in great tits is thought to relate to a differential

response to risk-taking, with proactive (FE) birds engaging in
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potentially highly rewarding behaviour with an higher

associated risk, and more reactive (SE) individuals favouring

a lower productivity but low-risk strategy. Flocking is also

thought to be a response to shifting levels of predation and

resource availability, and the observed differences in group-

ing tendencies are consistent with this trade-off. Great tits

are vulnerable to predation from Eurasian sparrowhawks

(Accipiter nisus) [63], which are attracted to flocks forced

to aggregate at patchy food sources. By showing a high

degree of social attraction towards flock mates and increasing

group-level synchrony, reactive (SE) individuals may be low-

ering their predation risk. While in our habitat patches food

was not limited, we would generally expect such behaviour

to lead to an increase in competition between group mem-

bers, thus leading to a risk/productivity trade-off in social

behaviour that individuals may weigh differently depending

on personality type.

We investigated the consequences of individual variation

in social behaviour on group decision-making by simulating

the patch-level behaviour of average-sized groups comprising

different combinations of personality types. As expected,

when groups consisted all of extreme phenotypes, they

either concentrated at a single foraging location (when all

reactive), or dispersed towards the lowest possible density

(when all proactive). However, interestingly, when groups

were comprised a single personality phenotype taken from

the population average, they exhibited collective behaviour

similar to reactive groups, concentrating at high densities

with little movement. Only groups containing variable per-

sonalities (either from empirical data or taken randomly

from the observed distribution) showed both group cohesive-

ness and patch exploration. In this way, our results support

the theoretical predictions of a leader–follower polymorph-

ism [12,14,15], with a small proportion of very exploratory

individuals allowing for collective action while overall

group coordination is maintained [14,17]. They also reflect

recent studies in insects and social spiders, where groups

consisting of variable behavioural types showed better overall

success in measures such as foraging or reproduction [30–34].
There is an increasing body of evidence that social behav-

iour and collective decision-making may not just reflect

immediate costs and benefits, but may also be an outcome of

intrinsic behavioural differences between individuals

[15,29,32]. We use novel automated data-collection methods

to show that the well-understood personality trait ‘exploration

behaviour’ is related to individual differences in both grouping

tendencies and collective behaviour in wild great tits. Such

differences should impact collective decision-making processes

in groups, and we use computational models based on our

empirical data to demonstrate that groups consisting of vari-

able personality types show the most effective coordinated

action when exploiting a habitat patch. Further research

should aim to provide empirical support for the predictions

of this model, manipulating the personality composition of

large groups to observe how it influences patch exploitation

and group movements. We demonstrate an experimental para-

digm that can be generalized to allow collective behaviour

research such as this to be conducted in wild naturalistic con-

texts, helping improve our understanding of the evolution and

ecology of social behaviour.

Work was subjected to review by the Department of Zoology ethical
committee, University of Oxford, and the Animal Experimenta-
tion Ethics Committee, Australian National University. Birds were
held in captivity under Natural England licences 20104175 and
20114175.

Acknowledgements. We are grateful to the social network group at the
Edward Grey Institute, University of Oxford and to S. Lang who
helped with fieldwork. Also to J. Quinn, E. Cole and J. Morand-
Ferron for advice on personality assays, and providing some person-
ality data.

Data accessibility. Data is available as the electronic supplementary
material.

Funding statement. The study was supported by an Australian Post-
graduate Award to L.M.A., and a European Research Council grant
to B.C.S. (AdG 250164). R.P.M. was supported by a European
Research Council grant to D. Sumpter (IDCAB 220/104702003).
The work was funded by grants from the ERC (AdG 250164) and
BBSRC (BB/L006081/1) to B.C.S.



8
References
rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20141016
1. Sumpter DJT. 2006 The principles of collective
animal behaviour. Phil. Trans. R. Soc. B 361, 5 – 22.
(doi:10.1098/rstb.2005.1733)

2. Couzin ID, Krause J, Franks NR, Levin SA. 2005
Effective leadership and decision-making in animal
groups on the move. Nature 433, 513 – 516.
(doi:10.1038/nature03236)

3. Handegard NO, Boswell KM, Ioannou CC, Leblanc SP,
Tjøstheim DB, Couzin ID. 2012 The dynamics of
coordinated group hunting and collective information
transfer among schooling prey. Curr. Biol. 22,
1213 – 1217. (doi:10.1016/j.cub.2012.04.050)

4. Krause J, Ruxton GD, Krause S. 2010 Swarm
intelligence in animals and humans. Trends Ecol.
Evol. 25, 28 – 34. (doi:10.1016/j.tree.2009.06.016)

5. Krause J, Ruxton GD. 2002 Living in groups. Oxford,
UK: Oxford University Press.

6. Ioannou CC, Guttal V, Couzin ID. 2012 Predatory fish
select for coordinated collective motion in virtual
prey. Science 337, 1212 – 1215. (doi:10.1126/
science.1218919)

7. Michelena P, Jeanson R, Deneubourg J-L, Sibbald
AM. 2010 Personality and collective decision-making
in foraging herbivores. Proc. R. Soc. B 277,
1093 – 1099. (doi:10.1098/rspb.2009.1926)

8. King AJ, Sueur C, Huchard E, Cowlishaw G. 2011 A
rule-of-thumb based on social affiliation explains
collective movements in desert baboons. Anim.
Behav. 82, 1337 – 1345. (doi:10.1016/j.anbehav.
2011.09.017)

9. Herbert-Read JE, Krause S, Morrell LJ, Schaerf TM,
Krause J, Ward AJW. 2013 The role of individuality
in collective group movement. Proc. R. Soc. B 280,
20122564. (doi:10.1098/rspb.2012.2564)

10. Couzin ID, Ioannou CC, Demirel G, Gross T, Torney
CJ, Hartnett A, Conradt L, Levin SA, Leonard NE.
2011 Uninformed individuals promote democratic
consensus in animal groups. Science 334,
1578 – 1580. (doi:10.1126/science.1210280)

11. King AJ. 2010 Follow me! I’m a leader if you do; I’m
a failed initiator if don’t. Behav. Process. 84,
671 – 674. (doi:10.1016/j.beproc.2010.03.006)

12. Harcourt JL, Ang TZ, Sweetman G, Johnstone RA,
Manica A. 2009 Social feedback and the emergence
of leaders and followers. Curr. Biol. 19, 248 – 252.
(doi:10.1016/j.cub.2008.12.051)

13. Leblond C, Reebs SG. 2006 Individual leadership
and boldness in shoals of golden shiners
(Notemigonus crysoleucas). Behaviour 143,
1263 – 1280. (doi:10.1163/156853906778691603)

14. King AJ, Johnson DDP, Van Vugt M. 2009 The
origins and evolution of leadership. Curr. Biol. 19,
R911 – R916. (doi:10.1016/j.cub.2009.07.027)

15. Johnstone RA, Manica A. 2011 Evolution of
personality differences in leadership. Proc. Natl
Acad. Sci. USA 108, 8373 – 8378. (doi:10.1073/pnas.
1102191108)

16. Chamley CP. 2004 Rational herds: economic models
of social learning. Cambridge, UK: Cambridge
University Press.
17. Brown C, Irving E. 2014 Individual personality traits
influence group exploration in a feral guppy
population. Behav. Ecol. 25, 95 – 101. (doi:10.1093/
beheco/art090)

18. Webster MM, Ward AJW. 2011 Personality and
social context. Biol. Rev. 86, 759 – 773. (doi:10.
1111/j.1469-185X.2010.00169.x)

19. Dingemanse NJ, Wolf M. 2010 Recent models for
adaptive personality differences: a review. Phil.
Trans. R. Soc. B 365, 3947 – 3958. (doi:10.1098/rstb.
2010.0221)

20. Wolf M, van Doorn GS, Leimar O, Weissing FJ. 2007
Life-history trade-offs favour the evolution of
animal personalities. Nature 447, 581 – 584.
(doi:10.1038/nature05835)

21. Wolf M, Weissing FJ. 2010 An explanatory
framework for adaptive personality differences. Phil.
Trans. R. Soc. B 365, 3959 – 3968. (doi:10.1098/rstb.
2010.0215)

22. Dall SRX, Bell AM, Bolnick DI, Ratnieks FLW. 2012
An evolutionary ecology of individual differences.
Ecol. Lett. 15, 1189 – 1198. (doi:10.1111/j.1461-
0248.2012.01846.x)

23. Sibbald AM, Erhard HW, McLeod JE, Hooper RJ.
2009 Individual personality and the spatial
distribution of groups of grazing animals: an
example with sheep. Behav. Process. 82, 319 – 326.
(doi:10.1016/j.beproc.2009.07.011)

24. Kurvers RHJM, Van Oers K, Nolet BA, Jonker RM,
Van Wieren SE, Prins HHT, Ydenberg RC. 2010
Personality predicts the use of social information.
Ecol. Lett. 13, 829 – 837. (doi:10.1111/j.1461-0248.
2010.01473.x)

25. Kurvers RHJM, Adamczyk VMAP, van Wieren SE, Prins
HHT. 2011 The effect of boldness on decision-making in
barnacle geese is group-size-dependent. Proc. R. Soc. B
278, 2018 – 2024. (doi:10.1098/rspb.2010.2266)

26. Nakayama S, Harcourt JL, Johnstone RA, Manica A.
2012 Initiative, personality and leadership in pairs
of foraging fish. PLoS ONE 7, e36606. (doi:10.1371/
journal.pone.0036606)

27. Kurvers RHJM, Eijkelenkamp B, van Oers K, van Lith B,
van Wieren SE, Ydenberg RC, Prins HHT. 2009
Personality differences explain leadership in barnacle
geese. Anim. Behav. 78, 447 – 453. (doi:10.1016/j.
anbehav.2009.06.002)

28. Nakayama S, Stumpe MC, Manica A, Johnstone RA.
2013 Experience overrides personality differences in
the tendency to follow but not in the tendency to
lead. Proc. R. Soc. B 280, 20131724. (doi:10.1098/
rspb.2013.1724)

29. Aplin LM, Farine DR, Morand-Ferron J, Cole EF,
Cockburn A, Sheldon BC. 2013 Individual
personalities predict social behaviour in wild
networks of great tits (Parus major). Ecol. Lett. 16,
1365 – 1372. (doi:10.1111/ele.12181)

30. Modlmeier AP, Foitzik S. 2011 Productivity increases
with variation in aggression among group members
in Temnothorax ants. Behav. Ecol. 22, 1026 – 1032.
(doi:10.1093/beheco/arr086)
31. Modlmeier AP, Liebmann JE, Foitzik S. 2012 Diverse
societies are more productive: a lesson from ants.
Proc. R. Soc. B 279, 2142 – 2150. (doi:10.1098/rspb.
2011.2376)

32. Pruitt JN, Riechert SE. 2011 How within-group
behavioural variation and task efficiency enhance
fitness in a social group. Proc. R. Soc. B 278,
1209 – 1215. (doi:10.1098/rspb.2010.1700)

33. Pruitt J, Grinsted L, Settepani V. 2013 Linking levels
of personality: personalities of the ‘average’ and
‘most extreme’ group members predict colony-level
personality. Anim. Behav. 86, 391 – 399. (doi:10.
1016/j.anbehav.2013.05.030)

34. Sih A, Watters JV. 2005 The mix matters:
behavioural types and group dynamics in water
striders. Behaviour 142, 1417 – 1431. (doi:10.1163/
156853905774539454)

35. Groothuis TGG, Carere C. 2005 Avian personalities:
characterization and epigenesis. Neurosci. Biobehav.
Rev. 29, 137 – 150. (doi:10.1016/j.neubiorev.2004.
06.010)

36. van Oers K, Drent PJ, de Goede P, van Noordwijk AJ.
2004 Realized heritability and repeatability of risk-
taking behaviour in relation to avian personalities.
Proc. R. Soc. Lond. B 271, 65 – 73. (doi:10.1098/
rspb.2003.2518)

37. Quinn JL, Patrick SC, Bouwhuis S, Wilkin TA,
Sheldon BC. 2009 Heterogeneous selection on a
heritable temperament trait in a variable
environment. J. Anim. Ecol. 78, 1203 – 1215.
(doi:10.1111/j.1365-2656.2009.01585.x)

38. Korsten P, van Overveld T, Adriaensen F, Matthysen
E. 2013 Genetic integration of local dispersal and
exploratory behaviour in a wild bird. Nat. Commun.
4. (doi:10.1038/ncomms3362)

39. Quinn JL, Cole EF, Patrick SC, Sheldon BC. 2011
Scale and state dependence of the relationship
between personality and dispersal in a great tit
population. J. Anim. Ecol. 80, 918 – 928. (doi:10.
1111/j.1365-2656.2011.01835.x)

40. Arganda S, Perez-Escudero A, de Polavieja GG. 2012 A
common rule for decision making in animal collectives
across species. Proc. Natl Acad. Sci. USA 109,
20 508 – 20 513. (doi:10.1073/pnas.1210664109)

41. Quinn JL, Cole EF, Bates J, Payne RW, Cresswell W.
2012 Personality predicts individual responsiveness
to the risks of starvation and predation. Proc. R. Soc.
B 279, 1919 – 1926. (doi:10.1098/rspb.2011.2227)

42. Aplin LM, Farine DR, Morand-Ferron J, Sheldon BC.
2012 Social networks predict patch discovery in a
wild population of songbirds. Proc. R. Soc. B 279,
4199 – 4205. (doi:10.1098/rspb.2012.1591)

43. Dolby AS, Grubb TC. 2000 Social context affects risk
taking by a satellite species in a mixed-species
foraging group. Behav. Ecol. 11, 110 – 114. (doi:10.
1093/beheco/11.1.110)

44. Cole EF, Quinn JL. 2012 Personality and problem-
solving performance explain competitive ability in
the wild. Proc. R. Soc. B 279, 1168 – 1175. (doi:10.
1098/rspb.2011.1539)

http://dx.doi.org/10.1098/rstb.2005.1733
http://dx.doi.org/10.1038/nature03236
http://dx.doi.org/10.1016/j.cub.2012.04.050
http://dx.doi.org/10.1016/j.tree.2009.06.016
http://dx.doi.org/10.1126/science.1218919
http://dx.doi.org/10.1126/science.1218919
http://dx.doi.org/10.1098/rspb.2009.1926
http://dx.doi.org/10.1016/j.anbehav.2011.09.017
http://dx.doi.org/10.1016/j.anbehav.2011.09.017
http://dx.doi.org/10.1098/rspb.2012.2564
http://dx.doi.org/10.1126/science.1210280
http://dx.doi.org/10.1016/j.beproc.2010.03.006
http://dx.doi.org/10.1016/j.cub.2008.12.051
http://dx.doi.org/10.1163/156853906778691603
http://dx.doi.org/10.1016/j.cub.2009.07.027
http://dx.doi.org/10.1073/pnas.1102191108
http://dx.doi.org/10.1073/pnas.1102191108
http://dx.doi.org/10.1093/beheco/art090
http://dx.doi.org/10.1093/beheco/art090
http://dx.doi.org/10.1111/j.1469-185X.2010.00169.x
http://dx.doi.org/10.1111/j.1469-185X.2010.00169.x
http://dx.doi.org/10.1098/rstb.2010.0221
http://dx.doi.org/10.1098/rstb.2010.0221
http://dx.doi.org/10.1038/nature05835
http://dx.doi.org/10.1098/rstb.2010.0215
http://dx.doi.org/10.1098/rstb.2010.0215
http://dx.doi.org/10.1111/j.1461-0248.2012.01846.x
http://dx.doi.org/10.1111/j.1461-0248.2012.01846.x
http://dx.doi.org/10.1016/j.beproc.2009.07.011
http://dx.doi.org/10.1111/j.1461-0248.2010.01473.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01473.x
http://dx.doi.org/10.1098/rspb.2010.2266
http://dx.doi.org/10.1371/journal.pone.0036606
http://dx.doi.org/10.1371/journal.pone.0036606
http://dx.doi.org/10.1016/j.anbehav.2009.06.002
http://dx.doi.org/10.1016/j.anbehav.2009.06.002
http://dx.doi.org/10.1098/rspb.2013.1724
http://dx.doi.org/10.1098/rspb.2013.1724
http://dx.doi.org/10.1111/ele.12181
http://dx.doi.org/10.1093/beheco/arr086
http://dx.doi.org/10.1098/rspb.2011.2376
http://dx.doi.org/10.1098/rspb.2011.2376
http://dx.doi.org/10.1098/rspb.2010.1700
http://dx.doi.org/10.1016/j.anbehav.2013.05.030
http://dx.doi.org/10.1016/j.anbehav.2013.05.030
http://dx.doi.org/10.1163/156853905774539454
http://dx.doi.org/10.1163/156853905774539454
http://dx.doi.org/10.1016/j.neubiorev.2004.06.010
http://dx.doi.org/10.1016/j.neubiorev.2004.06.010
http://dx.doi.org/10.1098/rspb.2003.2518
http://dx.doi.org/10.1098/rspb.2003.2518
http://dx.doi.org/10.1111/j.1365-2656.2009.01585.x
http://dx.doi.org/10.1038/ncomms3362
http://dx.doi.org/10.1111/j.1365-2656.2011.01835.x
http://dx.doi.org/10.1111/j.1365-2656.2011.01835.x
http://dx.doi.org/10.1073/pnas.1210664109
http://dx.doi.org/10.1098/rspb.2011.2227
http://dx.doi.org/10.1098/rspb.2012.1591
http://dx.doi.org/10.1093/beheco/11.1.110
http://dx.doi.org/10.1093/beheco/11.1.110
http://dx.doi.org/10.1098/rspb.2011.1539
http://dx.doi.org/10.1098/rspb.2011.1539


rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20141016

9
45. Dingemanse NJ, Bouwman KM, van de Pol M, van
Overveld T, Patrick SC, Matthysen E, Quinn JL. 2012
Variation in personality and behavioural plasticity
across four populations of the great tit Parus major.
J. Anim. Ecol. 81, 116 – 126. (doi:10.1111/j.1365-
2656.2011.01877.x)

46. Verbeek MEM, Drent PJ, Wiepkema PR. 1994 Consistent
individual-differences in early exploratory-behaviour of
male great tits. Anim. Behav. 48, 1113 – 1121. (doi:10.
1006/anbe.1994.1344)

47. Gosler AG. 1993 The great tit. London, UK: Hamlyn
Press.

48. Gosler AG. 1996 Environmental and social determinants
of winter fat storage in the great tit Parus major. J. Anim.
Ecol. 65, 1 – 17. (doi:10.2307/5695)

49. Aplin LM, Sheldon B, Morand-Ferron J. 2013 Milk-
bottles revisited: social learning and individual
variation in the blue tit (Cyanistes caeruleus). Anim.
Behav. 85, 1225 – 1232. (doi:10.1016/j.anbehav.
2013.03.009)

50. Drent PJ. 1983 The functional ethology of
territoriality in the great tit (Parus major L.).
Groningen, The Netherlands: University of
Groningen.

51. Farine DR, Garroway CJ, Sheldon BC. 2012 Social
network analysis of mixed-species flocks: exploring
the structure and evolution of interspecific social
behaviour. Anim. Behav. 84, 1271 – 1277. (doi:10.
1016/j.anbehav.2012.08.008)

52. Sandell M, Smith HG. 1991 Dominance, prior
occupancy, and winter residency in the great tit
(Parus major). Behav. Ecol. Sociobiol. 29, 147 – 152.
(doi:10.1007/BF00166490)

53. Dingemanse NJ, de Goede P. 2004 The relation
between dominance and exploratory behavior is
context-dependent in wild great tits. Behav. Ecol.
15, 1023 – 1030. (doi:10.1093/beheco/arh115)

54. Perez-Escudero A, Miller N, Hartnett AT, Garnier S,
Couzin ID, de Polavieja GG. 2013 Estimation models
describe well collective decisions among three
options. Proc. Natl Acad. Sci. USA 110,
E3466 – E3467. (doi:10.1073/pnas.1309867110)

55. Perez-Escudero A, de Polavieja GG. 2011 Collective
animal behavior from Bayesian estimation and
probability matching. PLoS Comput. Biol. 7,
e1002282. (doi:10.1371/journal.pcbi.1002282)

56. Houston AI, McNamara JM. 1987 Switching
between resources and the ideal free distribution.
Anim. Behav. 35, 301 – 302. (doi:10.1016/S0003-
3472(87)80241-5)

57. R Development Core Team 2012 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. See
http://www.R-project.org/.

58. Green PJ, Silverman BW. 1994 Nonparametric
regression and generalized linear models: a
roughness penalty approach. London, UK: Chapman
and Hall/CRC.

59. Team FD. 2006 fields: tools for spatial data.
Boulder, CO: National Center for Atmospheric
Research.

60. Hurlbert SH. 1971 The nonconcept of species
diversity: a critique and alternative parameters.
Ecology 52, 577 – 586. (doi:10.2307/1934145)

61. Stuber EF, Araya-Ajoy YG, Mathot KJ, Mutzel A,
Nicolaus M, Wijmenga JJ, Mueller JC, Dingemanse
NJ. 2013 Slow explorers take less risk: a problem of
sampling bias in ecological studies. Behav. Ecol. 24,
1092 – 1098. (doi:10.1093/beheco/art035)

62. Kurvers RHJM, Prins HHT, van Wieren SE, van Oers
K, Nolet BA, Ydenberg RC. 2010 The effect of
personality on social foraging: shy barnacle geese
scrounge more. Proc. R. Soc. B 277, 601 – 608.
(doi:10.1098/rspb.2009.1474)

63. Vedder O, Bouwhuis S, Sheldon B. 2013 The
contribution of an avian top predator to selection in
prey species. J. Anim. Ecol. 83, 99 – 106. (doi:10.
1111/1365-2656.12114)

http://dx.doi.org/10.1111/j.1365-2656.2011.01877.x
http://dx.doi.org/10.1111/j.1365-2656.2011.01877.x
http://dx.doi.org/10.1006/anbe.1994.1344
http://dx.doi.org/10.1006/anbe.1994.1344
http://dx.doi.org/10.2307/5695
http://dx.doi.org/10.1016/j.anbehav.2013.03.009
http://dx.doi.org/10.1016/j.anbehav.2013.03.009
http://dx.doi.org/10.1016/j.anbehav.2012.08.008
http://dx.doi.org/10.1016/j.anbehav.2012.08.008
http://dx.doi.org/10.1007/BF00166490
http://dx.doi.org/10.1093/beheco/arh115
http://dx.doi.org/10.1073/pnas.1309867110
http://dx.doi.org/10.1371/journal.pcbi.1002282
http://dx.doi.org/10.1016/S0003-3472(87)80241-5
http://dx.doi.org/10.1016/S0003-3472(87)80241-5
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.2307/1934145
http://dx.doi.org/10.1093/beheco/art035
http://dx.doi.org/10.1098/rspb.2009.1474
http://dx.doi.org/10.1111/1365-2656.12114
http://dx.doi.org/10.1111/1365-2656.12114

	Individual-level personality influences social foraging and collective behaviour in wild birds
	Introduction
	Material and methods
	Study area and population
	Field methods
	Personality assays
	Dominance rank
	Patch arrivals and feeder choice
	Inferring the decision-making rule used in feeder choice
	Testing if the model replicates the data
	Simulations of collective decision-making

	Results
	Flock behaviour
	Individual variation in collective behaviour
	Simulations of group dynamics

	Discussion
	Work was subjected to review by the Department of Zoology ethical committee, University of Oxford, and the Animal Experimentation Ethics Committee, Australian National University. Birds were held in captivity under Natural England licences 20104175 and 20114175.
Acknowledgements
	Acknowledgements
	Data accessibility
	Funding statement
	References




