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There is great interest in environmental effects on the development and evolution of animal personality
traits. An important component of an individual’s environment is its social environment. However, few
studies look beyond dyadic relationships and try to place the personality of individuals in the context of
a social network. Social network analysis provides us with many new metrics to characterize the social
fine-structure of populations and, therefore, with an opportunity to gain an understanding of the role
that different personalities play in groups, communities and populations regarding information or
disease transmission or in terms of cooperation and policing of social conflicts. The network position
of an individual is largely a consequence of its interactive strategies. However, the network position
can also shape an individual’s experiences (especially in the case of juveniles) and therefore can
influence the way in which it interacts with others in future. Finally, over evolutionary time, the
social fine-structure of animal populations (as quantified by social network analysis) can have impor-
tant consequences for the evolution of personalities—an approach that goes beyond the conventional
game-theoretic analyses that assumed random mixing of individuals in populations.
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1. INTRODUCTION
(a) Why look at personalities in the context

of social networks?

Animal personalities are usually defined as within-
individual and between-individual consistency in
behaviour (Sih & Bell 2008). For instance, an individ-
ual is perceived to be consistently more (or less)
cooperative or aggressive than other individuals in
most of its interactions. However, behavioural assess-
ments that are based on dyadic interactions only
represent a snapshot of the more complex social
fabric of which an individual is part (Krause et al.
2007, 2009a,b; Wey et al. 2008; Sih et al. 2009). For
a complete understanding of the ecology and evolution
of personalities, it might be useful to consider not just
the immediate interaction with partners of individuals
or the groups that they are members of but also to
include indirect relationships (i.e. who is connected
to whom via intermediates) and view personalities in
the context of the whole population. This is possible
through a social network approach that allows us
to study individual-level interactions as well as
population-level social structures (Croft et al. 2008).
The importance of indirect connections is easily
understood from the perspective of how information
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is transmitted through populations or how infectious
diseases are passed on between individuals (see also
Barber & Dingemanse 2010). Regarding sexually
transmitted diseases, for instance, the probability of
an individual being infected is not only dependent
on its direct sexual contacts but also on those of its
immediate partners (via whom it could pick up infec-
tions; Krause et al. 2007; Croft et al. 2008). However,
the study of transmission processes is only one type of
investigation that is facilitated using networks. We can
also use networks to study evolutionary processes such
as frequency-dependent selection. The network struc-
ture selects for the behavioural traits of its constituent
members, which means that the network perspective is
also important when we want to better understand the
evolution of behavioural strategies and personalities.
(b) Aims of review

The main aim of this review is to provide an introduc-
tion to the concept of social networks (to those with a
primary interest in personality) and to explain how this
concept can be used to better understand the ecology
and evolution of personalities and behavioural strat-
egies in general. We will first discuss the fact that
some individuals play a much more important role in
transmission processes (information or disease) than
others and relate these differences to the structure of
social networks and the positions that individuals
occupy in them. In the following section, we will
This journal is # 2010 The Royal Society
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Figure 1. Example of a social network where nodes symbo-
lize individuals (squares denote females and circles males)
and edges (lines) social connections between them. This fic-

titious network comprises 15 individuals (labelled A–O).
The size of each symbol indicates an individual’s score
on a notional personality variable; these and selected
individual-based measures are listed in table 1.
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explain how network positions can be statistically
characterized, which lays the foundation for relating
personalities to influential network positions. We will
then ask the question of how social networks develop
over multiple generations to gain an insight into the
evolution of personalities.

Although our emphasis will be on the discussion of
personalities in the context of networks, we will take a
somewhat broader perspective throughout this review.
Network structures and network positions of individ-
uals can be related to both genotypic and phenotypic
differences of individuals and regarding the latter to
behavioural characteristics (be they behavioural strat-
egies or personalities) and morphological ones (such
as size, sex, body colour, etc.). There are two reasons
for this broader perspective. First of all, most of the
currently available network literature pertains to mor-
phological traits and behavioural strategies and very
little work has been conducted on personalities in
animal social networks. Second, the studies using mor-
phological traits and behavioural strategies can be used
as templates for work on personalities because the
methodological approach is very similar.
2. ROLE OF KEY INDIVIDUALS
Some individuals play an important role in social net-
works because of the sheer number of their contacts
(virtual or real) and others because they interconnect
others (Newman 2003; Croft et al. 2008). For the
study of disease transmission and for vaccination pur-
poses it can be of vital importance to identify such
individuals because they potentially lead to rapid out-
breaks in a population or increase the probability of a
global outbreak, respectively (Watts & Strogatz 1998).
These principles are also used in the world of advertis-
ing where celebrities are targeted because of their
perceived central role in social networks. The fact
that celebrities have a virtual link to their fans (and
other people who know them) through the films that
they appear in and sports clubs they play for means
that any products with which they are associated may
be in greater demand. Likewise younger scientists
may choose to publish with senior ones to try and
use the latter’s contact and relationship network for a
better distribution of their own ideas. In summary,
how individuals are placed in networks can be of a cru-
cial importance depending on the transmission
processes that we are interested in.

In most cases, the interaction dynamics of an indi-
vidual will create its network position which may be
influenced by an individual’s personality type. How-
ever, it is also possible and indeed likely that an
individual’s personality is also influenced at least par-
tially by its network position. The social environment
is a powerful selective force and social experiences
may continue to shape the way in which an individual
interacts with others. Probably the best examples of
how personality can be changed in the longer term
by social experiences come from studies on early devel-
opment (Stamps & Groothuis 2010). In animal
contests, it is a well-known effect that cumulative
wins affect the initiation and/or outcome of sub-
sequent contests in many species (Hsu et al. 2006).
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Therefore, it might be fair to say that, as winner-
and loser-effects are usually demonstrated by showing
that prior experience affects an individual’s agonistic
behaviour against an otherwise equally matched
opponent (Chase et al. 1994), any standard assay of
aggressiveness performed at the beginning of a
history of consecutive wins or losses, versus
afterwards, could produce rather different scores on
this personality trait.

(a) What can we measure about

individuals in networks?

Networks usually consist of individuals (which are rep-
resented as nodes) and their interactions (which are
represented as lines) (figure 1). Networks can be con-
structed from any kind of interaction that is of interest,
be it spatial (association patterns), aggressive, coopera-
tive, sexual or otherwise. In addition, we can include
information on the frequency or intensity of such
interactions, their direction (who initiates or who
receives) and the order in which they took place
(Croft et al. 2008). The observation of interactions
between animals that are individually identifiable pro-
duces information that is stored in matrices from
where it can be graphically displayed and used for
further processing.

In figure 1, we have created such a graph using a fic-
titious dataset for illustrative purposes. Let us say that
this interaction network is based on the gambit of the
group (i.e. individuals that were found together in the
same group are connected to each other in the graph;
Croft et al. 2004). We added attributes of the individ-
uals such as sex and personality type, which enable us
to look for correlations between such attributes of indi-
viduals and their network position. In the section
above we spoke of individuals that interconnect com-
munities or ones that have many social contacts.
Network statistics provide many quantitative measures
of such individual properties. We could also look at the
more global level (of the entire network) for assortative



Table 1. Some individual-based measures for the network in figure 1. See text for a definition of measures. In the case of the

path length we have calculated the mean distance of nodes to and from a particular node, sometimes called farness.

node/individual personality score node degree path length (to/from a node) clustering coefficient node betweenness

A 1 1 4 — 0

B 2 4 3.071 0.333 13.5
C 3 3 3.143 0.333 2.5
D 2 4 2.5 0.5 14
E 1 3 2.571 0.667 9
F 3 2 2.714 0 4.5

G 2 4 2.071 0.167 49.5
H 2 4 2 0.333 49.333
I 3 4 2.429 0.5 7
J 2 4 2.429 0.5 11

K 2 6 2.286 0.467 17
L 3 3 3 0.667 0.333
M 4 5 2.857 0.5 2.333
N 4 3 3 0.667 0.333
O 3 4 2.929 0.5 1.667

mean values 2.467 3.6 2.733 0.438 12.13
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tendencies and ask the question of whether individuals
with similar attributes are connected to each other
(Newman 2003; Croft et al. 2005). In the following,
we will provide a list of network statistics that are
useful in describing individual positions or global net-
work patterns and discuss studies that used them. This
should enable readers to apply these descriptors to
their own datasets. The advanced reader may want
to consult Croft et al. (2008) for further details and
additional network statistics and their use.

The network in figure 1 reveals a number of basic
properties at the individual and the global level that
can be calculated (table 1). For example, we can calcu-
late for each individual in the network its degree
(number of immediate neighbours), cluster coefficient
(the degree to which an individual’s immediate
neighbours are connected), path length (number of
connections on the shortest path between two individ-
uals) and node betweenness (the number of shortest
paths between pairs of individuals that pass through
a particular individual; see Croft et al. 2008 for
details). These statistics (which are just a small pro-
portion of those already available from the social
sciences literature) can be averaged over all individuals
in the network to give an idea of the local and global
properties of the network.

The toy network in figure 1 also illustrates other
structural features that may be explored via network
analysis. Nodes A–G and H–O form clusters of
nodes (so-called communities) that are more densely
connected among themselves than to others. Many
methods for detecting such communities have been
developed, and these too have been used in the
animal sciences to find layers of social structure in
the largely unexplored scale between the group and
the population. In our toy network, we could now ana-
lyse the extent to which the communities are assorted
by personality type or by sex (and whether sex and per-
sonality type are correlated). It is also possible, of
course, to look at assortment by personality type in
the network more generally (regardless of community
structure). An example of community analysis for a
Phil. Trans. R. Soc. B (2010)
population of guppies (Poecilia reticulata) is given in
figure 2 (see also Wolf et al.’s (2007) work on sealions,
Zalophus wollebaeki ).

Many of the above network statistics and others can
be calculated using the social sciences package UCINET

(Borgatti et al. 2002; see also Croft et al. 2008), which
is available from the Internet.

One of the first studies (in the animal behaviour lit-
erature) to highlight the position of individuals in
social networks was Lusseau & Newman’s (2004)
work on the social structure of bottlenose dolphins
(Tursiops spp.). They used social network analysis to
characterize communities and to identify individuals
that interconnected these communities, which was
indicated by their high betweenness. They suggested
that individuals that interconnect communities
might be acting as social brokers. Such a suggestion
raises interesting questions about the individual differ-
ences between dolphins, but without replication,
manipulation or indeed a detailed quantification of
personality traits of the animals (individual differences
were inferred from differences in their network
statistics—an interesting point to which we will
return later) remains rather speculative.

A study by Flack et al. (2006) went a step further
and tested the role of high-ranking pig-tailed maca-
ques (Macaca nemestrina) for group cohesion.
Removal of these individuals from the group demon-
strated the expected social fragmentation and
supported the idea that dominant individuals socially
police other group members thus reducing social con-
flict. Social network analysis was used to predict the
effects of the absence and presence of policing on
the social structure of pig-tailed macaques. In the
absence of policing, networks for grooming, play and
association were smaller and more numerous and the
group was characterized by a smaller mean degree
and increased social clustering (measured using C,
the clustering coefficient) and assortativity.

Another study that used network analysis not only
for descriptive purposes but also to make predictions
is that by McDonald (2007) on the lekking behaviour



Figure 2. A social network of a guppy population (n ¼ 197) in Trinidad. Guppies from two interconnected pools were marked,
released and recaptured daily over the next two weeks. Fish that belonged to the same shoal were connected in the network.
Each circle represents an individual male fish and each square an individual female and the size of the symbol is indicative of
the body length of the fish. Individuals interconnected by lines were found at least twice together. Five distinct communities

(indicated by different colours) were identified in the guppy network. The yellow and green communities belong to the lower
pool whereas the grey, blue and orange communities were located in the upper pool. Individuals that interconnect pools are
potentially of high betweenness.
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of long-tailed manakins (Chiroxiphia linearis).
McDonald (2007) showed that the centrality of
young males in social networks was a good predictor
of social status and mating success in later life (i.e.
4.8 years later). Interestingly, males that had already
reached high status did not show particularly high
centrality values in their adult social networks, which
indicated that this factor only mattered in the early
life of these birds. McDonald (2007) used information
centrality—which is a measure similar to betweenness
but in addition to the shortest path lengths also takes
indirect paths into account—as a predictor of status.

Three recent studies made a link between behav-
ioural type and network characteristics in freshwater
fishes (Pike et al. 2008; Croft et al. 2009: guppies,
Poecilia reticulata; Schürch et al. 2010: cichlid
Neolamprologus pulcher). Pike et al. (2008) assessed
differences in boldness and shyness in individually
marked sticklebacks (Gasterosteus aculeatus) and inves-
tigated their network metrics. They found that bold
fish had fewer connections (low value of node
degree) that were more evenly spread (low value
of C) whereas shy fish interacted with fewer fish but
more frequently. Croft et al. (2009) found strong
assortment by behavioural type, in this case prior
predator inspection tendency, in a network of guppies
after the individuals assayed had been returned to the
wild. This suggests that fish strengthen or cut social
ties according to their previous social experiences
with conspecifics. In some cases, individuals may
have particular habitat preferences and this would
not allow full mixing of all individuals resulting in
Phil. Trans. R. Soc. B (2010)
strong network connections between individuals
simply because they prefer the same area (but not
necessarily each other). Such habitat preferences
need to be taken into account to avoid misinterpreting
the results. The work by Krause et al. (2009b) provides
an example of this type of problem. The spotted eagle
rays (Aetobatus narinari) around Bimini showed strong
site fidelity, and a network analysis that does not take
this into account could provide misleading results.

The literature on human behaviour contains some
interesting studies regarding the relationship between
personality traits and social networks (Burt et al.
1998; Schaefer et al. 2008). The integrated use of
questionnaires and the behaviour of people on social
network sites provide good opportunities for studying
this relationship. A strong link has been identified
between personality traits (such as extraversion, neur-
oticism and conscientiousness) and the tie formation
process. In particular, extraversion was found to be
influential, with individuals that had high scores (and
therefore an outgoing personality) taking up more cen-
tral positions in friendship networks (Wehrli 2008).

So far we have looked at the relationship between
network position and personality, which might
answer the question of whether particular personality
types occupy particular positions. We also explored
the use of network analysis to find out whether animals
of similar personality type are connected with each
other in networks. Another use of the network
approach is to use the network metrics themselves to
look for assortativity and to identify potential personal-
ity traits. As mentioned earlier, we can easily measure
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the degree of individuals in networks to distinguish
between those that have many connections and those
that do not. Interestingly, most social networks that
have been studied to date show positive degree
correlations, meaning that individuals with many con-
nections are connected with others that have many
connections (Newman 2003)—a fact that can have
important consequences for transmission processes
on networks. Croft et al. (2005) reported a positive
degree correlation in social networks of guppies in
the context of association networks that are based on
shoal membership. It is important to note that
degree is not simply the same as a grouping tendency
in this context because a high grouping tendency per se
does not necessarily imply many different social con-
tacts. This example shows that we can use high
betweenness or degree as our attribute because it is a
property of individuals and correlate it with other
known traits. Little is known about whether individ-
uals that show high betweenness or degree in one
network will generally show this property in all net-
works that they form part of. The latter is a
necessary requirement if these attributes are to be
regarded as varying consistently between individuals
and thus potential personality traits. By comparing a
social network to a randomization we can find out
whether there is real and consistent variation between
individuals or whether differences in network positions
(between individuals) are just noise (Croft et al. 2009).
Whether and to what degree individuals consistently
occupy particular network positions is something
that can be evaluated through repeated measurements
and comparisons of observed and randomized network
structures by developing appropriate test statistics. For
example, it would be possible to rank individuals
according to their connectedness each time the net-
work structure is measured and to use the sum of
the square sums of these ranks, which is compared
with the same test statistic from matching randomis-
ations. If individuals consistently have high and low
connectedness, then the observed test statistic would
be significantly greater than randomized ones. An
additional approach could be to transfer individuals
between networks to test whether network positions
of individuals are context-invariant and consistent
over longer time periods, which could be an interesting
project for future studies.

We suggested above that the network position that
an individual occupies might in itself be considered
as a personality trait. One of the problems that needs
to be addressed in this context is that the outcome of
an interaction is not always a product of an individual’s
predisposition alone but in some cases also a result of
the behaviour of others towards it (Piyapong et al.
2010). Furthermore, there are questions to be asked
about the independence of network positions of differ-
ent individuals that are part of the same network and
the repeatability of such positions being taken up by
the same individuals (an issue we already addressed
above). Using network position as a personality trait
could be relatively straightforward in cases where
we see a one-way interaction (e.g. one individual
being aggressive towards another). In humans, it has
been shown that some social network attributes
Phil. Trans. R. Soc. B (2010)
(such as centrality and in-degree) are heritable using
twin studies (Fowler et al. 2009). It becomes more
complicated in cases like cooperation where a link
between two individuals in a network can only come
about if both of them actually engage in the same
behaviour. It might be possible to measure an individ-
ual’s tendency to be cooperative towards others by
using a standard stimulus such as a dummy of a
conspecific. Individuals with greater cooperative ten-
dencies should be likely to have more cooperative
relationships in networks. This could be tested by
taking repeated measurements of individuals’ network
positions to find out whether there are consistent
differences between their positions in this regard.
The fact that network positions are not independent of
each other can be overcome by comparing the positions
of individuals with those in a randomized network (see
Croft et al. 2008 for randomization techniques in
networks and the technique we describe above).

We would like to finish this section with a note of
caution though. From a purely methodological view-
point it is always risky to give too much importance
to the network position of particular individuals,
especially if the work was done in the field where
cases of mistaken identity are possible or where indi-
viduals can be overlooked (James et al. 2009). For
instance, if individual G or H got misidentified
(figure 1) we might arrive at erroneous conclusions
regarding their potential to act as brokers between
communities. Such errors can have a dramatic effect
on measures of betweenness (Krause et al. 2007) and
produce misleading interpretations regarding the role
that certain individuals or personality types play in
groups or populations. A safer way of collecting or ana-
lysing the data is the use of categories or correlations.
For example, one could look at the correlation
between individual attributes and betweenness rather
than focus on the individual with the greatest between-
ness and its role in the group or population (see Croft
et al. 2008).
3. EVOLUTION OF PERSONALITIES
The traditional use of game theory was based on the
assumption that individuals mix freely within a popu-
lation (Maynard Smith 1982). However, empirical
data show that this is rarely the case (Krause et al.
2007; Croft et al. 2008). Animal populations exhibit
complex social structures with differences between
individuals in their degree of connectedness and cen-
trality. Depending on the actual network structure,
different evolutionary dynamics are possible and this
has reignited interest by modellers in the evolution of
behavioural strategies such as cooperation (Ohtsuki
et al. 2006; Santos et al. 2006a,b). In a first approach,
the evolution of cooperation was investigated on static
networks where individuals were not able to change
their network position or their interaction partners.
They could only evolve a new behavioural strategy
(Ohtsuki et al. 2006; Santos et al. 2006a). The main
result from this approach was that cooperation could
spread in a network if the ratio of benefits to costs
(b/c) exceeded the average number of connections of
individuals in the network (Ohtsuki et al. 2006).
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However, given the high average number of connec-
tions in some real-life networks this would require
the benefits to exceed the costs by a huge margin,
which turned out to be unrealistic. Furthermore, the
use of a completely static network also makes assump-
tions that are unlikely to be met by many biological
systems because most animals have some influence
over their network position. In a further development,
Santos et al. (2006b) introduced a model which
allowed individuals some control over their network
connections which meant that they could maintain or
cut connections. If a connection is cut then a randomly
chosen new connection to a local neighbour in the net-
work is established. They introduced a term W that is
positively correlated with the rapidity with which indi-
viduals respond to defection (in an interaction with a
network neighbour) with rewiring. It is the value of
W in relation to the average connectivity in the popu-
lation that determines whether cooperation can
flourish in the population. This type of network
dynamics allows for a certain degree of assortativity
of social connections as well as a change of behavioural
strategy and provides a possible explanation for the
evolution of cooperative behavioural strategies under
more realistic conditions (i.e. cooperators can choose
between their local network neighbours to seek out
interactions with other cooperators and thereby avoid
defectors).

Studies like the ones by Santos et al. (2006b)
provide a fascinating glimpse into the possible evol-
utionary dynamics of networks. However, it is
important to keep in mind that these are highly
abstracted models that play out dynamics over many
generations. Therefore, this is hardly the kind of
work which is amenable to direct empirical testing
though the results may inspire empiricists to look for
structural signatures in the social networks of their
study systems that are compatible with Santos et al.’s
(2006a,b) predictions.

Keeping the above note of caution in mind, we
investigated the network structure of a free-ranging
population of guppies (Croft et al. 2009). In the lab-
oratory, we repeatedly measured the tendency of
guppies to leave a shoal and inspect a predator
model that provides a proxy of cooperative behaviour.
Combining the two variables into one behaviour type
we found that between-individual differences were
highly consistent. After being returned to the wild,
the association network of the guppies was assessed
and we found that fish were significantly assorted by
behaviour type. Individuals that were deemed more
cooperative (according to the behaviour type we
defined) had strong repeated interactions primarily
with other cooperators and only weak social links
with defectors. This result strongly suggests that
these fish assort by personality type in the wild and
is consistent with the model predictions by Santos
et al. (2006b).

Insights into evolutionary processes are also
possible from species or population comparisons
(Harvey & Pagel 1991; Krebs & Davies 1993;
Krause & Ruxton 2002). The costs and benefits of
personality types such as shyness and boldness
depend on the environment (Réale et al. 2010). And
Phil. Trans. R. Soc. B (2010)
the investigation of populations in different ecological
conditions can shed light on the occurrence and
frequency of different personality types in populations
(i.e. proportions of bold and shy individuals). Whether
different social network structures are found in
different environments and the role that different
personality types might play in them could then be
studied. In small freshwater fishes such as sticklebacks
and guppies such population differences in the context
of specific ecological constraints have been well docu-
mented and would provide a ready template for this
approach (Croft et al. 2006; Botham et al. 2008).
4. FUTURE PERSPECTIVES
The study of personalities in the context of networks is
not without its problems and challenges. Network
studies require that all individuals are marked and
that social contact patterns of entire groups or even
populations (or at least large proportions of popu-
lations) can be recorded. This is usually not possible
without some considerable logistic effort and often
requires an entire research team. The possibility of
emigration and immigration processes and of course
mortality poses further difficulties when assessing
social networks in the field. In addition, screening
the personalities of large numbers of individuals is a
time-consuming exercise, which is fraught with its
own problems. Nevertheless, this type of approach
that builds up population-level information from indi-
vidual contact patterns has the potential to provide
unparalleled insights into processes that underlie the
evolution of personalities and behavioural strategies.
We miss out on a wealth of information regarding
the rich social fabric of real animal populations when
using models that make simplistic assumptions such
as random interaction between individuals. Recent
models that explore the evolution of behavioural strat-
egies on networks indicate that the social fine-structure
of populations (as revealed by networks) is of crucial
importance for an understanding of evolutionary pro-
cesses (Ohtsuki et al. 2006; Santos et al. 2006a,b).
More empirical work in this area is urgently needed
to increase the realism of future models and to
properly integrate empirical and theoretical work.

What can different study systems offer in this
context? Work on primates and cetaceans has the
advantage of complex social systems and cognitively
highly developed individuals with differentiated per-
sonality traits (Flack et al. 2006). But a price has to
be paid in terms of the logistic effort required for
their study, which usually results in a lack of replica-
tion (and sometimes manipulation and control
experiments). Small freshwater fish have become
popular systems for the study of social networks
(Croft et al. 2004; Pike et al. 2008) because they
allow replication and manipulation and the individuals
are sufficiently complex to allow characterization of
their personalities.

Little is currently known about the relationships
between animal personalities and network position
(in contrast to the literature on humans; Schaefer
et al. 2008). The work by Pike et al. (2008) provides
insights into how bold and shy individuals differ with
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regards to their network connections. More studies
along these lines are needed to better understand
some basic relationships between personalities and
networks and we can learn in this area from the
psychological literature on human social networks
where this is already a well-established topic. Which
personality types take up central positions, positions
of high betweenness or high connectedness? Are
these network positions specific to the network inhab-
ited by this individual or can we generalize across
networks? How important is social recognition in this
context? To which degree is the network structure a
result of experiences that result from past interactions
with individually recognized conspecifics? The work by
Croft et al. (2009) suggests that the latter could play an
important role in structuring networks and placing indi-
viduals within them. Furthermore, we need to gain a
better understanding of what the population-level con-
sequences are of links between personality types and
network positions in the context of social cohesion
(this is an area where Flack et al.’s (2006) study provides
an excellent template for further experimental work),
information transfer, disease transmission and coopera-
tive processes (see Croft et al. (2009)).

Experimental manipulations that are commonplace
in other areas of behavioural ecology are still in their
infancy in social network studies (partly because of
the logistic difficulties discussed above) and this is
certainly an area that provides a promising field for
future work. Once an individual’s position in a net-
work has been characterized, group composition
could be changed (while controlling for group size)
to assess whether the individual will consistently take
up the same network position independently of the
particular group composition. In additional exper-
iments, group size could be changed to assess the
importance of this factor. It is conceivable that inter-
action patterns that lead to a particular network
position in a small group do not produce the same
result in a large group. Such scaling issues are a field
of particular interest in network studies (Lehmann &
Dunbar 2009) but require careful analysis to detect
the biologically relevant information. Likewise removal
(or introduction) experiments (Flack et al. 2006) of
particular individuals or groups of individuals can
provide new insights into the dynamics of networks.

For natural selection to act on the evolution of per-
sonality traits there needs to be heritable variation.
Previous work looking at personality traits in great
tits, Parus major, and sticklebacks, G. aculeatus, has
shown that they are heritable (Dingemanse et al.
2007, 2009). An interesting question for future
research is the extent to which social network attri-
butes are themselves heritable and thus could be
subject to natural selection. While there has been no
work in this area on non-human animals, work on
humans has demonstrated heritable variation in net-
work measures such as centrality (Fowler et al.
2009). Quantifying the heritability of social network
attributes in animals provides an exciting area for
future research.

The rapid development of new technologies pro-
vides interesting opportunities for network studies
and may help overcome some of their logistic
Phil. Trans. R. Soc. B (2010)
difficulties discussed above. Many species are large
enough to carry pit-tags that allow automatic regis-
tration of the individuals within the range of a
sensor, which is a cheap way to tag large numbers of
individuals. A more expensive but more powerful
approach is to fit animals with proximity receivers
that can register the presence of others within a certain
range that carry the same technology (Guttridge et al.
2010). This approach allows the building up of inter-
action data (frequency, duration, etc.) between
individuals that range over large distances and could
provide detailed information about the social contact
patterns in relation to personality types.

Thanks are due to Dan Blumstein, Jolyon Faria, Tristan
Guttridge, Stefan Krause, Dhruba Naug, Dan Rubenstein,
Graeme Ruxton, Colin Tosh, Ashley Ward, Max Wolf and
the guest editors of this special issue for critical feedback
and stimulating discussions. Funding was provided by the
NERC (NE/D011 035/1) to J.K.
REFERENCES
Barber, I. & Dingemanse, N. J. 2010 Parasitism and the

evolutionary ecology of animal personality. Phil. Trans.
R. Soc. B 365, 4077–4088. (doi:10.1098/rstb.2010.0182)

Borgatti, S. P., Everett, M. G. & Freeman, L. C. 2002 Ucinet
for windows: software for social network analysis. Harvard,
MA: Analytic Technologies.

Botham, M. S., Hayward, R. K., Morrell, L. J., Croft, D. P.,
Ward, J., Ramnarine, I. W. & Krause, J. 2008 Population
differences in the response to different predators by the
Trinidadian guppy. Ecology 89, 3174–3185. (doi:10.
1890/07-0490.1)

Burt, R. S., Janotta, E. J. & Mahoney, J. T. 1998 Personality
correlates of structural holes. Soci. Netw. 20, 63–87.
(doi:10.1016/S0378-8733(97)00005-1)

Chase, I. D., Bartolomeo, C. & Dugatkin, L. A. 1994
Aggressive interactions and inter-contest interval: how

long do winners keep winning? Anim. Behav. 48, 393–
400. (doi:10.1006/anbe.1994.1253)

Croft, D. P., Krause, J. & James, R. 2004 Social networks in
the guppy (Poecilia reticulata). Proc. R. Soc. Lond. B 271,
S516–S519. (doi:10.1098/rsbl.2004.0206)

Croft, D. P., James, R., Ward, A. J. W., Botham, M. S.,
Mawdsley, D. & Krause, J. 2005 Assortative interactions
and social networks in fish. Oecologia 143, 211–219.
(doi:10.1007/s00442-004-1796-8)

Croft, D. P., Morrell, L. J., Wade, A. S., Piyapong, C.,
Ioannou, C. C., Dyer, J. R. G., Chapman, B., Wong,
Y. & Krause, J. 2006 Sex segregation in the guppy:
a cross-population comparison. Am. Nat. 167,
867–878. (doi:10.1086/504853)

Croft, D. P., James, R. & Krause, J. 2008 Exploring animal
social networks. Princeton, NJ: Princeton University Press.

Croft, D. P., Krause, J., Darden, S. K., Ramnarine, I. W. &
James, R. 2009 Behavioural trait assortment in social
networks: patterns and implications. Behav. Ecol. Socio-
biol. 63, 1495–1503. (doi:10.1007/s00265-009-0802-x)

Dingemanse, N. J., Both, C., Drent, P. J., Van Oers, K. &
Van Noordwijk, A. J. 2007 Repeatability and heritability
of exploratory behaviour in great tits from the wild. Anim.
Behav. 64, 929–938. (doi:10.1006/anbe.2002.2006)

Dingemanse, N. J., Van der Plas, F., Wright, J., Réale, D.,
Schrama, M., Roff, D. A., Derek, A., Van der Zee, E. &
Barber, I. 2009 Individual experience and evolutionary
history of predation affect expression of heritable vari-

ation in fish personality and morphology. Proc. R. Soc.
B 276, 1285–1293. (doi:10.1098/rspb.2008.1555)

http://dx.doi.org/10.1098/rstb.2010.0182
http://dx.doi.org/10.1890/07-0490.1
http://dx.doi.org/10.1890/07-0490.1
http://dx.doi.org/10.1016/S0378-8733(97)00005-1
http://dx.doi.org/10.1006/anbe.1994.1253
http://dx.doi.org/10.1098/rsbl.2004.0206
http://dx.doi.org/10.1007/s00442-004-1796-8
http://dx.doi.org/10.1086/504853
http://dx.doi.org/10.1007/s00265-009-0802-x
http://dx.doi.org/10.1006/anbe.2002.2006
http://dx.doi.org/10.1098/rspb.2008.1555


4106 J. Krause et al. Review. Personality and social networks
Flack, J. C., Girvan, M., de Waal, F. B. M. & Krakauer,
D. C. 2006 Policing stabilizes construction of social
niches in primates. Nature 439, 426–429. (doi:10.1038/

nature04326)
Fowler, J. H., Dawes, C. T. & Christakis, N. A. 2009 Model

of genetic variation in human social networks. Proc. Natl.
Acad. Sci. USA 106, 1720–1724. (doi:10.1073/pnas.
0806746106)

Guttridge, T. L., Gruber, S. H., Krause, J. & Sims, D. W.
2010 Novel acoustic technology for studying free-
ranging shark social behaviour by recording individuals’
interactions. PLoS ONE 5, e9324 (1–8). (doi:10.1371/

journal.pone.0009324)
Harvey, P. H. & Pagel, M. D. 1991 The comparative method

in evolutionary biology. Oxford, UK: University Press.
Hsu, Y. Y., Earley, R. L. & Wolf, L. L. 2006 Modulation of

aggressive behaviour by fighting experience: mechanisms

and contest outcomes. Biol. Rev. 81, 33–74. (doi:10.
1017/S146479310500686X)

James, R., Croft, D. P. & Krause, J. 2009 Potential banana
skins in animal social network analysis. Behav. Ecol. Socio-
biol. 63, 989–997. (doi:10.1007/s00265-009-0742-5)

Krause, J. & Ruxton, G. D. 2002 Living in groups. Oxford,
UK: University Press.

Krause, J., Croft, D. P. & James, R. 2007 Social network
theory in the behavioural sciences: potential applications.
Behav. Ecol. Sociobiol. 62, 15–27. (doi:10.1007/s00265-

007-0445-8)
Krause, J., Lusseau, D. & James, R. 2009a Animal social

networks: an introduction. Behav. Ecol. Sociobiol. 63,
967–973. (doi:10.1007/s00265-009-0747-0)

Krause, S., Mattner, L., James, R., Guttridge, T., Corcoran,
M. J., Gruber, S. H. & Krause, J. 2009b Social network
analysis and valid Markov chain Monte Carlo tests
of null models. Behav. Ecol. Sociobiol. 63, 1089–1096.
(doi:10.1007/s00265-009-0746-1)

Krebs, J. R. & Davies, N. B. 1993 An introduction to
behavioural ecology, 3rd edn. Oxford, UK: Blackwell
Scientific Publications.

Lehmann, J. & Dunbar, R. I. M. 2009 Network cohesion,
group size and neocortex size in female-bonded

Old World primates. Proc. R. Soc. B 276, 4417–4422.
(doi:10.1098/rspb.2009.1409)

Lusseau, D. & Newman, M. E. J. 2004 Identifying the role
that animals play in their social networks. Proc. R. Soc.
Lond. B 271, 477–481. (doi:10.1098/rsbl.2004.0225)

Maynard Smith, J. 1982 Evolution and the theory of games.
Cambridge, UK: Cambridge University Press.

McDonald, D. B. 2007 Predicting fate from early connectivity
in a social network. Proc. Natl. Acad. Sci. USA 104,

10 910–10 914. (doi:10.1073/pnas.0701159104)
Newman, M. E. J. 2003 Mixing patterns in networks.

Phys. Rev. E 67, 026126. (doi:10.1103/PhysRevE.67.
026126)

Ohtsuki, H., Hauert, C., Lieberman, E. & Nowak, M. A.

2006 A simple rule for the evolution of cooperation on
graphs and social networks. Nature 441, 502–505.
(doi:10.1038/nature04605)
Phil. Trans. R. Soc. B (2010)
Pike, T. W., Samanta, M., Lindström, J. & Royle, N. J. 2008
Behavioural phenotype affects interactions in a social net-
work. Proc. R. Soc. B 275, 2515–2520. (doi:10.1098/

rspb.2008.0744)
Piyapong, C., Krause, J., Chapman, B. B., Ramnarine, I. W.,

Louca, V. & Croft, D. P. 2010 Sex matters: a social con-
text to boldness in guppies (Poecilia reticulata). Behav.
Ecol. 21, 3–8. (doi:10.1093/beheco/arp142)
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