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Animal personalities can influence social interactions among individuals, and thus have major impli-

cations for population processes and structure. Few studies have investigated the significance of the
social context of animal personalities, and such research has largely focused on the social organization of
nonterritorial populations. Here we address the question of whether exploratory behaviour, a well-
studied personality trait, is related to the social structure of a wild great tit, Parus major, population
during the breeding season. We assayed the exploration behaviour of wild-caught great tits and then
established the phenotypic spatial structure of the population over six consecutive breeding seasons.
Network analyses of breeding proximity revealed that males, but not females, show positive assortment
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lg,;erzz E;tajor polygon method where neighbours were defined from inferred territory boundaries. Further analysis
personality found no relationship between personality assortment and local environmental conditions, suggesting

that social processes may be more important than environmental variation in influencing male territory
choice. This social organization during the breeding season has implications for the strength and di-

rection of both natural and sexual selection on personality in wild animal populations.
© 2017 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
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social networks

Recent years have seen a growing interest in understanding the
causes and consequences of animal ‘personality’ (Dall, Houston, &
McNamara, 2004; Sih, Bell, & Johnson, 2004). Although complete
behavioural plasticity might be expected to be the optimum
strategy, individuals are typically limited in their range of behav-
ioural expression, with variation observed in the population (Sih
et al., 2004). These interindividual behavioural differences, which
are consistent over time and correlated across different contexts,
are referred to as behavioural syndromes or personality traits (Wolf
& Weissing, 2012). They often have a genetic basis (Drent, van Oers,
& van Noordwijk, 2003; van Oers, de Jong, van Noordwijk,
Kempenaers, & Drent, 2005), are linked to a range of life history
traits (Groothuis & Carere, 2005) and can have important fitness
consequences (Dingemanse, Both, Drent, & Tinbergen, 2004; Smith
& Blumstein, 2008). Behavioural phenotypes may therefore be
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subject to natural and sexual selection (Dingemanse, Kazem, Réale,
& Wright, 2009).

An understanding of the social context of personality is imper-
ative since an organism's social environment represents a key
component of selection (Bergmiiller & Taborsky, 2010; Krause,
Lusseau, & James, 2009; Oh & Badyaev, 2010; Réale, Dingemanse,
Kazem, & Wright, 2010). Indeed, an individual's fitness is influ-
enced not only by its own phenotype but also by the phenotype of
the individuals with which it interacts (Farine & Sheldon, 2015;
Formica et al., 2011; West-Eberhard, 1979; Wolf, Brodie, & Moore,
1999). The importance of social structure has often been over-
looked as much work assumes a randomly mixed population
(Farine et al., 2015). However, social interactions typically occur
nonrandomly within populations, with individuals varying in their
number and strength of connections (Croft, James, & Krause, 2008).
Several studies across vertebrate taxa (including fish, birds and
mammals) have found that individuals are nonrandomly distrib-
uted within social networks with respect to their personality (Aplin
et al., 2013; Best, Blomberg, & Goldizen, 2015; Carter, Lee, Marshall,
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Tico, & Cowlishaw, 2015; Croft et al., 2009; Snijders et al., 2014).
This assortment may have consequences for social functioning
(Wolf & Krause, 2014) and for the strength and direction of selec-
tion on behavioural phenotypes (Croft et al., 2009; Krause, James, &
Croft, 2010; Wilson, Krause, Dingemanse, & Krause, 2013).

While empirical studies exploring the relationship between
social structure and personality in wild populations have demon-
strated that personality can be an important phenotypic trait
influencing social organization, such studies have largely been
restricted to foraging groups (Aplin et al., 2013; Best et al., 2015;
Carter et al., 2015; Croft et al., 2009). By contrast, little is known
about social network structure with respect to personality in ter-
ritorial populations, such as during the breeding season of many
songbirds. Social interactions at this time are likely to be funda-
mentally different, with less influence of interactions related to
foraging (e.g. social information and predator avoidance) and more
influence of interactions related to reproduction (e.g. mating op-
portunities and male—male competition). The only previous
investigation of the relationship between personality and social
structure in a territorial breeding population showed, via auto-
mated tracking, that slow-exploring male great tits, Parus major,
tended to occupy less central network positions (Snijders et al.,
2014).

In this study, we used data from a wild great tit population
spanning 6 years to examine whether individuals show spatial
assortment by personality type during the breeding season. In
particular, we assessed exploration behaviour (the degree to which
individuals explore a novel environment) since this is commonly
used as a proxy for the reactive—proactive axis, including in our
study species (Quinn, Patrick, Bouwhuis, Wilkin, & Sheldon, 2009).
This behavioural axis contrasts shy, slow-exploring individuals
with bolder, fast-exploring individuals (Quinn, Cole, Bates, Payne, &
Cresswell, 2012). The continuous variation along this axis is hy-
pothesized to result from the inherent trade-off between predator-
averse behaviour favouring survival and risk-prone behaviour
prioritizing productivity (Biro & Stamps, 2008; Wolf, van Doorn,
Leimar, & Weissing, 2007). Previous work on our study popula-
tion has demonstrated positive assortment among males by this
measure of personality type in winter foraging flocks (Aplin et al.,
2013). This suggests that shy birds may actively modify their so-
cial environment by avoiding bolder, more aggressive individuals
(Aplin et al., 2013). Indeed, aggressive interactions between males
are more intense during the territorial period and aggression is
known to be positively correlated with exploratory behaviour in
this species (Carere, Drent, Privitera, Koolhaas, & Groothuis, 2005).
We therefore hypothesized that birds may also demonstrate posi-
tive assortment by personality with respect to their choice of
breeding location.

METHODS
Study System

Data were collected from a wild great tit population at Wytham
Woods, Oxfordshire, UK. (51°46’N, 01°20'W), which is a mixed
deciduous woodland of 385 ha, bordered by farmland. This popu-
lation is part of a continued long-term breeding survey, which
began in 1947 and monitors the location and identity of nesting
pairs (Savill, Perrins, Kirby, & Fisher, 2010). The majority of great tits
at this study site have a unique metal leg ring and they generally
nest in one of the 1018 nestboxes in the woodland (Aplin, Farine,
Morand-Ferron, Cockburn, Thornton, & Sheldon, 2014). The popu-
lation exhibits fission—fusion dynamics over autumn and winter,
whereas the social structure changes in the breeding season
(Psorakis, Roberts, Rezek, & Sheldon, 2012). During this period,

typically from March to June, socially monogamous pairs hold and
defend territories around the nestboxes (Hinde, 1952).

Personality Assays

An individual's position along the shy—bold personality axis was
estimated using an assay of exploration behaviour in a novel
environment. These assays were first conducted in 2005 and have
been carried out in subsequent years according to the same
methodology (Quinn et al., 2009). Great tits were captured via mist
netting during winter and kept in individual indoor aviaries over-
night. Birds were assayed individually the following morning for
8 min in a novel environment room with five perches. The fre-
quency and location of their movements were recorded with a
handheld computer. These observations were incorporated into a
principal component analysis to generate an exploration score for
each bird on a continuous scale, such that individuals visiting each
of the five perches and each of the five areas, and with a greater
frequency of hops and duration of flights, were assigned a higher
exploration score (Quinn et al., 2009). Exploration behaviour was
moderately repeatable within and between our assaying seasons
(Quinn et al., 2009) and has been shown to correlate with a wide
range of functional behaviours in our wild population (Aplin,
Farine, Mann, & Sheldon, 2014; Aplin et al., 2013; Cole & Quinn,
2012, 2014; Patrick, Chapman, Dugdale, Quinn, & Sheldon, 2012;
Quinn, Cole, Patrick, & Sheldon, 2011; Quinn et al., 2012).

Social Networks During Breeding Season

Associations between individuals were inferred based on the
spatial proximity of occupied nestboxes. By connecting individuals
(nodes) via associations (edges), social network analysis provides a
means to assess fine-scale population structure (Farine &
Whitehead, 2015; Krause et al., 2010). Network analyses and all
associated statistics were performed in R 3.2.3 (R Development
Core Team, 2015). Networks were constructed for six consecutive
breeding seasons from 2005 to 2010. To account for local breeding
densities, we classified individuals as associated with their k
nearest neighbours for a range of values of k (where k =3, 5 or 7).
As weighted networks provide more robust estimates of assort-
ment (Farine, 2014), we also assigned weights to each edge e;;,
where e;; :ﬁ and d is the Euclidean distance between the
nestboxes in which individuals i and j are breeding (but where e;; =
0 if j is not a kth nearest neighbour of i). This measure of proximity
is particularly relevant, as the slope of decline in extrapair paternity
with distance follows a log-linear relationship (Hadfield, 2012) and
so it is reasonable to assume that territorial interactions may occur
on a comparable spatial scale. Since nearest-neighbour networks
are not necessarily symmetrical (as one individual may be another's
nearest neighbour but not vice versa), this method generates
directed networks. For comparison, networks were also con-
structed using the Thiessen polygon method to approximate
neighbours. Associations were assigned based on which individuals
shared a boundary when Thiessen polygons were created around
each occupied nestbox to predict territories (Schlicht, Valcu, &
Kempenaers, 2014). The polygons were generated using the pack-
ages spatstat (Baddeley & Turner, 2005), spdep (Bivand, 2016),
maptools (Bivand & Lewin-Koh, 2012) and rgdal (Bivand, Keitt,
Rowlingson, & Pebesma, 2012). These Thiessen polygon networks
are undirected, but individuals can vary in their number of neigh-
bours based on the geometry of their territory. We use the term
neighbour throughout to describe any two individuals that are
connected in a network, although with the nearest-neighbour
method, this may not necessarily equate to sharing a territory
boundary.
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Separate networks for males and females were generated and
analysed independently. Additionally, social networks were con-
structed for one section of the woods, incorporating Marley Wood
and Marley Plantation (subsequently referred to as Marley). This
easterly area of Wytham Woods is 51 ha in size and contains 317
nestboxes. This region was selected as it has been the focus of
previous research effort and so has a particularly high proportion
of breeding individuals with an assigned personality score
(Patrick et al., 2012; Szulkin, Chapman, Patrick, & Sheldon, 2012),
which is important for maximizing the resolution of the networks
(Farine & Strandburg-Peshkin, 2015; Silk, Jackson, Croft, Colhoun,
& Bearhop, 2015).

Statistical Analyses

Data from 2005 to 2010 were incorporated in this study since
the most extensive personality data were available for this period.
Subsequent years were omitted given their low proportion of
breeding individuals with a known personality. For each year's
network, assortment with respect to personality was calculated
using Newman's assortment score (Newman, 2003). This score
measures the correlation between an individual's phenotype and
that of its associates and is a commonly used statistic to detect
phenotypic structure in social networks (Farine & Whitehead,
2015). The assortnet package was used which allows assortativity
to be measured for continuous traits with both binary and weighted
networks (Farine, 2014). Assortativity was also calculated sepa-
rately for the networks restricted to Marley. Since only personality-
typed individuals were relevant to this analysis (Table 1), the power
of the data set was limited by the proportion of breeding in-
dividuals whose personality had been assayed (approximately 0.3
across all of Wytham Woods for both males and females and in
Marley 0.4 for males and 0.5 for females).

Assortativity analyses were conducted both for individual years
and across all years. For each year, a network was constructed (for
males and females separately) using either the k-nearest-neighbour
algorithm or the Thiessen polygon method to assign associations.
The networks were restricted to only include nodes representing
individuals with a personality score. The observed assortment was
calculated, and the number of links in the network was recorded. To
assess assortativity relative to null expectation, while also ac-
counting for the nonindependence of social network data, 1000
node-based randomizations were performed on each year's
observed network. Under this null model, an individual's network

Table 1
Summary data for the study population

Location Year Breeding Personality-typed Personality-typed
pairs males females
Number Proportion Number Proportion

Marley 2005 120 46 0.383 53 0.442
2006 93 47 0.505 51 0.548
2007 107 51 0.477 69 0.645
2008 108 45 0.417 48 0.444
2009 79 38 0.481 45 0.570
2010 93 32 0.344 47 0.505

Wytham 2005 493 99 0.201 107 0.217
2006 432 142 0.329 144 0.333
2007 481 159 0.331 203 0.422
2008 470 140 0.298 168 0.357
2009 324 106 0.327 122 0.377
2010 381 94 0.247 116 0.304

The table shows the total number of breeding pairs each year within Wytham
Woods and the Marley region of the woods, and the number and proportion of
breeding males and females with known personality.

position is assumed to be independent of personality type, while
preserving network structure and personality scores. A node per-
mutation approach is relevant in this case because we have high
certainty of the network structure (Croft et al., 2009). The P value
was then calculated by comparing the observed assortment score to
the distribution generated from the 1000 randomizations to
determine whether the pattern of assortment was significantly
different from that predicted by the null model. To assess the
average assortment across years, the means of the observed and
null assortment scores were calculated, weighted by the number of
links in each year's network. Some individuals bred in more than
1 year and so occasionally there were duplicated links between the
same two individuals over multiple years, resulting in pseudo-
replication in the combined data set (2005—2010). Although any
pseudoreplication was held consistent in the null model (and
therefore should not impact the estimated significance value), the
analysis was also rerun by conducting 1000 randomizations on the
combined data set such that repeated associations between years
were randomly deleted prior to network construction.

In addition to the influence of interindividual behavioural dif-
ferences, ecological factors can also contribute to a nonrandom
spatial distribution of behavioural phenotypes. For example, shy
personality types might breed in lower quality habitats, thus
generating phenotypic assortment via a habitat—behaviour
covariance. To determine the extent to which local environmental
conditions influence social structure during the breeding season,
repeatability was calculated with respect to the personalities of
individuals occupying the nestboxes. A generalized linear mixed-
effects model (GLMM) was used to estimate repeatability
(Nakagawa & Schielzeth, 2010). This tested whether certain per-
sonality types were more likely to reoccur in the same nestbox,
which would suggest an environmental effect. This model was
implemented using the MCMCglmm package (Hadfield, 2010), with
personality score as the dependent variable, sex as a fixed effect
and year and nestbox as random effects. Some individuals bred
repeatedly in the same nestbox across multiple years (representing
approximately 14% of nestbox occupancies). To account for this
statistically, the data set was subsampled using 1000 randomiza-
tions so that only one breeding attempt per individual in a given
nestbox was included in the model each time.

A further important consideration was whether different per-
sonalities nest in areas of differing population densities. For
instance, if bold (or shy) individuals choose to nest in regions with a
higher density of occupied nestboxes, this could lead to a
nonrandom distribution of behavioural phenotypes within the
social network. To investigate the relationship between an in-
dividual's personality and the density of neighbouring territory
holders, a GLMM was constructed with node strength (sum of edge
weights as a measure of proximity to neighbours) as the dependent
variable. For each node, the strength was calculated with the igraph
package (Csardi & Nepusz, 2006) and used as a proxy for the local
population density that an individual experiences. Personality and
sex were fitted as fixed effects while year, nestbox and individual
were included as random effects in the model. If there were
repeated associations between years, only one was randomly
selected in each of the 1000 randomizations before calculating
node strength.

Ethical Note

All work was subject to review by the ethical committee at the
Department of Zoology (University of Oxford) and adhered to U.K.
standard requirements. Birds were caught, tagged and ringed by
British Trust for Ornithology licence holders, and held under Nat-
ural England licences.
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RESULTS

Within Marley, the region of the woods with the highest pro-
portion of individuals with a known behavioural phenotype, there
was significant positive assortment by personality among males
(Fig. 1), as revealed by the k-nearest-neighbour method. This was
true for all values of k (Table 2). Male assortment was also evident
when conducting the analyses on binary rather than weighted
networks (Table A1 in Appendix 2) and when there were no
duplicated associations present in the data set (Table A2 in
Appendix 2). Similar patterns of assortment were observed when
considering each year individually (Table A3 in Appendix 2). In fact,
males in all years except 2008 were positively assorted by per-
sonality type, with the observed assortment (+SE) lying outside the
95% confidence intervals generated from the node-based random-
izations (Fig. 2a). In contrast, there was no evidence of consistent
assortment across years among females within the nearest-
neighbour networks (Table 2), although in 2005, 2007 and 2010,
females also displayed a tendency towards positive assortment
(Fig. 2b).

When nesting locations for the entire woodland were included
in the nearest-neighbour analysis, males showed significant

positive assortment by personality type when seven neighbours
were considered (but not five or three neighbours), while there was
no significant assortment among females (Table A5 in Appendix 2).
In comparison to the nearest-neighbour method, there was no
evidence of male or female assortment by personality when
network associations were predicted using Thiessen polygons
either in Marley or throughout the woods (Table 3).

There was no evidence that certain nestboxes were consistently
occupied by individuals of certain personality types since the
average repeatability was negligible (MCMCglmm: repeatability
coefficient =0.004, 95% confidence interval =0.000—0.018,
N = 640 nestboxes). Additionally, local population density was not
related to personality (MCMCglmm: coefficient = 0.000, P = 0.921).

DISCUSSION

By combining personality assays with social network structure,
we demonstrate that male, but not female, great tits are positively
assorted during the breeding season with respect to their person-
ality. Thus, males are more likely to nest near other males of similar
personality than expected by chance, while dissimilar personal-
ity types are more spatially segregated. Calculating the mean

2008

A

Shy eSS Bold

Occupied nestbox (unknown
personality of bird)

Reciprocal association

—>  One-way association

Figure 1. Male social networks (five nearest neighbours) in Wytham's great tit population during the breeding season. A representative network for Wytham is depicted (2006),
along with the Marley networks for each year (2005—2010). Coloured nodes denote individuals with a personality score and open circles mark nestboxes occupied in that year but
where the male's personality is unknown. Black lines denote a two-way association (both each other's nearest neighbours), whereas grey arrows depict the direction of one-way
associations. For these directed networks, 70—80% of all links are reciprocal. The equivalent networks for females are shown in Fig. A1 in Appendix 1.
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Table 2
Results of assortativity analyses on weighted social networks within Marley using the nearest-neighbour (NN) method
Network type Male Female
No. of links Assortment Effect size P No. of links Assortment Effect size P
Observed Permuted Observed Permuted
3-NN 60.5 0.140 -0.034 0.174 0.020 93.2 0.004 —0.024 0.028 0.606
5-NN 102.7 0.092 -0.027 0.120 0.030 153.2 0.041 —0.024 0.065 0.130
7-NN 141.8 0.108 -0.027 0.135 0.004 212.0 0.046 -0.024 0.070 0.066

The observed and null assortment scores (averaged across all 6 years) are based on weighted networks, with values in bold indicating significance at « = 0.05. The permuted
assortment represents the mean of 1000 randomizations according to the null model. Average distances between nearest neighbours are shown in Table A4 in Appendix 2.
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Figure 2. Assortment with respect to personality among (a) male and (b) female great tits in Marley during the breeding season. Circles mark the observed assortment score for
each year (based on 5-nearest-neighbour networks), plotted with the standard error calculated from jackknife simulations. Vertical black lines denote the 95% confidence intervals
generated under the null model (i.e. the values of assortment that are expected by chance given our data).

assortment over years, in addition to analysing individual years,
increased the power of the data set and thus the ability to detect
assortment. This pattern of assortment in the nearest-neighbour
networks suggests that individual decisions about where to breed
may involve factors relating to their social environment. Our find-
ings therefore highlight the potential role of behavioural pheno-
types in shaping social structure, which may in turn influence
selection experienced by individuals of territorial species.

Significant positive assortment with respect to personality was
also observed among males, but not females, in the winter social
networks of this great tit population, perhaps because shy males
seek to avoid interactions with bolder, more aggressive individuals
(Aplin et al., 2013). Interestingly, positive assortment is a wide-
spread characteristic of human social networks (often referred to as
homophily) with respect to many different attributes, including
personality (McPherson, Smith-Lovin, & Cook, 2001). The effect of
behavioural traits on population structuring may be prevalent in
animal societies (Aplin et al., 2013; Best et al., 2015; Carter et al.,
2015; Croft et al., 2009; Snijders et al., 2014), particularly among
group-living species, and future research should explore this
further.

Our finding that breeding males show significant spatial
assortment by personality type in Marley is unlikely to be a prop-
erty of this region of the study site. Rather, it probably reflects the
fact that the ability to detect assortment within a network is
dependent on the number of individuals with a known phenotype
in the population since this dictates the density of links in the

network. Indeed, a recent study found that at least 30% of the
population needs to be identified to draw robust results from social
network analysis (Silk et al., 2015). In Marley, this condition was
easily satisfied (40—50%), but across the entire wood our sample
was only just on this threshold (30%). If a greater proportion of
individuals throughout Wytham had a known personality, we
would have expected to detect significant positive assortment
throughout the woodland. Our study therefore highlights the
importance of knowing the spatial distribution of individuals
sampled within a population, as unequal sampling can impact
analyses.

The detection of positive assortment in the nearest-neighbour
networks, but not those generated using the Thiessen polygon
approach, is a notable finding with broader methodological and
biological implications. This result may be due to the various as-
sumptions involved in using Thiessen polygons to model animal
territory boundaries, such as a spatially contiguous area and
nonoverlapping territories (Appendix 3). Indeed, it is probable that
territories do overlap, especially in areas of high settlement density.
Thiessen polygon networks assume that competition between
neighbours sharing a boundary determines territory formation
(Schlicht et al., 2014) but in very clustered regions such as Marley;, it
is unlikely that birds only interact with their adjacent neighbours.
In fact, great tits in this population are known to move beyond the
territory boundaries predicted from Thiessen polygons (Cole,
Morand-Ferron, Hinks, & Quinn, 2012). Indirect interactions
through singing may also influence male territory choice, especially
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Table 3

Results of assortativity analyses on social networks within Marley and throughout Wytham Woods using the Thiessen polygon method
Network type Male Female

No. of links Assortment Effect size P No. of links Assortment Effect size P
Observed Permuted Observed Permuted

Marley (weighted) 99.7 -0.017 —0.031 0.014 0.796 149.3 0.042 -0.028 0.070 0.122
Marley (binary) 99.7 —-0.001 -0.029 0.029 0.568 149.3 0.039 -0.027 0.066 0.142
Marley (no duplicates) 96.0 -0.015 —-0.032 0.017 0.755 143.2 0.031 -0.024 0.055 0.238
Wytham (weighted) 235.0 0.000 -0.013 0.013 0.694 320.0 0.025 -0.010 0.035 0.258

The observed and null assortment scores (averaged across all 6 years) are shown for both weighted (including duplicated associations removed) and binary networks. The
permuted assortment represents the mean of 1000 randomizations according to the null model.

since birdsong has been shown to reveal individual personality
(Garamszegi, Eens, & Torok, 2008). Furthermore, birds living in
relatively dense areas are also likely to hear the song of neighbours
with whom they do not share a territory boundary and so may still
be familiar with more distant neighbours (Briefer, Rybak, & Aubin,
2010). Notably, a recent study exploring song traits in wild terri-
torial great tits also found that results varied depending on whether
the analysis was conducted in relation to the spatial proximity of
breeding individuals versus those sharing a territory boundary
(Snijders, van der Eijk, van Rooij, de Goede, van Oers, & Naguib,
2015). They therefore concluded that neighbourhood structuring
may be an important factor during the breeding season. In a similar
way, the results of our analyses suggest that it is the personality of
individuals in the local neighbourhood, rather than only adjacent
territory holders, that contributes to the pattern of assortment in
the nearest-neighbour networks.

Additional statistical analyses were conducted to understand
what drives this pattern of spatial assortment. If nestboxes were
consistently occupied by birds of certain personality types, this
would suggest that where an individual chooses to breed was
partly dependent on the surrounding ecological environment.
However, there was no evidence that nestboxes were repeatable
in terms of the personalities of the occupants. Neither was there
evidence that bolder males chose to nest in areas with a higher or
lower density of occupied territories, indicating that the
observed assortment by personality was not clearly driven by
differences in local population densities. Also relevant to this
study, there is no evidence in this great tit population of assor-
tative mating with respect to personality traits (Patrick et al.,
2012).

Overall, our analyses suggest that social processes may be more
important than environmental variation in determining social
structure of a breeding great tit population with respect to per-
sonality. The finding that males, but not females, show significant
assortment may reflect the role that personality plays in male ter-
ritory choice and establishment, with shy males less likely to nest
near bolder, more aggressive individuals. Female breeding location,
however, may depend on other factors, such as mate choice, rather
than the behavioural traits of surrounding females. Since only
males show positive assortment by personality type in the winter
foraging flocks (Aplin et al., 2013), this difference in assortment
between the sexes may be a result of social ties formed during
winter that have persisted into the breeding season. Recent find-
ings reveal that social associations in winter foraging flocks can
carry over into patterns of nestbox prospecting as the breeding
season begins (Firth & Sheldon, 2015). In fact, stronger associations
during the winter relate to closer nesting proximities in the sub-
sequent breeding season, even more so than expected from winter
spatial locations alone (Firth & Sheldon, 2016). Establishing a ter-
ritory near a familiar individual may reduce aggressive encounters,
leading to fewer costly interactions (Temeles, 1994). In addition,

neighbour familiarity has been shown to have a positive influence
on cooperative interactions and reproductive success in this great
tit population (Grabowska-Zhang, Sheldon, & Hinde, 2012;
Grabowska-Zhang, Wilkin, & Sheldon, 2012). Understanding the
relative importance of social versus spatial effects in structuring
populations (Farine et al., 2015; Firth & Sheldon, 2016; Shizuka
et al, 2014) and shaping population processes (Firth, Sheldon, &
Farine, 2016), particularly with respect to the personality of in-
dividuals, is a key issue highlighted in this study which warrants
further investigation.

The tendency for positive assortment by personality among
males during the breeding season has implications for the way that
selection is likely to act on behavioural phenotypes. The nature of
interactions between territorial neighbours may differ considerably
depending on their personalities. Shy great tits tend to respond less
strongly to social confrontation than bold individuals, in terms of
both territorial intrusion and approaches from the opposite sex
(Amy, Sprau, de Goede, & Naguib, 2010; Carere et al., 2005; Snijders,
van Rooij, Henskens, van Oers, & Naguib, 2015). A potential
consequence of this spatial assortment is that fights during the
establishment and maintenance of territory boundaries may be less
intense or less frequent between shyer individuals. Indeed, there is
evidence of a positive correlation between exploration behaviour
and singing intensity in captive great tits (Naguib, Kazek, Schaper,
van Oers, & Visser, 2010), indicating that bold males invest more
in territorial defence and attracting mates (Catchpole & Slater,
2008). Although bold territorial neighbours may suffer the costs
of more intense interactions, they might also gain a shared benefit
through more effective repulsion of common threats, such as
conspecific intruders. However, bold individuals also tend to
exhibit risk-prone behaviour, potentially increasing their exposure
to predation (Bell, Foster, & Wund, 2013; Cole & Quinn, 2014; Quinn
et al,, 2012).

Our findings also have wider relevance to previous research on
this great tit population, which showed that bold males were more
likely to engage in extrapair copulations (Patrick et al., 2012). It
was suggested that this pattern may arise from breeding site
choice if bolder males bred in more densely populated areas with
higher encounter rates (Patrick et al., 2012). However, in our study
we found no evidence for a correlation between personality and
breeding density. Instead, the results reported here indicate that
this observed association between personality and extrapair pa-
ternity may be driven largely by behavioural differences. In
addition, given that bold great tits tend to be more promiscuous,
and our finding that they are more likely to breed near other bold
males, the incidence of extrapair paternity may be expected to be
spatially clustered. This could have implications for male—male
cooperation, as evolutionary modelling suggests that paternity
uncertainty may incentivize males to form cooperative alliances
and reduce their territorial aggression (Eliassen & Jorgensen,
2014).
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The results of this study encourage further research into the
role of animal personalities in structuring populations and the
evolutionary consequences. Following from the evidence pre-
sented here that territorial males show positive assortment with
respect to personality, an essential question to address is whether
the fitness consequences of an individual's personality are not
simply a function of its own phenotype but also dependent on the
personalities of its neighbours. Thus, if the strength and direction
of selection on behavioural phenotypes varies according to an
individual's social environment, this may help explain the puzzle
of the maintenance of personality variation within animal pop-
ulations. Previously, evolutionary game theory has been used to
account for this observation, with individuals gaining higher
fitness payoffs if their strategy is rare (Dall et al., 2004). Although
such negative frequency-dependent selection on personality is
likely to play a part in maintaining this variation, the nonrandom
distribution of behavioural phenotypes within social networks
highlights the importance of also considering the role of social
selection.

Conclusions

Through examining the social structure of a wild bird popula-
tion, we show that males are positively assorted by behavioural
phenotype and are more likely to breed closer to other males of
similar personality. This adds to previous studies of behavioural
assortment in nonterritorial populations by revealing that in-
dividuals may also associate with those of like personality during
the breeding season. This novel finding has implications for sexual
and social selection. Studies of the relationship between social
network structure and personality in breeding populations of other
vertebrate taxa should be conducted to determine the generality of
this finding.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

Acknowledgments

We are grateful to members of the Edward Grey Institute for
assisting with the fieldwork that generated data for this study. K.V.-
AlJ. was funded by BBSRC (BB/J014427/1) while carrying out this
project. J.A.F. and E.F.C. were supported by EGI Research Fellow-
ships and J.AF. also by a NERC studentship. D.R.F. and L.M.A. were
supported by BBSRC (BB/L0O06081/1) and L.M.A. also by a Junior
Research Fellowship at St John's College, Oxford.

References

Amy, M,, Sprau, P, de Goede, P., & Naguib, M. (2010). Effects of personality on ter-
ritory defence in communication networks: A playback experiment with radio-
tagged great tits. Proceedings of the Royal Society B: Biological Sciences, 277,
3685—3692. http://dx.doi.org/10.1098/rspb.2010.0598.

Aplin, L. M,, Farine, D. R, Mann, R. P, & Sheldon, B. C. (2014). Individual-level
personality influences social foraging and collective behaviour in wild birds.
Proceedings of the Royal Society B: Biological Sciences, 281, 20141016. http://
dx.doi.org/10.1098/rspb.2014.1016.

Aplin, L. M., Farine, D. R, Morand-Ferron, J., Cockburn, A. Thornton, A., &
Sheldon, B. C. (2014). Experimentally induced innovations lead to persistent
culture via conformity in wild birds. Nature, 518, 538—541. http://dx.doi.org/
10.1038/nature13998.

Aplin, L. M., Farine, D. R., Morand-Ferron, ]., Cole, E. F,, Cockburn, A., & Sheldon, B. C.
(2013). Individual personalities predict social behaviour in wild networks of

great tits (Parus major). Ecology Letters, 16,1365—1372. http://dx.doi.org/10.1111/
ele.12181.

Baddeley, A., & Turner, R. (2005). spatstat: an R package for analyzing spatial point
patterns. Journal of Statistical Software, 12. http://dx.doi.org/10.18637/
jss.v012.i06.

Bell, A. M., Foster, S. A., & Wund, M. (2013). Evolutionary perspectives on personality
in stickleback fish. In C. Carere, & D. Maestripieri (Eds.), Animal personalities:
behavior, physiology, and evolution (pp. 36—65). Chicago, IL: University of Chi-
cago Press.

Bergmiiller, R., & Taborsky, M. (2010). Animal personality due to social niche
specialisation. Trends in Ecology and Evolution, 25, 504—511. http://dx.doi.org/
10.1016/j.tree.2010.06.012.

Best, E. C,, Blomberg, S. P., & Goldizen, A. W. (2015). Shy female kangaroos seek
safety in numbers and have fewer preferred friendships. Behavioral Ecology, 26,
639—646. http://dx.doi.org/10.1093/beheco/arv003.

Biro, P. A., & Stamps, J. A. (2008). Are animal personality traits linked to life-history
productivity? Trends in Ecology and Evolution, 23, 361—368. http://dx.doi.org/
10.1016/j.tree.2008.04.003.

Bivand, R. (2016). spdep: spatial dependence: weighting schemes, statistics and models.
http://cran.r-project.org/package=spdep (Accessed 14 January 2016).

Bivand, R,, Keitt, T. H., Rowlingson, B., & Pebesma, E. (2012). rgdal: bindings for the
geospatial data abstraction library. http://cran.r-project.org/package=rgdal
(Accessed 14 January 2016).

Bivand, R., & Lewin-Koh, N. ]. (2012). maptools: tools for reading and handling spatial
objects. http://cran.r-project.org/package=maptools (Accessed 14 January
2016).

Briefer, E., Rybak, F.,, & Aubin, T. (2010). Are unfamiliar neighbours considered to
be dear-enemies? PLoS One, 5, e12428. http://dx.doi.org/10.1371/
journal.pone.0012428.

Carere, C., Drent, P. J., Privitera, L., Koolhaas, J. M., & Groothuis, T. G. G. (2005).
Personalities in great tits, Parus major: Stability and consistency. Animal
Behaviour, 70, 795—805. http://dx.doi.org/10.1016/j.anbehav.2005.01.003.

Carter, A. ]., Lee, A. E. G., Marshall, H. H., Ticé, M. T., & Cowlishaw, G. (2015).
Phenotypic assortment in wild primate networks: Implications for the
dissemination of information. Royal Society Open Science, 2, 140444. http://
dx.doi.org/10.1098/rs0s.140444.

Catchpole, C. K., & Slater, P. J. B. (2008). Bird song: biological themes and variation.
New York, NY: Cambridge University Press.

Cole, E. F, Morand-Ferron, J., Hinks, A. E., & Quinn, J. L. (2012). Cognitive ability
influences reproductive life history variation in the wild. Current Biology, 22,
1808—1812. http://dx.doi.org/10.1016/j.cub.2012.07.051.

Cole, E. F,, & Quinn, J. L. (2012). Personality and problem-solving performance
explain competitive ability in the wild. Proceedings of the Royal Society B:
Biological Sciences, 279, 1168—1175. http://dx.doi.org/10.1098/rspb.2011.
1539.

Cole, E. F, & Quinn, ]. L. (2014). Shy birds play it safe: Personality in captivity pre-
dicts risk responsiveness during reproduction in the wild. Biology Letters, 10,
20140178. http://dx.doi.org/10.1098/rsbl.2014.0178.

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

Croft, D. P, Krause, ]., Darden, S. K., Ramnarine, I. W., Faria, J. J., & James, R. (2009).
Behavioural trait assortment in a social network: Patterns and implications.
Behavioral Ecology and Sociobiology, 63, 1495—1503. http://dx.doi.org/10.1007/
$00265-009-0802-x.

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex network
research. InterJournal Complex Systems, 1695, 1-9.

Dall, S. R. X., Houston, A. I., & McNamara, J. M. (2004). The behavioural ecology of
personality: Consistent individual differences from an adaptive perspective.
Ecology Letters, 7, 734—739. http://dx.doi.org/10.1111/j.1461-0248.2004.
00618.x.

Dingemanse, N. J., Both, C., Drent, P. ], & Tinbergen, ]J. M. (2004). Fitness conse-
quences of avian personalities in a fluctuating environment. Proceedings of the
Royal Society B: Biological Sciences, 271, 847—852. http://dx.doi.org/10.1098/
rspb.2004.2680.

Dingemanse, N. J., Kazem, A. J. N., Réale, D., & Wright, J. (2009). Behavioural reaction
norms: Animal personality meets individual plasticity. Trends in Ecology and
Evolution, 25, 81—-89. http://dx.doi.org/10.1016/j.tree.2009.07.013.

Drent, P. J., van Oers, K., & van Noordwijk, A. ]J. (2003). Realized heritability of
personalities in the great tit (Parus major). Proceedings of the Royal Society B:
Biological Sciences, 270, 45—51. http://dx.doi.org/10.1098/rspb.2002.2168.

Eliassen, S., & Jorgensen, C. (2014). Extra-pair mating and evolution of cooper-
ative neighbourhoods. PLoS One, 9, e99878. http://dx.doi.org/10.1371/
journal.pone.0099878.

Farine, D. R. (2014). Measuring phenotypic assortment in animal social networks:
Weighted associations are more robust than binary edges. Animal Behaviour, 89,
141-153. http://dx.doi.org/10.1016/j.anbehav.2014.01.001.

Farine, D. R, Firth, J. A., Aplin, L. M., Crates, R. A., Culina, A., Garroway, C. ], et al.
(2015). The role of social and ecological processes in structuring animal pop-
ulations: A case study from automated tracking of wild birds. Royal Society Open
Science, 2, 150057. http://dx.doi.org/10.1098/rs0s.150057.


http://dx.doi.org/10.1098/rspb.2010.0598
http://dx.doi.org/10.1098/rspb.2014.1016
http://dx.doi.org/10.1098/rspb.2014.1016
http://dx.doi.org/10.1038/nature13998
http://dx.doi.org/10.1038/nature13998
http://dx.doi.org/10.1111/ele.12181
http://dx.doi.org/10.1111/ele.12181
http://dx.doi.org/10.18637/jss.v012.i06
http://dx.doi.org/10.18637/jss.v012.i06
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref6
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref6
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref6
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref6
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref6
http://dx.doi.org/10.1016/j.tree.2010.06.012
http://dx.doi.org/10.1016/j.tree.2010.06.012
http://dx.doi.org/10.1093/beheco/arv003
http://dx.doi.org/10.1016/j.tree.2008.04.003
http://dx.doi.org/10.1016/j.tree.2008.04.003
http://cran.r-project.org/package=spdep
http://cran.r-project.org/package=spdep
http://cran.r-project.org/package=rgdal
http://cran.r-project.org/package=rgdal
http://cran.r-project.org/package=maptools
http://cran.r-project.org/package=maptools
http://dx.doi.org/10.1371/journal.pone.0012428
http://dx.doi.org/10.1371/journal.pone.0012428
http://dx.doi.org/10.1016/j.anbehav.2005.01.003
http://dx.doi.org/10.1098/rsos.140444
http://dx.doi.org/10.1098/rsos.140444
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref16
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref16
http://dx.doi.org/10.1016/j.cub.2012.07.051
http://dx.doi.org/10.1098/rspb.2011.1539
http://dx.doi.org/10.1098/rspb.2011.1539
http://dx.doi.org/10.1098/rsbl.2014.0178
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref20
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref20
http://dx.doi.org/10.1007/s00265-009-0802-x
http://dx.doi.org/10.1007/s00265-009-0802-x
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref22
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref22
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref22
http://dx.doi.org/10.1111/j.1461-0248.2004.00618.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00618.x
http://dx.doi.org/10.1098/rspb.2004.2680
http://dx.doi.org/10.1098/rspb.2004.2680
http://dx.doi.org/10.1016/j.tree.2009.07.013
http://dx.doi.org/10.1098/rspb.2002.2168
http://dx.doi.org/10.1371/journal.pone.0099878
http://dx.doi.org/10.1371/journal.pone.0099878
http://dx.doi.org/10.1016/j.anbehav.2014.01.001
http://dx.doi.org/10.1098/rsos.150057

28 K. V.-A. Johnson et al. / Animal Behaviour 128 (2017) 21-32

Farine, D. R., & Sheldon, B. C. (2015). Selection for territory acquisition is modulated
by social network structure in a wild songbird. Journal of Evolutionary Biology,
28, 547—556. http://dx.doi.org/10.1111/jeb.12587.

Farine, D. R, & Strandburg-Peshkin, A. (2015). Estimating uncertainty and reliability
of social network data using Bayesian inference. Royal Society Open Science, 2,
150367. http://dx.doi.org/10.1098/rs0s.150367.

Farine, D. R, & Whitehead, H. (2015). Constructing, conducting and interpreting
animal social network analysis. Journal of Animal Ecology, 84, 1144—1163. http://
dx.doi.org/10.1111/1365-2656.12418.

Firth, J. A, & Sheldon, B. C. (2015). Experimental manipulation of avian social
structure reveals segregation is carried over across contexts. Proceedings of the
Royal Society B: Biological Sciences, 282, 20142350. http://dx.doi.org/10.1098/
rspb.2014.2350.

Firth, J. A, & Sheldon, B. C. (2016). Social carry-over effects underpin trans-
seasonally linked structure in a wild bird population. Ecology Letters, 19,
1324-1332. http://dx.doi.org/10.1111/ele.12669.

Firth, J. A., Sheldon, B. C., & Farine, D. R. (2016). Pathways of information trans-
mission among wild songbirds follow experimentally imposed changes in social
foraging structure. Biology Letters, 12, 20160144. http://dx.doi.org/10.1098/
rsbl.2016.0144.

Formica, V. A., McGlothlin, J. W,, Wood, C. W., Augat, M. E., Butterfield, R. E.,
Barnard, M. E,, et al. (2011). Phenotypic assortment mediates the effect of social
selection in a wild beetle population. Evolution, 65, 2771-2781. http://
dx.doi.org/10.1111/j.1558-5646.2011.01340.x.

Garamszegi, L. Z., Eens, M., & Torok, J. (2008). Birds reveal their personality
when singing. PLoS One, 5, e2647. http://dx.doi.org/10.1371/journal.pone.
0002647.

Grabowska-Zhang, A. M., Sheldon, B. C.,, & Hinde, C. A. (2012). Long-term familiarity
promotes joining in neighbour nest defence. Biology Letters, 8, 544—546. http://
dx.doi.org/10.1098/rsbl.2012.0183.

Grabowska-Zhang, A. M., Wilkin, T. A., & Sheldon, B. C. (2012). Effects of neighbor
familiarity on reproductive success in the great tit (Parus major). Behavioral
Ecology, 23, 322—333. http://dx.doi.org/10.1093/beheco/arr189.

Groothuis, T. G. G., & Carere, C. (2005). Avian personalities: Characterization and
epigenesis. Neuroscience and Biobehavioral Reviews, 29, 137—150. http://
dx.doi.org/10.1016/j.neubiorev.2004.06.010.

Hadfield, J. D. (2010). MCMC methods for multi-response generalised linear mixed
models: The MCMCglmm R package. Journal of Statistical Software, 33, 1-22.
http://dx.doi.org/10.18637/jss.v033.i02.

Hadfield, J. D. (2012). Master Bayes: maximum likelihood and Markov chain Monte
Carlo methods for pedigree reconstruction, analysis and simulation. http://cran.
r-project.org/web/packages/MasterBayes/vignettes/Tutorial.pdf (Accessed 4
March 2015).

Hinde, R. A. (1952). The behaviour of the great tit (Parus major) and some other
related species. Behaviour (Suppl), 2, 1-201.

Krause, ]., James, R., & Croft, D. P. (2010). Personality in the context of social net-
works. Philosophical Transactions of the Royal Society B: Biological Sciences, 365,
4099—4106. http://dx.doi.org/10.1098/rsth.2010.0216.

Krause, J., Lusseau, D., & James, R. (2009). Animal social networks: An introduction.
Behavioral Ecology and Sociobiology, 63, 967—973. http://dx.doi.org/10.1007/
500265-009-0747-0.

McPherson, M., Smith-Lovin, L., & Cook, J. M. (2001). Birds of a feather: Homophily
in social networks. Annual Reviews of Sociology, 27, 415—444. http://dx.doi.org/
10.1146/annurev.soc.27.1.415.

Naguib, M., Kazek, A., Schaper, S. V., van Oers, K., & Visser, M. E. (2010). Singing
activity reveals personality traits in great tits. Ethology, 116, 736—769. http://
dx.doi.org/10.1111/j.1439-0310.2010.01791.x.

Nakagawa, S., & Schielzeth, H. (2010). Repeatability for Gaussian and non-Gaussian
data: A practical guide for biologists. Biological Reviews, 85, 935—956. http://
dx.doi.org/10.1111/1.1469185X.2010.00141.x.

Newman, M. E. J. (2003). Mixing patterns in networks. Physical Review E, 67, 026126.
http://dx.doi.org/10.1103/PhysRevE.67.026126.

van Oers, K., de Jong, G., van Noordwijk, A. J., Kempenaers, B., & Drent, P. J. (2005).
Contribution of genetics to the study of animal personalities: A review of case
studies. Behaviour, 142, 1185—1206. http://dx.doi.org/10.1163/15685390577
4539364.

Oh, K. P,, & Badyaev, A. V. (2010). Structure of social networks in a passerine bird:
Consequences for sexual selection and the evolution of mating strategies.
American Naturalist, 176, ES0—E89. http://dx.doi.org/10.1086/655216.

Patrick, S. C,, Chapman, J. R, Dugdale, H. L., Quinn, J. L, & Sheldon, B. C. (2012).
Promiscuity, paternity and personality in the great tit. Proceedings of the Royal
Society B: Biological Sciences, 279, 1724—1730. http://dx.doi.org/10.1098/
rspb.2011.1820.

Psorakis, I., Roberts, S. J., Rezek, 1., & Sheldon, B. C. (2012). Inferring social network
structure in ecological systems from spatio-temporal data streams. Journal of

the Royal Society Interface, 9, 3055—3066.
rsif.2012.0223.

Quinn, J. L, Cole, E. F, Bates, J., Payne, R. W., & Cresswell, W. (2012). Personality
predicts individual responsiveness to the risks of starvation and predation.
Proceedings of the Royal Society B: Biological Sciences, 279, 1919—1926. http://
dx.doi.org/10.1098/rspb.2011.2227.

Quinn, J. L, Cole, E. F, Patrick, S. C., & Sheldon, B. C. (2011). Scale and state-
dependence of the relationship between personality and dispersal in a great
tit population. Journal of Animal Ecology, 80, 918—928. http://dx.doi.org/10.1111/
j.1365-2656.2011.01835.x.

Quinn, J. L., Patrick, S. C., Bouwhuis, S., Wilkin, T. A., & Sheldon, B. C. (2009). Het-
erogeneous selection on a heritable temperament trait in a variable environ-
ment. Journal of Animal Ecology, 78,1203—1215. http://dx.doi.org/10.1111/j.1365-
2656.2009.01585.x.

R Development Core Team. (2015). R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing. http://
www.R-project.org/.

Réale, D., Dingemanse, N. ], Kazem, A. ]. N., & Wright, J. (2010). Evolutionary and
ecological approaches to the study of personality. Philosophical Transactions of
the Royal Society B: Biological Sciences, 365, 3937—3946. http://dx.doi.org/
10.1098/rstb.2010.0222.

Savill, P. S., Perrins, C. M., Kirby, K. J., & Fisher, N. (2010). Wytham Woods: Oxford
ecological laboratory. Oxford, U.K.: Oxford University Press.

Schlicht, L., Valcu, M., & Kempenaers, B. (2014). Thiessen polygons as a model for
animal territory estimation. IBIS, 156, 215—219. http://dx.doi.org/10.1111/
ibi.12105.

Shizuka, D., Chaine, A. S., Anderson, ]., Johnson, O., Laursen, I. M., & Lyon, B. E.
(2014). Across-year social stability shapes network structure in wintering
migrant sparrows. Ecology Letters, 17, 998—1007. http://dx.doi.org/10.1111/
ele.12304.

Sih, A, Bell, A., & Johnson, J. C. (2004). Behavioral syndromes: An ecological and
evolutionary overview. Trends in Ecology and Evolution, 19, 372—378. http://
dx.doi.org/10.1016/j.tree.2004.04.009.

Silk, M. ]., Jackson, A. L., Croft, D. P., Colhoun, K., & Bearhop, S. (2015). The conse-
quences of unidentifiable individuals for the analysis of an animal social
network. Animal Behaviour, 104, 1-11. http://dx.doi.org/10.1016/j.anbe
hav.2015.03.005.

Smith, B. R., & Blumstein, D. T. (2008). Fitness consequences of personality: A meta-
analysis. Behavioral Ecology, 19, 448—455. http://dx.doi.org/10.1093/beheco/
arm144.

Snijders, L., van Rooij, E. P,, Burt, ]. M., Hinde, C. A., van Oers, K., & Naguib, M. (2014).
Social networking in territorial great tits: Slow explorers have the least central
social network positions. Animal Behaviour, 98, 95—102. http://dx.doi.org/
10.1016/j.anbehav.2014.09.029.

Snijders, L., van Rooij, E. P, Henskens, M. F. A, van Oers, K., & Naguib, M. (2015b).
Dawn song predicts behaviour during territory conflicts in personality-typed
great tits. Animal Behaviour, 109, 45-52. http://dx.doi.org/10.1016/
j.anbehav.2015.07.037.

Snijders, L., van der Eijk, ]J., van Rooij, E. P., de Goede, P.,, van Oers, K., & Naguib, M.
(2015a). Song trait similarity in great tits varies with social structure. PLoS One,
10, e0116881. http://dx.doi.org/10.1371/journal.pone.0116881.

Szulkin, M., Chapman, J. R,, Patrick, S. C., & Sheldon, B. C. (2012). Promiscuity,
inbreeding and dispersal propensity in great tits. Animal Behaviour, 84,
1363—1370. http://dx.doi.org/10.1016/j.anbehav.2012.08.030.

Temeles, E. J. (1994). The role of neighbours in territorial systems: When are they
‘dear enemies’? Animal Behaviour, 47, 339—350. http://dx.doi.org/10.1006/
anbe.1994.1047.

West-Eberhard, M. ]J. (1979). Sexual selection, social competition, and evolution.
Proceedings of the American Philosophical Society, 123, 222—234.

Wilson, A. D. M., Krause, S., Dingemanse, N. J., & Krause, J. (2013). Network position:
A key component in the characterization of social personality types. Behavioral
Ecology and Sociobiology, 67, 163—173. http://dx.doi.org/10.1007/s00265-012-
1428-y.

Wolf, J. B., Brodie, E. D., Ill, & Moore, A. J. (1999). Interacting phenotypes and the
evolutionary process. II. Selection resulting from social interactions. American
Naturalist, 153, 254—266. http://dx.doi.org/10.1086/303168.

Wolf, M., & Krause, ]. (2014). Why personality differences matter for social func-
tioning and social structure. Trends in Ecology and Evolution, 29, 306—308.
http://dx.doi.org/10.1016/j.tree.2014.03.008.

Wolf, M., van Doorn, G. S., Leimar, O., & Weissing, F. ]. (2007). Life-history trade-offs
favour the evolution of animal personalities. Nature, 447, 581-584. http://
dx.doi.org/10.1038/nature05835.

Wolf, M., & Weissing, F. ]. (2012). Animal personalities: Consequences for ecology
and evolution. Trends in Ecology and Evolution, 27, 452—461. http://dx.doi.org/
10.1016/j.tree.2012.05.001.

http://dx.doi.org/10.1098/


http://dx.doi.org/10.1111/jeb.12587
http://dx.doi.org/10.1098/rsos.150367
http://dx.doi.org/10.1111/1365-2656.12418
http://dx.doi.org/10.1111/1365-2656.12418
http://dx.doi.org/10.1098/rspb.2014.2350
http://dx.doi.org/10.1098/rspb.2014.2350
http://dx.doi.org/10.1111/ele.12669
http://dx.doi.org/10.1098/rsbl.2016.0144
http://dx.doi.org/10.1098/rsbl.2016.0144
http://dx.doi.org/10.1111/j.1558-5646.2011.01340.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01340.x
http://dx.doi.org/10.1371/journal.pone.0002647
http://dx.doi.org/10.1371/journal.pone.0002647
http://dx.doi.org/10.1098/rsbl.2012.0183
http://dx.doi.org/10.1098/rsbl.2012.0183
http://dx.doi.org/10.1093/beheco/arr189
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/10.18637/jss.v033.i02
http://cran.r-project.org/web/packages/MasterBayes/vignettes/Tutorial.pdf
http://cran.r-project.org/web/packages/MasterBayes/vignettes/Tutorial.pdf
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref43
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref43
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref43
http://dx.doi.org/10.1098/rstb.2010.0216
http://dx.doi.org/10.1007/s00265-009-0747-0
http://dx.doi.org/10.1007/s00265-009-0747-0
http://dx.doi.org/10.1146/annurev.soc.27.1.415
http://dx.doi.org/10.1146/annurev.soc.27.1.415
http://dx.doi.org/10.1111/j.1439-0310.2010.01791.x
http://dx.doi.org/10.1111/j.1439-0310.2010.01791.x
http://dx.doi.org/10.1111/j.1469185X.2010.00141.x
http://dx.doi.org/10.1111/j.1469185X.2010.00141.x
http://dx.doi.org/10.1103/PhysRevE.67.026126
http://dx.doi.org/10.1163/156853905774539364
http://dx.doi.org/10.1163/156853905774539364
http://dx.doi.org/10.1086/655216
http://dx.doi.org/10.1098/rspb.2011.1820
http://dx.doi.org/10.1098/rspb.2011.1820
http://dx.doi.org/10.1098/rsif.2012.0223
http://dx.doi.org/10.1098/rsif.2012.0223
http://dx.doi.org/10.1098/rspb.2011.2227
http://dx.doi.org/10.1098/rspb.2011.2227
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/10.1111/j.1365-2656.2009.01585.x
http://dx.doi.org/10.1111/j.1365-2656.2009.01585.x
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.1098/rstb.2010.0222
http://dx.doi.org/10.1098/rstb.2010.0222
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref59
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref59
http://dx.doi.org/10.1111/ibi.12105
http://dx.doi.org/10.1111/ibi.12105
http://dx.doi.org/10.1111/ele.12304
http://dx.doi.org/10.1111/ele.12304
http://dx.doi.org/10.1016/j.tree.2004.04.009
http://dx.doi.org/10.1016/j.tree.2004.04.009
http://dx.doi.org/10.1016/j.anbehav.2015.03.005
http://dx.doi.org/10.1016/j.anbehav.2015.03.005
http://dx.doi.org/10.1093/beheco/arm144
http://dx.doi.org/10.1093/beheco/arm144
http://dx.doi.org/10.1016/j.anbehav.2014.09.029
http://dx.doi.org/10.1016/j.anbehav.2014.09.029
http://dx.doi.org/10.1016/j.anbehav.2015.07.037
http://dx.doi.org/10.1016/j.anbehav.2015.07.037
http://dx.doi.org/10.1371/journal.pone.0116881
http://dx.doi.org/10.1016/j.anbehav.2012.08.030
http://dx.doi.org/10.1006/anbe.1994.1047
http://dx.doi.org/10.1006/anbe.1994.1047
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref70
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref70
http://refhub.elsevier.com/S0003-3472(17)30112-4/sref70
http://dx.doi.org/10.1007/s00265-012-1428-y
http://dx.doi.org/10.1007/s00265-012-1428-y
http://dx.doi.org/10.1086/303168
http://dx.doi.org/10.1016/j.tree.2014.03.008
http://dx.doi.org/10.1038/nature05835
http://dx.doi.org/10.1038/nature05835
http://dx.doi.org/10.1016/j.tree.2012.05.001
http://dx.doi.org/10.1016/j.tree.2012.05.001

K. V.-A. Johnson et al. / Animal Behaviour 128 (2017) 21-32 29

APPENDIX 1. RESULTS FOR FEMALE SOCIAL NETWORKS.
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Figure Al. Female social networks (five nearest neighbours) in Wytham's great tit population during the breeding season. A representative network for Wytham is depicted (2006),
along with the Marley networks for each year (2005—2010). Coloured nodes denote individuals with a personality score and open circles mark nestboxes occupied in that year but
where the female's personality is unknown. Black lines denote a two-way association (both each other's nearest neighbours), whereas grey arrows depict the direction of one-way
associations. For these directed networks, 70—80% of all links are reciprocal.
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APPENDIX 2. EXTENDED RESULTS FROM ASSORTATIVITY

ANALYSES.
Table A1
Results of assortativity analyses on binary social networks within Marley using the nearest-neighbour (NN) method
Network type Male Female
No. of links Mean assortment Effect size P No. of links Mean assortment Effect size P
Observed Permuted Observed Permuted
3-NN 60.5 0.139 —-0.032 0.171 0.010 93.2 0.004 -0.023 0.027 0.592
5-NN 102.7 0.086 —0.023 0.110 0.040 153.2 0.044 —0.022 0.065 0.128
7-NN 141.8 0.105 —-0.026 0.131 0.002 212.0 0.049 —0.022 0.071 0.066

The observed and null assortment scores (averaged across all 6 years) are based on binary networks, with values in bold indicating significance at « = 0.05. The permuted
assortment represents the mean of 1000 randomizations according to the null model.

Table A2
Results of assortativity analyses on weighted social networks within Marley using the nearest-neighbour (NN) method (duplicated associations removed)
Network type Male Female
No. of links Mean assortment Effect size P No. of links Mean assortment Effect size P
Observed Permuted Observed Permuted
3-NN 58.4 0.144 —0.032 0.175 0.014 90.6 0.001 -0.024 0.025 0.654
5-NN 98.7 0.090 —-0.028 0.118 0.032 146.3 0.031 -0.022 0.053 0.230
7-NN 135.6 0.106 —0.027 0.134 0.006 200.6 0.034 —0.022 0.056 0.138

The observed and null assortment scores (averaged across all 6 years) are based on weighted networks, with values in bold indicating significance at « = 0.05. The permuted
assortment represents the mean of 1000 randomizations according to the null model. Repeated links across years were deleted over 1000 randomizations and the median P
value is reported (since this proved most robust to type I and II errors).

Table A3
Results of assortativity analyses on weighted social networks within Marley for individual years using the nearest-neighbour (NN) method
Network type Year Male Female
No. of links Assortment Effect size P No. of links Assortment Effect size P
Observed Permuted Observed Permuted

3-NN 2005 49 0.254 —0.039 0.293 0.128 75 0.176 -0.019 0.194 0.230
2006 78 0.027 —0.023 0.049 0.718 78 -0.144 —0.026 -0.117 0.452
2007 89 0.126 -0.030 0.156 0.282 155 0.016 —0.022 0.038 0.702
2008 59 -0.024 —0.031 0.007 0.938 78 -0.178 —0.028 -0.150 0.328
2009 57 0.401 —0.040 0.442 0.026 90 -0.148 —0.032 -0.116 0.400
2010 31 0.123 —-0.034 0.157 0.466 83 0.302 —-0.030 0.332 0.032

5-NN 2005 82 0.086 -0.027 0.117 0.396 115 0.204 —0.026 0.230 0.056
2006 125 0.038 —-0.035 0.073 0.492 139 —-0.061 —0.020 —0.041 0.724
2007 151 0.107 -0.026 0.132 0.238 251 0.025 -0.014 0.039 0.656
2008 108 —-0.054 -0.024 —-0.031 0.854 133 -0.013 —-0.022 0.009 0.878
2009 96 0.291 —0.031 0.322 0.024 140 -0.130 —0.024 —0.106 0.352
2010 54 0.126 —0.043 0.169 0.338 141 0.256 —0.023 0.279 0.032

7-NN 2005 120 0.072 —-0.032 0.105 0.336 166 0.197 -0.022 0.219 0.052
2006 170 0.093 —0.024 0.117 0.240 195 -0.011 —0.021 0.010 0.860
2007 209 0.131 —0.024 0.154 0.098 344 0.024 —0.014 0.038 0.532
2008 142 —-0.021 -0.026 0.005 0.902 180 —-0.055 —-0.022 -0.033 0.786
2009 137 0.208 —-0.032 0.240 0.036 196 —-0.054 —-0.022 —-0.032 0.820
2010 72 0.165 —0.038 0.202 0.204 191 0.211 —0.024 0.235 0.026

The observed and null assortment scores are based on weighted networks, with values in bold indicating significance at « = 0.05. The permuted assortment represents the
mean of 1000 randomizations according to the null model. In most cases the observed assortment score is greater than that generated from the null model (i.e. a positive effect
size).
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Table A4

Average distances between connected individuals in the nearest-neighbour (NN) networks for Marley

Network type Year Average distance (m) + SE
Male Female
3-NN 2005 50.9+3.1 51.6+2.4
2006 61.3+2.6 62.9+3.1
2007 53.4+2.1 53.1+1.6
2008 55.0+3.1 51.4+2.9
2009 60.4+3.9 64.2+3.1
2010 60.1+4.3 54.4+2.8
5-NN 2005 62.0+3.4 61.0+2.9
2006 73.4+2.6 77.4+3.0
2007 65.2+2.3 63.6+1.7
2008 67.6+2.7 63.0+2.7
2009 75.8+4.0 76.3+3.0
2010 73.7+4.8 68.4+2.9
7-NN 2005 74.5+4.2 71.7+3.1
2006 83.9+2.8 88.3+2.9
2007 75.0+2.3 73.1+1.8
2008 75.8+2.9 72.2+2.8
2009 88.6+3.9 88.4+3.2
2010 82.0+4.5 80.1+3.1
Table A5
Results of assortativity analyses on weighted social networks within Wytham using the nearest-neighbour (NN) method
Network type Male Female
No. of links Mean assortment Effect size P No. of links Mean assortment Effect size P
Observed Permuted Observed Permuted
3-NN 137.2 0.041 -0.011 0.053 0.250 184.8 0.020 -0.011 0.031 0.424
5-NN 2313 0.049 -0.011 0.060 0.082 3113 0.022 -0.010 0.032 0.328
7-NN 316.5 0.065 -0.011 0.076 0.018 433.8 0.028 —-0.010 0.038 0.142

The observed and null assortment scores (averaged across all 6 years) are based on weighted networks, with values in bold indicating significance at « = 0.05. The permuted

assortment represents the mean of 1000 randomizations according to the null model.

APPENDIX 3. COMPARISON OF NEAREST-NEIGHBOUR AND
THIESSEN POLYGON NETWORKS.

We note that in contrast to the nearest-neighbour networks,
those generated using Thiessen polygons to estimate territory
boundaries did not suggest any significant assortment by per-
sonality type. This is an interesting finding which may be due to a
number of different factors. Unlike the directed networks gener-
ated by the nearest-neighbour approach (Appendix Fig. A2a),
those constructed using the Thiessen polygon method are undi-
rected since any individuals that share a territory boundary are
connected in the network (Appendix Fig. A2b). There are also
several assumptions associated with using Thiessen polygons to
predict animal territories such as having a contiguous study area
and discrete territories (Schlicht et al., 2014). However, it is likely
that territories overlap, particularly in the Marley section of the
woods which has a high settlement density. Since it is this region

that drives the pattern of assortment (due to the higher propor-
tion of individuals with a personality score), perhaps the Thiessen
polygon method does not work well for areas that are highly
clustered with occupants. Indeed, the predicted territories in
Marley are very small (Appendix Fig. A2b) and so it is unlikely that
the birds only interact with their immediate neighbours. An
inherent assumption of this Thiessen polygon method is that
competition with adjacent neighbours governs territory forma-
tion (Schlicht et al., 2014) but there are likely to be additional
mechanisms involved that can transcend territory boundaries
such as song production or individual movement. Also, in other
areas of the wood with a low density of occupied nestboxes, this
Thiessen polygon approach tends to overestimate territory size
(Schlicht et al., 2014), leading to some unrealistically large terri-
tories. As a result, numerous associations in these networks seem
rather improbable given the considerable distance between some
nestboxes.
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Figure A2. Comparison of male social networks in Wytham's great tit population generated using the (a) 5-nearest-neighbour method and (b) Thiessen polygon approach for a
representative year (2006). Coloured nodes denote individuals with a personality score and open circles mark nestboxes occupied in that year but where the male's personality is
unknown. Black lines in (a) denote a two-way association (both each other's nearest neighbours), whereas grey arrows depict the direction of one-way associations. The Thiessen

polygons in (b) mark the predicted territory for each breeding pair, with black lines linking males with a shared boundary.
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