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Abstract

Animals exhibit a wide variety of social behaviours that are shaped by the external group social
structure. Thus, understanding social behaviours and processes requires examining the individual
social associations that form the basis of a group’s social network. The first objective of this
thesis was to assess the consistency of social position within wild networks of black-capped
chickadees (Poecile atricapillus) and to evaluate the effects of individual behavioural traits
(exploratory personality and social dominance) on network position. Intra-annual social position
was found to be repeatable and centrality increased with dominance rank, suggesting that
dominant individuals occupy more central positions. The second objective of this thesis was to
evaluate how network position and individual traits influence the transmission of social
information through groups; the use of information acquired by other group members is expected
to be an important benefit to group living. Social information regarding the location of novel
foraging patches was observed to be transmitted through all eight chickadee groups. The rate of
information transmission was found to be positively associated with dominance rank, but was not
influenced by exploratory personality, indicating that dominant individuals may have greater
access to social information than more subordinate individuals. The final aim of this thesis was
to assess if social information transmission varied between urban and rural environments, as
increased resource variability in more rural sites was expected to lead to higher reliance on social
foraging cues. However, no effect of level of urbanisation was detected on the transmission of
social information regarding novel food sources, which may indicate a habitat-independent
strategy of social information use in chickadees. In general the results from this thesis indicate
the importance of dominance status on individuals’ position within a social group, which can

lead to differential exposure to social processes, such as social information transmission.



Résumé

Les animaux présentent une grande variété de comportements sociaux qui sont fagonnés par la
structure sociale du groupe. Ainsi, la compréhension des comportements et des processus
sociaux repose sur 1’étude des associations des individus qui forment le réseau social d'un
groupe. Le premier objectif de cette these était d'évaluer la répétabilité de la position sociale des
individus au sein de réseaux sociaux de mésanges a téte noire (Poecile atricapillus) en nature et
d'évaluer les effets des traits comportementaux individuels (personnalité exploratoire et
dominance) sur la position dans le réseau. La position des individus dans leur réseau était
hautement répétable au cours d’une saison non-reproductive et leur centralité augmentait avec
leur rang de dominance, ce qui suggere que les individus dominants occupent des positions plus
centrales. Le deuxiéme objectif de cette these était d'évaluer comment la position dans le réseau
et les traits individuels influent sur la transmission d'information sociale; I’utilisation
d’information acquise par les autres membres du groupe est pergue comme un avantage
important de la socialité. La transmission d'information sociale concernant la localisation de
nouvelles parcelles alimentaires a été observée dans nos huit groupes de mésanges. Le taux de
transmission d’information était positivement associé¢ au rang de dominance des individus, mais
n’¢était pas influencé par leur vitesse d’exploration, ce qui suggere que les individus dominants
ont un meilleur acces a l'information sociale que les subordonnés. Le but final de cette theése était
d'évaluer si la transmission d'information sociale différe entre les milieux urbains et ruraux. La
variabilité accrue dans la disponibilité des ressources aux sites plus ruraux devrait conduire a une
plus grande dépendance sur I’information sociale. Cependant, aucun effet du niveau
d'urbanisation n’a été détecté sur le taux de transmission de l'information sociale en lien avec de
nouvelles sources de nourriture, ce qui pourrait indiquer une constance dans 1’utilisation
d'information sociale chez cette espece. En général, les résultats de cette these soulignent
l'importance du rang social sur la position des individus au sein de leur groupe, qui peut conduire
a l'exposition différentielle aux processus sociaux, tels que le transfert d'information sociale.
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CHAPTER 1

General introduction



Sociality exists in a wide range of taxa, from insects to mammals, which exhibit a variety of
social structures ranging from small kin-groups to colonial living, and can vary in stability from
cohesive units to highly fission-fusion societies (Kerth 2010). There are a number of costs and
benefits to living in groups. For instance, social animals are expected to experience reduced costs
of predator vigilance. They may also benefit from increased foraging efficiency through group
searching or access to social information, while in return enduring higher competition costs, and

increased susceptibility to communicable diseases (reviewed by Krause & Ruxton 2002).

Traditionally, the early study of animal social behaviour considered social structure to be a result
of the sum of individual innate interactions between pairs of conspecifics (Tinbergen 1953). As
the study of animal sociality expanded, a broad top-down classification of social structures was
proposed (Wilson 1975). Wilson’s (1975) classification method was designed to be generally
applicable to any study system and included ten qualities to describe social organization: (1)
group size, (2) demography, (3) cohesiveness, (4) patterns of connectedness, (5) permeability,
(6) compartmentalisation of groups, (7) role differentiation, (8) coordination of behaviour, (9)
information flow, and (10) fraction of time devoted to social behaviour. However descriptions of
social structures, particularly for non-primates, were often limited to measures of group size and
demography, as these taxa were not considered to have the capacity for more complex social

structure (Whitehead 2008; Hasenjager & Dugatkin 2015).

Group and population level effects of social interactions, particularly in the context of the
evolution of cooperative behaviour and social foraging strategies, have been assessed by
ecologists through game theoretic models (Maynard Smith 1982; Dugatkin & Reeve 1998). The
producer-scrounger model for instance, has been frequently employed to model evolutionary

stable strategies of social foraging behaviour (Barnard & Sibly 1981; Giraldeau & Dubois 2008).



However, game theory models generally assume all individuals are able to mix freely within a
population and thus interact randomly in their group. Such assumptions of homogeneity of

interactions have been found to be over simplified, and therefore variation between individual
associations is an important factor to consider when examining population level consequences

(Ohtsuki et al. 2006).

Taking a different approach on the study of sociality, Hinde (1976) introduced a more bottom-up
framework that focused on interactions and relationships between individuals as the base levels
of study. This approach placed the emphasis on dyadic interactions, and allows for the
consideration of how attributes of the specific individuals involved shape the social connection
between them. While also initially restricted to primatology, Hinde’s framework eventually
began to be employed in a wide range of taxa (reviewed by Whitehead 2008). However, this
focus on the dyadic level does not put individual behaviours back into the context of the entire
social group or wider population, particularly as dyads are often considered in isolation from the

broader social group (Hinde 1982; Hasenjager & Dugatkin 2015).

An individual’s position within a social group is dependent on all other individuals in a given
group, as well as the connections between group members. As such, the study of social
behaviours, processes and sociality in general require studying individuals within the context of
their natural social group. Historically, the use of such an interaction based framework in natural
populations has been hampered by the challenge of recording associations between individuals,
which requires individuals to be uniquely identifiable, as well as the ability to detect interactions
that may occur briefly or be difficult to observe. However, recent advancements in animal borne
recording technology (Ryder ef al. 2012; Krause ef al. 2013) have begun to allow for the

collection of large interaction (observed social tie, such as grooming event) or association (co-



occurrence in time or space) based data sets. Additionally, developments in statistical techniques,
in particular randomisations methods and the computing power required for such analyses, have
further aided the implementation of network approaches (Croft, James & Krause 2008; Brent,
Lehmann & Ramos-Ferndndez 2011). This has allowed for the use of social network analysis as

a general approach to the study of animal social dynamics.

Social network analysis

Social network analysis is a cohesive quantitative framework that has recently been applied by
ecologists to study a wide range of questions relating to sociality (see reviews by Croft ef al.
2008; Wey et al. 2008; Sih, Hanser & McHugh 2009; Krause et al. 2014; Hasenjager &
Dugatkin 2015; Farine & Whitehead 2015). This type of analysis is not entirely new to the study
of animal sociality, as various measures have been previously developed to quantify the
associations between interacting individuals or classes of individuals (Cairns & Schwager 1987)
and used in association based matrices, which form the basis of social networks (see Sade 1989;
Whitehead 2008; Pepper, Mitani & Watts 1999). However, these methods have generally been
used to provide a descriptive view and have lacked rigorous and standardised statistical methods.
The key advantages offered through social network analysis are to provide a unified framework,
that is scalable from individual to community level studies, and incorporate statistical methods
necessary to perform hypothesis testing (Croft ef al. 2008; Krause ef al. 2014; Farine &
Whitehead 2015). Importantly, social network analysis allows for the consideration of the effects
of both direct and indirect connections between individuals (Brent 2015), and accounts for

individual variation in social connections.



Social network metrics can be broadly divided into two categories: node-based or individual
metrics that are calculated for each individual within a network, describing an individual’s social
ties (e.g. number of connections, position within network), and global measures that are
measured at the level of the network to describe overall social structure (e.g. network density,
degree of assortativity) (see reviews by Croft et al. 2008; Wey et al. 2008; Krause et al. 2014;

Hasenjager & Dugatkin 2015; Farine & Whitehead 2015).

Social position

Recently there has been increased interest in the study of how individuals fit within their overall
group social structure. Previous studies of social structure have demonstrated that an individual’s
specific position within its group can greatly influence a wide variety of factors, including risk of
disease (Godfrey et al. 2009; Maclntosh et al. 2012), access to mates (Oh & Badyaev 2010),
breeding territories (Ryder et al. 2008; Farine & Sheldon 2015), and information (Atton et al.
2012; Aplin et al. 2012; Farine et al. 2015), as well as long-term reproductive success
(McDonald 2007). As such it is important to study the variables that allow or restrict individuals

to specific social positions within their group.

Several network based studies have demonstrated that individual characteristics, such as age, sex,
social status and personality (consistent individual differences in behaviour over time and/or
across contexts (Réale et al. 2007)), can influence an individual’s social network position. For
example, exploratory personality type has been linked to network position, with fast explorers
found to be more central in comparison to slower explorers (Schiirch, Rothenberger & Heg 2010;
Snijders et al. 2014). Snijders et al. (2014) proposed this may indicate that the costs and benefits

related to maintaining certain social positions may vary between behavioural types. For instance



if faster explorers are better able to benefit from social processes, such as access to information,
this could balance the increased costs of frequent interactions (e.g. increased aggression) that
may result from central positions (e.g. Schiirch ez al. 2010). Social dominance has also been
suggested to influence social network position, with dominants having being found to maintain
more central network positions than subordinates (Schiirch et al. 2010; King, Clark &
Cowlishaw 2011; MacIntosh et al. 2012). The higher centrality of dominant individuals has been
proposed to result from dominants being more frequently involved in interactions within a group
(e.g. involved in highest number of aggressive confrontations; Schiirch ef al. 2010 or grooming
interactions; MaclIntosh ef al. 2012). Additionally, the high centrality of dominants has been
suggested to be a product of dominant individuals’ increased tolerance of others, for instance at a
foraging patch, due to having access to highest quality patches and reduced competitive effects
through their social status (King ef al. 2011). However this relationship between dominance and
centrality is not seen in all cases, such as was observed in multi-species passerine flocks, in
which dominants were not found to be significantly more central than subordinates (Farine,
Garroway & Sheldon 2012). It has also been cautioned that the individual attributes (such as
dominance status or personality type) that have been found to influence social network position
may in fact be the driving factors of any fitness related effects rather than network position itself
(Formica et al. 2012). Thus understanding the relation between such individual traits and
network metrics is important when making further inferences about the effects of network

position.

In addition to individual characteristics, environmental factors have been shown to shape the
social interactions of groups (e.g. Orpwood et al. 2008; Henzi et al. 2009). Due to the difficulties

of directly comparing social networks (Croft et al. 2008), limited work has been done to assess



the effects of environmental variables on network structure and metrics and the few studies that
have considered networks in different environments have produced mixed results. For instance,
several studies have suggested that variation in overall social structure, such as network
connectivity and the stability of subunits, was related to differences in habitat complexity (a
broad term generally encompassing the spatial distribution, size, diversity and density of physical
elements; Kovalenko, Thomaz & Warfe 2011) (Sundaresan et al. 2006; Rubenstein et al. 2007;
Leu et al. 2016). For instance, higher network density and stability was observed in a more
structurally complex habitat in sleepy lizards (7iliqua rugosa) (Leu et al. 2016). Similarly, while
studying habitats with varying levels of anthropogenic disturbance Mokross et al. (2014) found
that association rates in mixed-species bird flocks declined with increasing fragmentation. The
availability and distribution of resources has also been found to influence social structure. For
instance, resident killer whales (Orcinus orca) showed higher network connectivity when food
availability was higher (Foster ef al. 2012) and research on European shore crabs (Carcinus
maenas) found that clumped food distribution drove the formation of social clusters (Tanner &
Jackson 2012). However, several other network based studies have found that network structure
and individual social position did not vary in response to habitat complexity (Edenbrow et al.
2011; Jacoby et al. 2014) or with variation in vegetation structure and climate (Stanley & Dunbar
2013). Thus, understanding the relationship between environmental characteristics, such as
habitat type and resource distribution, and social structure requires further research. Importantly,
anthropogenic alterations to habitat, such as through urbanisation, can have significant impacts

on habitat structure which in turn can lead to previously understudied changes in social structure.



Social processes

Social processes, such as the transmission of communicable diseases or information through a
group, depend on both the structure of the group and an individual’s position within the group
(e.g. Christley et al. 2005; Bohm, Hutchings & White 2009; Aplin et al. 2012; Farine et al. 2015).
Thus certain individuals within a network may have significant impacts on the overall group;
such as seen when highly connected individuals (termed ‘super-spreaders’) greatly increase the
spread of a disease (Paull ez al. 2012) or when removal of specific individuals (termed ‘brokers’)
breaks a single connected network into separate networks (Lusseau & Newman 2004). More
generally individuals that have a disproportionate effect on their social network have been

termed ‘keystone individuals’ or may occupy a ‘keystone role’ (Modlmeier et al. 2014).
Therefore, the study of social processes also requires an understanding of how individuals fit

within their social group.

Social processes, such as social learning and social information use - defined as learning or
information acquisition influenced by the observation of, or interaction with others (Dall ef al.
2005; Hoppitt & Laland 2008) - can be beneficial to group living animals. In particular, social
learning has been suggested to account for rapid diffusion of innovations through groups
(Hoppitt & Laland 2008) which can lead to persistent group behaviours or traditions (Galef
2004; Laland & Galef 2009). Additionally, the use of social information has been found to
reduce costs associated with information acquisition, although such information typically

remains less reliable (Kendal et al. 2005; Galef 2009).

Accurately identifying information and learning processes as occurring socially rather than

through asocial methods has remained difficult (Galef 2004; Kendal ef al. 2009). Previously,



diffusion curve analysis has been used to attempt to detect social transmission through groups
(for example; Lefebvre 1995). However, this type of analysis has been shown to not accurately
distinguish between social and asocial information use, and relies on the assumption that
interactions occur homogenously within a group (Reader 2004). As recent social network studies
have demonstrated, this assumption does not hold in natural social groups, in which individuals
may vary greatly in the strength and number of their social connections. As such, social network
methodology, which accounts for these individual variations in social connections provides a
more realistic approach to studying social processes than previous diffusion curve analysis
(Franz & Nunn 2009). In particular, network based diffusion analysis (NBDA) has been
developed to detect if the diffusion of information or innovations through a group is occurring
through social means, that is, whether the diffusion through the network corresponds with the
connections between the individuals within the network (Franz & Nunn 2009, 2010; Hoppitt,

Boogert & Laland 2010).

Individual characteristics have previously been shown to influence social behaviours and
processes. For example juvenile female and subordinate male blue tits (Cyanistes caeruleus)
were found to be more likely to acquire information socially compared to dominants and adults
(Aplin, Sheldon & Morand-Ferron 2013b), supporting the hypothesis that individuals will
prioritise social information when in a disadvantaged position (“copy when dissatisfied”; Galef
2009). Similarly great tits (Parus major) that expressed a fast exploring personality type were
found to utilise social information more readily than slower explorers (Marchetti & Drent 2000).
This difference in information use has been proposed to be part of a consistent alternate foraging
technique between personality types, which has been shown to be heritable in this species

(Dingemanse ef al. 2002; Drent, Oers & Noordwijk 2003). In a similar fashion, social dominance



has been shown to influence group foraging tactics, such as seen by the preferential use of

scrounging tactics by more dominant individuals (Liker & Barta 2002).

It has also been proposed that environmental factors can influence social processes. This has
been demonstrated by one previous network study of captive fish shoals in which information
transmission occurred only in a more complex habitat type in comparison with a structurally
simple habitat (Webster e al. 2013). Thus, it is also important to consider the influence that
variation in environment has on social behaviours and processes, particularly as this has not

previously been examined in natural environments.

Network consistency

Due to the nature of examining connections between individuals in a group, social network
analysis violates the commonly held assumption of independence required by most parametric
statistical methods. Thus, the use of network methodologies requires a number of specific
statistical approaches. In particular, hypothesis testing utilising network data requires comparing
an observed test statistic to a null distribution obtained through data randomisations (Croft et al.
2008; Croft 2011). There are a number of approaches to randomising network data, and a variety
of factors to consider, such as retaining spatial restrictions or number of associations observed;
yet as long as appropriate permutations are performed, social network analysis offers the best
methodology to understanding behaviours and processes occurring in social groups (see Farine &

Whitehead 2015).

Although recent studies have begun to use social network analysis methods to examine how
intrinsic traits correlate with individual network metrics, there has been limited work assessing

the consistency of these social network metrics (James, Croft & Krause 2009). To fully

10



understand the fitness consequences that may arise from holding a specific position within a
social group, it is important to also understand the temporal stability of social network metrics
(Wilson et al. 2013). To date, most studies using a social network approach have looked at only a
single network, taken from a particular moment in time (but see Boogert, Farine & Spencer
2014; Jacoby et al. 2014; Aplin et al. 2015), and as such, the consistency of network metrics has

been generally assumed rather than examined empirically.

Research goals

The main goals of this thesis are to examine the effects of individual characteristics and external
environment on social position and processes through network analysis. To address these
research aims, I studied eight groups of black-capped chickadees (Poecile atricapillus) sampled
from in and around Ottawa, ON. Black-capped chickadees are resident passerines found to
winter in a variety of habitat types including forest edges, parks and urban environments, who
form social flocks in the fall that are maintained throughout the non-breeding season (Foote et al.
2010). Generally these social flocks have been described as having stable membership and
exhibiting strongly linear dominance hierarchies (Smith 1991), although there has not been any
work to assess if individuals maintain the same positions within their group throughout the
winter, or if membership is constant but specific associations are fluid. As opposed to a number
of related Parids commonly studied, black-capped chickadee groups establish and maintain
highly linearly-structured dominance hierarchies, allowing for the additional examination of the
relationship between social status and social behaviour. Moreover, personality traits have been
previously quantified both in captivity (Verbeek, Drent & Wiepkema 1994; Dingemanse ef al.

2002) as well as in the field (Kluen ef al. 2012) in other members of the family Paridae, and

11



differences in these personality types have been linked to social structure (Aplin ez al. 2013a).
Due to these described qualities, their general abundance and small group sizes which allow for
replicate sampling, chickadees are a particularly useful model to address the questions posed in
this thesis. Specifically, chapter 2 addresses temporal consistency in chickadee social networks
and the effects of personality and dominance status on social position, while chapter 3 examines
the diffusion of social information through these networks, and how individual characteristics

and the degree of urbanisation of the habitat influence this transmission.
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CHAPTER 2

Temporal consistency in social position and the role of
individual behavioural traits in foraging networks
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Abstract

Sociality leads to a variety of costs and benefits for group living animals. As the trade-off
between such costs and benefits has been found to vary between individuals, based on their
position within the overall group structure, it is important to understand both the structure and
stability of social groups when seeking to understand the implications of social behaviours. Here
we utilise repeat social networks to assess the temporal stability of individual social position. We
then evaluate the effects of individual behavioural traits (exploratory personality and social
dominance) in wild networks. To assess network consistency, we sampled eight foraging
networks of wild black-capped chickadees (Poecile atricapillus) weekly throughout the non-
breeding season, and applied network-specific randomisations to test for repeatability of network
centrality. We found that intra-annual social network position and group size were repeatable.
Additionally, network centrality was found to increase with dominance rank, but was not
observed to be significantly influenced by exploratory personality type. Our study is one of only
a few to date to evaluate the common assumption that observed network metrics remain
consistent over time. We provide evidence that social position may reflect a stable measure of
sociability. We also observed that more dominant individuals maintained more central network
positions which may lead to differential fitness consequences between social classes, particularly

in hierarchically structured social groups.
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Introduction

Animals experience a variety of costs and benefits associated with sociality (Krause & Ruxton
2002). Recently ecologists have begun to examine how these cost-benefit trade-offs may vary for
individuals within groups, as it has been demonstrated that individuals can differ in their social
connections and position within the social structure (Whitehead 1997; Croft et al. 2008; Krause
et al. 2014). It has previously been shown that an individual’s position within a social group can
have important influences on fitness, such as by altering access to mates (Oh & Badyaev 2010)
and overall reproductive success (McDonald 2007) or through increasing susceptibility to
disease and parasites (Christley et al. 2005; MaclIntosh ef al. 2012). However, to date there is

limited understanding as to what factors determines an individual’s social position.

There has been interest in examining how the intrinsic attributes of individuals may influence
their ability to obtain and maintain specific social positions within a group. In the past decade
ecologists have adopted social network analysis, a formal quantitative framework, to address
questions related to social interactions and to assess the importance of such variation in social
position (Croft et al. 2008; Krause et al. 2014). Importantly, social network analysis considers
both direct and indirect interactions between individuals (Brent 2015) and implements
standardized metrics to evaluate social position and social structure at both the individual and
group levels (Croft ef al. 2008; Krause ef al. 2014; Farine & Whitehead 2015). Social network-
based studies have demonstrated that individual attributes, such as age, sex (Lusseau & Newman
2004; Aplin et al. 2013a) and developmental stress (Boogert ef al. 2014a) can influence an

individual’s social associations and network position.
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In particular, there has been interest in the influence of animal personalities, or consistent
individual differences in behavioural responses (Réale et al. 2007), on social interactions and
group social structure. For instance, it has been shown that personality traits can affect social
associations (reviewed by Krause et al. 2010), and this can in turn influence social processes
such as collective decisions (e.g. Brown and Irving 2014) and information access (e.g.
Nomakuchi et al. 2009). Animal personalities have frequently been examined in terms of the
proactive-reactive axis, with proactive individuals being defined as more aggressive, bold and
exploratory, while reactive individuals are less aggressive, shy and have reduced exploration (Sih,
Bell & Johnson 2004). Previous work has demonstrated that shyer and slow exploring
individuals tend to have fewer, but stronger associations than bolder and fast exploring
personality types in several taxa (fish; Pike et al. 2008; Croft et al. 2009; birds; Aplin et al.
2013a). These differences in association patterns have in turn been found to influence social
position, with bolder and more exploratory individuals tending to have more central network

positions (Schiirch et al. 2010; Aplin et al. 2013a; Snijders et al. 2014).

Social status is another important trait that is expected to influence individuals’ social
associations and position within social groups. Dominance hierarchies are a feature observed in
many social species, and are expected to reduce competitive costs associated with social living
(Piper 1997; Preuschoft & van Schaik 2000). Particularly, in species with strongly linear
dominance hierarchies, social status may influence which individuals directly interact; for
instance, individuals may avoid interacting when interaction costs are high, or when a contest
outcome has been pre-determined based on observations of third-party associations (Shizuka &
McDonald 2012). As such, social status may be expected to influence an individual’s ability to

hold a specific position within its social group. Indeed, previous work has found that dominant
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individuals may occupy more central roles within their network (Schiirch et al. 2010; King ef al.

2011; Maclntosh et al. 2012; Hughes & Driscoll 2014).

Although it has been suggested that individual traits may influence social position, and there is
some evidence that network metrics may be heritable (Fowler, Dawes & Christakis 2009; Lea et
al. 2010; Brent et al. 2013), an important consideration to take into account when assessing the
biological importance of network position is the temporal stability of network metrics (Wilson et
al. 2013). If social networks are highly unstable over time, then measures of network metrics are
unlikely to reflect long term fitness consequences. However to date, most social network studies
have only considered one network over a single time period (but see Blumstein, Petelle & Wey
2013; Jacoby et al. 2014; Aplin ef al. 2015b). Thus, many studies have described networks in a
static state that may fail to accurately describe the dynamics of the social interactions of interest
(Hock & Fefferman 2011). When determining the importance of individual variation in social
network position and the individual factors that may determine social position, it is necessary to
assess consistency in network position (Wilson et al. 2013), something that has been generally

been assumed, but rarely tested.

In this study we first aim to describe the social networks of multiple groups of black-capped
chickadees. Chickadees form social foraging flocks during the non-breeding season (October-
April) that generally range in size from 3-12 unrelated individuals (Smith 1991). Throughout the
winter, flocks remain within a local home range which has been found to vary in size from
approximately 8.8 to 22.6 ha (reviewed in Smith 1991). Chickadees are thus particularly well
suited to the investigation of social associations and the stability of these associations through

time via repeated sampling.
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As the majority of previous network studies have only assessed networks during a single time
point, we aim to determine the consistency of network positions over time, by measuring
repeated weekly networks across the non-breeding season. We then ask if individual behavioural
characteristics, namely exploratory personality and dominance, influence the network position,
in particular the centrality, of an individual. Centrality is an important metric of social position,
especially in terms of measuring ‘flow’ through groups, for instance in the case of information or
disease transmission (Borgatti 2005). Highly central individuals will be to able reach or influence
other individuals in the network faster than individuals occupying more peripheral network
positions. As previous studies have suggested more proactive personality types may maintain a
higher number of associations and more central network positions (Schiirch et al. 2010; Aplin et
al. 2013a; Snijders et al. 2014) we expect that faster exploring birds will have higher centrality
than slower explorers. Previous work has also indicated that dominant individuals may have
more central network positions (Schiirch ez al. 2010; King et al. 2011; Maclntosh et al. 2012;
Hughes & Driscoll 2014) and in black-capped chickadees, dominant individuals have been found
to have increased access to social information (Jones et al. in rev; see Ch. 3), which is expected
to be related to higher network centrality. As such, we expect that more dominant individuals

will be better connected within their network and thus have higher centrality scores.

Methods

Study system

Black-capped chickadees were captured at eight study sites located in and around Ottawa, ON,
Canada (45° 25’ N, 75°, 40°W) between September 26 and December 9 2014, using mist nets

and potter’s traps baited with sunflower seeds. Sites were located in urban (N = 4) or rural

18



(N =4) environments that were semi-forested regions containing a mix of both coniferous and
deciduous forest. Urban sites were located in city parks, within 30-90 m of residential
development, while rural sites were > 15 km from Ottawa’s city centre and > 250 m from
residential buildings, located in larger forested patches. Birds were tagged with a passive
integrated transponder (PIT) tag (IB Technology, UK) to allow for automated recording of social
associations, as well as a Canadian Wildlife Service-issued aluminium band and an additional
plastic colour band to allow for visual identification. Measurements of tarsus, tail and wing
length (mm) and mass (g) were recorded to determine sex based on a discriminant function
(Mennill, unpublished data) that has been shown to accurately sex birds in our population (97%
of determined individuals; Devost 2016). Age class was determined as either hatch year (HY) or
after hatch year (AHY) from the shape, wear, and colouration of the outermost rectrices (Pyle

1997).

Personality assay

Following banding and measurements, birds were assessed for exploratory personality using an
open field cage test (adapted from Kluen et al. 2012). Birds were released into a novel
environment (commercially available bird cage; 40x60x40 cm) and their movements in the cage
were recorded by video, for a ten minute period. During video analysis, four regions were
delimitated in the cage, spanning separately from each of the four front corners to the back
corners. Exploration score was recorded as latency (in seconds) for an individual to visit all four
corner regions of the cage. Birds that did not explore all regions were given a maximum latency
of 600 (10 minutes). In this population, exploration scores obtained from this open field test have

been found to be repeatable (intra-annual R = 0.53; Devost 2016, N = 20 individual’s sampled
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twice with 3-10 weeks between tests), thus falling in the range of repeatability estimates for

similar behaviours (Réale et al. 2007).

Dominance rank

During the non-breeding season, black-capped chickadees form strongly linear dominance
hierarchies within flocks (see Smith 1991, Devost 2016). Males are typically dominant over
females, and older individuals generally will dominate younger birds (Smith 1991; Ratcliffe,
Mennill & Schubert 2007). To determine within group dominance rank, agonistic interactions
were video recorded on a baited feeding platform from February 9 to March 24 2015. Individuals
were scored as winning a dominance interaction when 1) supplanting an opponent, ii) resisting an
attack, iii) eliciting submissive posture in opponent or iv) feeding while opponent waits (see
Ratcliffe et al. 2007, Devost 2016). Within group dominance rank was then weighted between 0

and 1 (1 being the most dominant individual) to control for different flock sizes between sites.

Social networks

Although black-capped chickadee are typically found to maintain flocks throughout the winter
(Smith 1991), it has not been previously assessed if specific associations and network positions
are maintained within a flock or if these associations fluctuate while overall group membership is
retained. To examine the stability and properties of social network positions, association data
were collected weekly during the non-breeding season: from October 29, 2014 to January 5,
2015 and January 29 to April 16, 2015. Due to ongoing capture efforts (October-December), as
well as occasional technical failures, data were not obtained for every week during the sampling
period at all eight sites (see Table 2.1 for details). At each site, a seed feeder fitted with a single

radio-frequency identification (RFID) antenna (Priority 1 Design, Australia) was filled once per
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week. This restricted access at the feeder to one bird at a time, thus social associations were
determined as birds using the feeder within the same 60 second time window (for a similar
procedure see Aplin et al. 2012), following a gambit of the group approach, which assumes all
individuals appearing within the same time-window are associated (Franks, Ruxton & James
2010). For each week, at each site, a separate undirected weighed social network was constructed
using the simple ratio index (SRI) (Cairns & Schwager 1987), a measure of association between
individuals which ranges from 0 (pair never seen associating) to 1 (never detected apart), using
the R package asnipe (v0.81) (Farine 2013). Birds that were recorded in fewer than 5 separate

sampling weeks were excluded from analysis.

For each individual, two social network metrics were calculated in each recording period:
strength (weighted degree) and eigenvector centrality. Strength is the sum of an individual’s
associations, representing a measure of gregariousness (Whitehead 2008). Eigenvector centrality
is an indication of an individual’s connectedness in the network, and is proportional to the sum
of the centralities of an individual’s neighbours (Farine & Whitehead 2015). However, as
strength and eigenvector centrality were highly correlated in our networks (Pearson’s r = 0.50,

p <0.001), analysis was limited to centrality. Metrics were calculated in the R package sna (v

2.3-2) (Butts 2014).

Statistical analysis

Network consistency

We assessed repeatability, defined as the proportion of total variation accounted for by repeated
measurements of the same individual (Nakagawa & Schielzeth 2010), of individual centrality

across the non-breeding season as well as for group size of each network. We first used a linear
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mixed model (LMM) to determine repeatability of group size and network centrality. As network
metrics like centrality depend on the number of individuals in a network, centrality score was
ranked within weekly networks and scaled between 0 and 1, to control for any variation in group
size while still allowing assessment of the consistency of relative network position (see Wilson et
al. 2013). Additionally, due to the lack of data independence in network metrics, we tested for
statistical significance of network stability in two ways. First we assessed significance of the
traditional repeatability estimate by comparing the observed repeatability to a distribution of
repeatabilities obtained from randomised networks. To do this we performed 1000 node-based
permutations per network by randomising all association values within each association matrix,
while maintaining the number of associations. We then calculated significance (p-values) as the
proportion of times the observed repeatability was found to be more extreme than the
randomised repeatabilites. Confidence intervals were calculated for each repeatability estimate

using a parametric bootstrap with 1000 permutations.

In addition, we further tested for consistency in network centrality using a recently described
network based method (Wilson et al. 2013). This method was specifically designed to account
for the non-independent nature of social network data. To determine if individuals maintained
consistent relative centrality within their social networks, we calculated the sum of variances for
the ranked network centrality across the observed networks (SV) as described by Wilson et al.
(2013). As SV is a measure of variance, low values indicate a similar relative ranking across
networks. We again obtained 1000 node-based permutations of each network, re-calculating the
sum of variance of each set of randomisation (SVr). We then compared the observed SV values
to the randomised SV values, and significance was obtained by computing the number of times

the SV value was found to be more extreme than the distribution of SVy values.
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Behavioural traits

To determine how individual behavioural traits influence centrality we constructed a LMM with
weighted dominance rank, exploratory personality score (mean centered and re-scaled to
between 0 and 1 to ensure commonality of scale with ranked variables), month and all two-way
interactions as fixed effects, with individual nested in site as random intercepts. We also initially
assessed the effects of age and sex on centrality but these predictors were found to be non-
significant and were excluded from final analysis due to correlation with dominance rank and a
decreased sample size available with complete data. All possible models were fitted and a model
selection procedure was performed using Akaike’s information criterion (AICc; AIC corrected
for small sample size) to evaluate predictor effect size. We then ranked models using Akaike
weight (AIC,,) as a measure of relative importance of each model parameter (Burnham &
Anderson 2004). To test for significance of variables highlighted by model selection, the
observed parameter estimates were compared to a randomised null model (Farine and Whitehead
2015), in which the model of interest was re-run using 1000 randomisations of each network to
create a null distribution of the parameter coefficient. All statistical analyses were performed in

R v3.2.3 (R core team 2015).

Results

Over the recording periods a total of 172 532 visits were made to 8 network feeders by 91 birds
(9 individuals were detected in fewer than five weeks, and thus excluded from analysis). Weekly
networks ranged from 4-15 birds, and all sites had a minimum of 13 weeks of collection (range

13-20).
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Network consistency

Within sites, group size was found to be repeatable (R = 0.64, 95% CI: 0.32-0.79). Eigenvector
centrality of individual birds was also found to be repeatable across the non-breeding season in
all sites (R =0.47, 95% CI: 0.39-0.49), and this repeatability estimate was found to be
significantly higher than repeatability estimates obtained from network randomisations

(p <0.001). Network consistency analysis returned similar results, in which the observed sum of
variance (SVp) was found to be significantly lower than the variance in centrality from

randomised networks (SVy) at all eight sites (Table 2.2, Fig. 2.1).

Behavioural Traits

Initial model selection indicated that three top models had an AICc of < 6. The top model was
one including only dominance as a fixed effect with individual nested within site as random
intercepts and had a high model weighting (AICw = 0.78). The second ranked model was a null
model with no fixed effects and the final top-ranked model contained both dominance and
exploratory personality as fixed effects, but had low weighting (AICw = 0.056) and was ranked
below the null model (Table 2.3). Thus our model selection procedure indicated that of our
examined parameters, only dominance rank had a large effect on an individual’s centrality.
Additional permutation analysis performed on the top model to test for statistical significance
confirmed that dominance rank explained a significant amount of variation in an individual’s
centrality rank (dominance; = 0.2440.09 SE, p <0.001), where an individual’s relative
centrality increased as dominance rank increased (Fig. 2.2). We also considered that individual

variation in feeder use could influence network metrics as a consequence of the nature of
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recording interactions at a food source, although the proportional nature of the association index
(SRI) does in part account for this variation. We thus repeated the analysis using residual
centrality rank, controlling for individual feeder use as the response variable, and found

qualitatively similar results (not shown).

Discussion

Although social network analysis is becoming a wide-spread tool for the study of social
behaviours and processes (Krause ef al. 2014; Farine & Whitehead 2015), there are currently
only a limited number of studies which examine the same social networks over time (but see
(Blumstein ef al. 2013; Jacoby et al. 2014; Aplin ef al. 2015b). In this study, we demonstrate that
both group size and individual network position, measured as eigenvector centrality, are
consistent across the social flocking period in eight networks of wild black-capped chickadees.
Assessing the consistency of social networks over time is critical for understanding the
evolutionary implications of network metrics (Wilson et al. 2013). Previous work has indicated
that individual variation in social position may have fitness consequences (e.g. Christley et al.
2005; McDonald 2007; Oh & Badyaev 2010; MaclIntosh et al. 2012), however without
determining the temporal stability of such network measures the outcome of such network-
fitness links remains unclear. For instance, in the case of network position influencing level of
competition experienced or infection risk, the stability of the network will determine how

important these factors are in terms of long-term or even lifetime fitness effects.

Centrality may be considered a personality trait in terms of the sociability axes (one of five main
personality classes defined in animals) of animal temperament (Réale et al. 2007), as individuals

were observed to maintain consistent social connectivity over time. Our measure of repeatability
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was 0.47, which is relatively high compared to average repeatability found across a variety of
behavioural traits in multiple taxa (overall average R = 0.37, Bell, Hankison & Laskowski 2009).
Despite current interest in animal personalities, there has been limited research attempting to
quantify social personality types, particularly in the context of wild groups, rather than in dyadic
or individual scenarios (e.g. Cote & Clobert 2007; Cote et al. 2010) which may fail to reflect a
meaningful measure of sociality. The use of social network analysis provides a framework to
quantify sociality in natural groups, and with appropriate randomisations can be used to assess
behavioural consistency (Wilson ef al. 2013; Farine & Whitehead 2015). To further investigate
social personality through network metrics, future studies should assess the consistency of such
metrics both through time and in varying contexts, such as measuring either various types of
association networks (i.e. dominance and affiliation networks), or through removal/addition

experiments.

Although a number of previous studies have suggested that proactive-reactive personality type
may influence the strength of network associations and/or an individual’s social position (Pike et
al. 2008; Croft et al. 2009; Schiirch ef al. 2010; Aplin et al. 2013a; Snijders et al. 2014), we
found no such link between network centrality and exploratory score in black-capped chickadees.
The higher centrality of fast explorers that has previously been observed has been proposed to
indicate an increased tendency to switch between subgroups (Aplin et al. 2013a). Maintaining
low centrality has been suggested to be a method by which slower explorers avoid aggression

and social stress (Schiirch et al. 2010; Snijders et al. 2014). In our system, each network was a
single cohesive unit, so movement between groups was not observed, and established dominance
hierarchies are expected to reduce the escalation of aggression. Thus in our system, exploratory

personality score may have less influence on social network position.
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We observed that dominant individuals were more connected within their social network than
subordinates. This finding of increased social centrality is interesting, as more spatially central
positions within groups are expected to confer additional predator protection over peripheral
positions (reviewed by Krause & Ruxton 2002). As such, social centrality may be partially a
result of increased spatial centrality within a group, though physical group structure was not
something we were able to measure in our current study. Our results add to previous studies of
social networks which have found measures of centrality to increase with dominance rank
(Schiirch et al. 2010; King ef al. 2011; Maclntosh et al. 2012; Hughes & Driscoll 2014).
However, this relationship between dominance and centrality was not observed in a study in
which mixed-species flocks were considered, suggesting that in such multi-species interactions it
may also be important to consider social position within the broader global network as opposed

to within a single species network (Farine et al. 2012).

High network connectivity and centrality have been shown to lead to an increased individual risk
of disease and parasites (e.g. Godfrey et al. 2009; Maclntosh et al. 2012). Thus, occupying a
central network position may be expected to be costly. However, as suggested in this and the
afore mentioned studies, dominant individuals have been found to be more likely to occupy
central network positions. Dominants may acquire central network positions passively, due to
receiving the highest number of interactions within a group (e.g. involved in the most grooming
interactions; Maclntosh ef al. 2012). It is also possible that the potential advantages available to
more central individuals, such as greater access to social information (Aplin et al. 2012, see Ch.
3), and increased access to breeding opportunities (McDonald 2007; Ryder ef al. 2008; Hughes
& Driscoll 2014), may offset the costs of higher disease risk. Additionally, dominants may be

more able to cope with any costs of network centrality due to generally superior body condition,
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as a result of increased foraging ability from priority access to available food resources
(reviewed by Piper 1997). It has also been suggested that position within a group could have
differential costs and benefits for different classes of individuals (Krause & Ruxton 2002). For
instance, as dominants can displace other individuals from a foraging patch (e.g. Liker & Barta
2002; Bugnyar & Kotrschal 2002), they may benefit more from acquiring social foraging
information, while a subordinate could be unable to take full advantage of such information.
Thus subordinates could prioritise independently locating food sources (i.e. producing; Giraldeau
& Dubois 2008), which may be aided through maintaining a more peripheral network position

(Barta, Flynn & Giraldeau 1997).

In conclusion, our study is one of only a few studies to date to examine frequently made
assumptions about the consistency of network metrics over time, and the first to our knowledge
to employ network-specific consistency analysis to replicated wild networks. As we found that
individual network position was repeatable across the non-breeding season, we considered the
importance of individual behavioural traits on network centrality. Notably, we found that
dominance rank, but not exploratory personality type was related to network centrality. Although
we were not able to quantify the potential fitness costs and benefits associated with network
positon in the study, there is increasing evidence from numerous network studies that occupying
specific social positions can have both short and long-term fitness consequences. Thus our study
contributes to the understanding of the temporal consistency of networks, as well as the

individual attributes that allow individuals to occupy certain network roles.
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Table 2.1 Summary of feeder use including total number of birds detected per site and mean

number of visits per bird, as well as the number and date of data collection weeks used to

construct weekly social network associations, by site.

Site Total Birds Mean Visits/Bird (Range) Start Date End Date =~ Weeks
AP 10 2960 (487-4930) 29-Oct-14  16-Apr-15 20
BB 11 2026 (151-8805) 20-Nov-14  16-Apr-15 17
CwW 11 1388 (3-4003) 07-Nov-14  16-Apr-15 17
HP 10 3557 (716-5581) 05-Nov-14  16-Apr-15 19
PP 9 407 (26-828) 29-Oct-14  14-Apr-15 15
SM 11 1708 (218-3006) 12-Dec-14  13-Apr-15 13
SS 19 1373 (17-5627) 13-Nov-14  16-Apr-15 18
WG 10 2124 (502-3488) 14-Nov-14  15-Apr-15 17
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Table 2.2 Observed sum of variances (SV) of ranked centrality across all weekly networks,

compared with the range of variances calculated from 1000 network randomisation (SVRg).

Site SVo Range of SVy  p-value
AP 0.307 0.679-0.862 <0.001
BB 0.346 0.638-0.877 <0.001
CwW 0.669 0.662-0.922 0.002
HP 0.322 0.625-0.792 <0.001
PP 0.451 0.432-0.758 0.006
SM 0.505 0.581-0.888 <0.001
SS 0.504 0.901-1.125 <0.001

WG 0.482 0.590-0.973 <0.001




Table 2.3 Summary of models of ranked network centrality from model selection procedure; all

top models (AAICc < 6) are shown. Models contain listed fixed effects, with individual nested
within site included as random intercepts in all models. Models including dominance were

restricted to the 66 individuals with dominance scores (N = 82 individuals for null model). All
two-way interactions were included in model selection, but were not observed in any of the top

models. Maximised Log-Likelihood (LogL), AAICc and AIC weight (AICw) values are

presented for each model.

Model parameters LogL AAICc AlCyw
dominance 81.36 0 0.778
null 78.80 3.1 0.165
dominance + exploratory personality 79.75 53 0.056
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Figure 2.1: Distribution of sum of variances (SV) obtained from 1000 randomisations
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CHAPTER 3

Individual and ecological determinants of social
information transmission in the wild
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Abstract

Social information, acquired through the observation of others, has been documented in a variety
of adaptive contexts. The transmission of social information relies on social connections and
therefore it is important to consider that individuals may vary in their access to, and use of, such
information. Social network analysis allows for the consideration of individual variation in social
connections, which until recently has been ignored in the study of social processes. Additionally,
few previous studies of social information use have considered the potential effects of traits such
as dominance and personality type, which have been found to influence group social structure.
We used network-based diffusion analysis, which incorporates information on individual social
associations, to examine if wild flocks of black-capped chickadees (Poecile atricapillus) utilise
social information when locating novel foraging patches. Additionally, we incorporated
individual traits (age, sex, dominance and exploratory personality) while examining flocks from
rural and urban environments, to assess the influence of individual-level characteristics and
urbanisation on the rate of information transmission. Social information transmission was found
to occur in all flocks, with the timing of discovery at novel foraging patches following network
associations, as predicted. However, the only individual-level variable found to influence social
transmission was dominance rank; dominant individuals had higher rates of information
transmission than subordinates. We observed no effect of urbanisation on the transmission of
social information. Our results highlight the importance of considering social associations when
examining social information use. Additionally, our results suggest that dominant individuals
have greater access to social information than more subordinate individuals, which may

demonstrate a previously undocumented additional benefit provided by social dominance.
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Introduction

Collecting and maintaining accurate information about foraging opportunities is a vital task.
Individuals are required to frequently re-sample their environment, to acquire updated
information and reduce uncertainty, particularly when food resources are patchy and/or
ephemeral in nature (Dall ef al. 2005). While there are a variety of ways animals may attempt to
optimise searching, maintaining accurate information through personal exploration requires
expending significant time and energy (Dall & Johnstone 2002; Chittka, Skorupski & Raine
2009). Alternatively, in a variety of foraging contexts, animals may be able to acquire social
information about their environment from other individuals, rather than relying solely on

personal sampling (reviewed by Galef & Giraldeau 2001; Galef 2009).

Social information has been defined as information acquired through the observation of other
individuals (reviewed by Dall et al. 2005; Aoki & Feldman 2014). Social information can be
acquired in a variety of ways, including local enhancement, eavesdropping and social learning
(Bonnie & Earley 2007). Current theory suggests that while social information may be less
costly than individual exploration, it may also be less reliable (Kendal ef al. 2005; Galef 2009).
Therefore it has been suggested that the use of social information should only be expressed under
specific circumstances, such as when individual tactics are unproductive, or when acquiring
personal exploration is risky (reviewed by Laland 2004; Galef 2009). The usefulness of social
information is also expected to vary depending on the reliability of the information (Hall &
Kramer 2008), which can depend on an individual’s spatial, social and temporal distance from
the information source (Seppéinen et al. 2007). Optimally, using a combination of both social

information and personal information would be the most beneficial strategy; however, it has been
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suggested that attention to social information may impede other foraging tactics, such as personal

sampling (Giraldeau, Valone & Templeton 2002; Rieucau & Giraldeau 2011).

As social information implicitly relies on an individual’s social connections, it is likely that not
all individuals will have equal access to social information, as not all individuals in a group will
interact equally or at all (Krause et al. 2014). However, to date, most studies have not considered
such variation in social ties when attempting to assess social information use. While accurately
mapping social ties within groups presents some challenges, social network analysis provides a
well-defined framework for examining both direct and indirect social connections (Croft ef al.
2008; Wey et al. 2008; Sih et al. 2009). Network based diffusion analysis (NBDA) is a recently
developed statistical method designed specifically for assessing the transmission of social
information using social network associations (Franz & Nunn 2009, 2010; Hoppitt et al. 2010).
NBDA has been used to assess social information transmission in a variety of taxa in both
laboratory-based (fish; Atton et al. 2012; Webster et al. 2013; birds; Boogert et al. 2014) and
wild studies (primates; Kendal ef al. 2010; Hobaiter et al. 2014; birds; Aplin et al. 2012, 2015;

Farine ef al. 2015; whales; Allen et al. 2013).

Individual characteristics such as age, sex and even personality type, can influence social
network position (Lusseau & Newman 2004; Croft ef al. 2008; Pike et al. 2008; Aplin et al.
2013a). Additionally, such traits have been shown to affect an individual’s likelihood to favour
the use of social information. For instance, shy barnacle geese (Branta leucopsis) have been
shown to utilise social information more than bolder individuals (Kurvers et al. 2010) and
younger meerkats (suricata suricatta) were found to have a higher propensity to acquire
information socially (Thornton & Malapert 2009). Several studies have further found a

relationship between the flow of information through social networks and age (Allen et al. 2013;
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Aplin et al. 2015), as well as sex (Aplin et al. 2015). However, as yet no studies have explicitly

tested for an effect of personality on the transmission of social information through a network.

Few studies have looked at the effects of the external environment on social information transfer.
However, several social network studies suggest that environmental factors can influence
interactions and behaviours within groups (Sundaresan et al. 2006; Edenbrow et al. 2011;
Mokross et al. 2014). For instance, Sundaresan et al. (2006) found that network metrics and
association types varied between two similar groups of equids found in differing habitats and
Edenbrow et al. (2011) found that in social networks of guppies (poecilia reticulata),
environment structure and predation risk influenced the expression of social behaviours. To our
knowledge, only one network-based study has previously considered any effects of environment
type on social information transmission, finding that it occurred in a complex but not simple

environment (Webster et al. 2013).

In this study, we apply NBDA to wild flocks of black-capped chickadees (Poecile atricapillus)
to determine how information about novel foraging opportunities is received. Chickadees are
well suited to social foraging studies, as they form social flocks during the non-breeding season
and utilise a variety of patchy food sources, particularly in the winter (Smith 1991). Furthermore
chickadees are found to occupy a range of habitat types, including mixed forests, forest edges
and even suburban and urban areas, which may vary in winter food stability (Foote et al. 2010).
Therefore, we conducted our study in two different habitat classes (urban and rural), to test for

differences in social information use in differing environments.

We first ask how foraging information is acquired in wild chickadees. If foraging information is

acquired socially, we predict that a naive individual’s arrival at a novel foraging patch will
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follow ties from the association network and will co-vary with network position (Hoppitt et al.
2010; Aplin et al. 2012). We then aim to determine whether, given an individuals’ social
network position, their use of social information varies depending on individual characteristics,
including exploratory personality and dominance rank. As recent studies have suggested that
more exploratory individuals may also more quickly exploit social information (Nomakuchi,
Park & Bell 2009) and may be better connected within their network (e.g. Schiirch, Rothenberger
& Heg 2010), we expect that higher exploration score will be positively related to the social
discovery of novel foraging patches. While little work has been done on the effect of dominance
rank on social structure, a study of the transmission of parasites through a network of macaques
showed the dominants had higher network centrality and higher parasite transmission rates
(Maclntosh et al. 2012). As such, we expect that dominant individuals have higher access to

social information due to their network position.

Finally, as there has been initial evidence indicating that characteristics of the environment may
influence social transmission (Webster ef al. 2013) and it has also been shown that the reliance
on social information may be higher in variable environments (Rafacz & Templeton 2003), we
assess flocks from urban and rural sites. Although urban and rural environments vary in number
of characteristics, for wintering birds it has been suggested that a key difference between urban
and rural environments is increased stability and predictably in terms of food availability in
urban areas due to food supplementation through birdfeeders (Atchison & Rodewald 2006;
Chamberlain ef al. 2009). As such, we expect that the rate of social information use would be

higher in more rural environments.

39



Methods

Study species and study sites

Black-capped chickadees are small (9-14 g) Parids that are year-round residents across their
range encompassing most of North America (Foote et al. 2010). During the fall, chickadees form
stable social flocks that consist of non-related individuals, and retain these associations
throughout the winter (Smith 1991). Flocks are made up of approximately 3-12 individuals, with
a linear dominance hierarchy, and defend a home range which range in size from 8.8 to 22.6 ha

(reviewed in Smith 1991).

Chickadee flocks were sampled from 8 sites in and around Ottawa, ON, Canada (45° 25’ N, 75°,
40°W). Sites were categorized as either urban (N = 4) or rural (N = 4). Urban sites were located
in partially forested urban parks, at least 200x200 m in size, and were all located within 30-90 m
of residential developments likely to contain supplemental feeders. Rural sites were located in
large forested regions > 15 km from Ottawa’s downtown core, and contained no buildings within
a minimum of 300 m from the feeder sites, and thus contained only our study feeder within the
estimated home range area (8.8-22.6 ha; Smith 1991) birds were expected to use. Both urban and

rural sites contained mixed coniferous and deciduous forest.

Between September 26 and December 9 2014, birds were captured at each site through mist
netting and potter’s traps baited with sunflower seeds. Upon capture birds were fitted with a
Canadian Wildlife Service-issued aluminium band, a single plastic colour band and a second
modified colour band fitted with a passive integrated transponder (PIT) tag (IB Technology, UK),
allowing birds to be uniquely identified both visually as well as electronically. Measurements

were taken to determine sex (based on a discriminant function; Mennill, unpublished data), and
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tail wear and colouration was used to age birds as either juvenile (HY: hatch year) or adult
(AHY : after hatch year) (Pyle 1997). Also at the time of capture, birds were assayed for
exploratory behaviour using an open field cage test (adapted from Kluen et al. 2012). Birds were
placed in a commercial bird cage (40 cm x 60 cm x 40 cm) and their movements in the cage were
recorded by video for ten minutes. Exploration was measured as the latency in seconds to
investigate the four corner regions in the cage, which is designed to emulate laboratory based
novel room tests measuring latency to arrive at artificial trees (Verbeek et al. 1994; Drent et al.
2003). Individuals that did not explore all four regions within the novel exploration period were
given a maximum score of 600 seconds. Exploration score in this population has been found to

be a repeatable personality trait (R = 0.53; Devost 2016).

Birds were also assigned a within flock dominance rank determined by video-recording agonistic
interactions between individuals on a baited feeding platform from February 9 to March 24 2015
(Devost 2016). Four interactions types were scored, with an individual exerting dominance when
it: (1) supplanted or chased an opponent (ii) resisted an attack (iii) elicited a submissive posture in
an opponent or (iv) fed while opponent waited (see Ratcliffe, Mennill & Schubert 2007). To
control for difference in flock sizes dominance ranks, obtained via David’s score (described by
Gammell ef al. 2003; de Vries, Stevens & Vervaecke 2006), were subsequently weighed between
0 and 1 (1 being the least dominant), by dividing rank by group size. This rank corrected for
flock size has previously been used to account for differences in flocks sizes in black-capped

chickadees (Lewden, Petit & Vézina 2012)
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Social networks

To determine the social foraging network at each site, a sunflower seed feeder was placed at the
capture site and filled once per week between Oct 29 2014 and Jan 5 2015. The feeder was fitted
with a single perch, which restricted access to one individual at any moment. The perch
contained a radio-frequency identification (RFID) antenna (Priority 1 Design, Australia), which
recorded the time and duration of visits by PIT tagged individuals. For each site, we used data
collected after 89% or more of subsequently recorded birds were captured (range = 3-8 weeks of
network data per site). Social associations were inferred using a gambit of the group approach
(Franks et al. 2010), in which birds were deemed to be associating when arriving at the feeder
within the same 60 second moving time window (for a similar procedure see Aplin et al. 2012).
A weighted association matrix was created using the simple ratio index (SRI) (Cairns &
Schwager 1987), which ranges from 0 (pair never seen associating) to 1 (never detected apart),
using the package asnipe (v0.81) (Farine 2013) in R (v3.2.0) (R Core Team 2015). From the

association matrices, a separate undirected weighted network was constructed for each site.

We calculated network centrality for each individual in a network. Here we utilise eigenvector
centrality, which has been suggested to best predict the path of social information that is
broadcasted publicly, such as would occur with local enhancement, as is expected in our system
(Borgatti 2005). Eigenvector centrality is defined as the sum of the centralities of an individual’s
connections; with high eigenvector centrality indicating an individual’s increased potential for
the receipt and further transmission of information through the network (Farine & Whitehead

2015). Eigenvector centrality was calculated in the R package sna (v2.3-2) (Butts 2014).
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Novel foraging patch discovery

To assess how chickadees discover and utilise novel foraging resources, network feeders were
removed from their established location from Jan 5 — Jan 16 and Jan 21 — Jan 30 2015, and
installed at a novel location 100 = 5m distance in a randomly selected direction to create a novel
foraging location. Network feeders were used during the novel patch discovery to eliminate any
potential effects of neophobia related to a new feeder design. Feeders were installed at the
discovery locations after dark to avoid unintentionally producing information about the novel
location. Two discovery trials were performed at each site, with feeders left in place for 8 to 10
days, before being returned to their original location. Feeders were replenished every two nights
as necessary to prevent being depleted during each experiment. The date and time of each
individual’s first visit to the discovery feeder was captured using the same RFID perch, allowing
for the determination of the order and timing of each bird’s discovery of the novel foraging

location.

Statistical analysis

Network based diffusion analysis

To determine if information about the novel foraging patch was transmitted through the flock
network, we utilised network based diffusion analysis (NBDA) (Franz & Nunn 2009), with the
continuous time of acquisition diffusion analysis (NBDA code v. 1.2 in R, Hoppitt ef al. 2010).
NBDA assumes that the probability of information being socially transmitted from one
individual to another is linearly proportional to the strength of association between them in the
corresponding social network, with the diffusion of information thus broadly following the

patterning of network ties. To account for individuals co-discovering the feeder, individuals that
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discovered the food patch within one minute of each other were considered joined by ‘ties’ and
the transmission of information was prevented between tied individuals. The relative rates of
social and asocial discovery were allowed to vary between sites and trials in the models, and we
included the individual variables sex, age class, exploratory personality, weighted dominance
rank and individual propensity to use feeders (number of visits by each individual to the network
feeder; mean centered). All possible models were fitted, and model selection was performed

using Akaike’s information criterion (AICc; corrected for small sample size).

Eigenvector centrality

In addition to NBDA we also tested the prediction of social transmission of foraging information
by examining the relationship between network centrality and the timing of arrival of individuals
to the novel foraging patch. Using a binomial generalised linear mixed model (GLMM) we first
compared the centrality of individuals who arrived at the patch within the first 24 hours after the
initial discovery with those who did not arrive within this time period, including network feeder
use, sex, age class, and individual exploratory personality as fixed factors, with individual nested
within site included as random intercepts. We also looked at the effect of latency to arrive at the
novel foraging patch (measured as log time to first record on discovery feeder), using a linear

mixed model (LMM), including the same explanatory variables.

Urbanisation

To test for potential differences in social transmission between flocks in urban and rural
environments, we included site type (urban or rural) as a variable in the NBDA model selection
analysis. Additionally, we used a LMM to assess if the speed of social transmission, measured as

the log of the time lag between the first and last bird to arrive at the novel foraging patch in each
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discovery trial, varied between the two habitat classes, with site identity as a random intercept.
Finally, we used a LMM to determine if speed of initial discovery varied between urban and
rural sites (measured as log latency to initial discovery) including the same explanatory variables.

All analyses were carried out in R (v 3.2.0) (R Core Team 2015).

Results

A total of 80 563 visits from 80 birds were recorded on the 8 network feeders. Networks at
individual sites ranged from 8 to 15 birds, with individual visits per site ranging from 3 to 3957
visits (see Table 3.1 for full by-site summary). While the social networks were generally highly
connected (most birds associated with all other birds at each site), individuals varied in the
strength of their associations (Fig. 3.1, Table 3.2). Seventy-four of the 80 network birds
discovered at least one of the novel foraging patches in 1 to 10 days. There were seven birds
recorded during the discovery trials that were not recorded during the network period, and as

such were excluded from the analysis.

Network based diffusion analysis

The top three NBDA models had a AAICc of <2 (AAICc =0, 1.9, 2), and therefore we cannot
differentiate between them. However all three indicated that information transmission occurred
socially, with varying transmission parameters between sites and a non-constant declining rate of
asocial discovery. There was no support for the highest ranked asocial model (AAICc = 121.1;
Table 3.3). Model averaging, performed on the top ten models, provided complete support for
social transmission (wAIC = 1). In addition, model averaging supported an effect of dominance
rank (wAIC = 0.81), but no other individual-level variables. This effect was multiplicative,

indicating that the effect of dominance rank influenced both social and asocial discovery
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parameter. In summary, the final top model containing all supported elements had a social
transmission rate that varied significantly between sites (s = 12-383), with transmission rates on
average 80x greater than the rates of asocial discovery (Table 3.4). Dominance score had a
positive effect on social transmission, in which a decrease in weighted dominance score of one

standard deviation (0.25) lead to a 45% decrease in social transmission rate.
Eigenvector centrality

Birds that had higher eigenvector centrality within their network were more likely to arrive at the
novel foraging patch within the first 24 hours after its initial discovery, when controlling for
difference in exploratory personality and feeder use (GLMM: N = 144, ¥=6.02,p=0.01,F ig.
3.2). Exploration score was not found to significantly influence the speed of discovery (GLMM:
N = 144, *=0.24, p = 0.62). The effects of age class, sex and dominance rank were also
considered, but none of these factors were found to significantly explain the variation in first day
patch arrival (all p > 0.05), and due to the smaller subset of data available with these variables,
all were dropped from the final analysis. Additionally, there was a marginally non-significant
trend for birds with higher centrality to have lower latency to arrival at the novel foraging patch

(F197=3.27, p=0.07), when controlling for individual explorative behaviour and feeder use.
Urbanisation

The NBDA analysis found that the rate of social transmission varied between sites (99% support
from model averaging, Table 3.4). However this difference was not explained by differences
between urban and rural habitats (0% support). The speed of information diffusion, measured as
the log-transformed time lag between the first and last discoverer also showed no significant

difference between rural and urban habitats (F, = 0.06, p = 0.82). Additionally, the speed of
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initial discovery of novel patches (as measured by log latency to first discovery), did not vary

between urban and rural habitat types (F; 6= 0.10, p = 0.76).

Discussion

The use of social information in foraging contexts has been demonstrated in a wide variety of
taxa, and has been argued to provide individuals with information about their environment
without costs associated with personal exploration (Galef & Giraldeau 2001; Galef 2009).
However, recently it has been noted that not all individuals in a group will have equal access to
social information. The NBDA approach (Franz & Nunn 2009, 2010; Hoppitt et al. 2010) uses
social network analysis to examine the spread of social information in a group while also
accounting for variation in an individual’s social connections. Using NBDA, we demonstrate that
the transmission of social information follows network connections, and varies with both an

individual’s network centrality and dominance rank in wild flocks of black-capped chickadees.

We found that the transmission of social information explains the timing of arrival at novel
foraging patches significantly more than models of asocial searching alone. Transmission rate
varied between study sites, but at all sites social transmission was found to increase feeder
discovery by a minimum of 12 times that of the asocial discovery rate. Previous NBDA studies
have found similar findings both in large fission-fusion networks (e.g. Allen ef al. 2013), and in
smaller stable social groups (e.g. Boogert et al. 2014). However, many previous studies of small
networks have been conducted in captivity (but see Kendal et al. 2010), thus our study
demonstrates that these findings may be consistent between different social structures (i.e.
loosely fission-fusion groups as well as stable small flocks) as well as between experimental and

natural small networks.

47



Network centrality measures have previously been proposed as an important factor in an
individual’s susceptibility to disease and parasites (Christley et al. 2005; MaclIntosh et al. 2012).
However, central individuals should also be in a better position to receive socially transmitted
information, and eigenvector centrality in particular has been suggested to be useful indicator of
likelihood of social information acquisition (Borgatti 2005). As predicted, we found that
individuals with higher eigenvector centrality also had a significantly increased speed of locating
the novel foraging patch. This result is consistent with previous studies in which high
eigenvector centrality has also been found to increase access to social information (Aplin ef al.
2012; Claidiere et al. 2013). These results highlight the potential benefits of highly connected
network positions, which may present a trade-off with the increased disease risk associated with

more central positions.

Although recent studies have indicated that individual-level behavioural traits can influence
social network structure (e.g. Croft ef al. 2009, Aplin ef al. 2013), there have been few studies
that have considered the effect of such individual variation in behaviour on social information
transmission. Exploratory personality has been suggested to be a potentially important factor
driving network structure (e.g. Schiirch, Rothenberger & Heg 2010; Aplin ef al. 2013). Here we
examined for the first time the effect of exploratory personality of individuals on network
processes, and found no effect of exploratory personality on the diffusion of social information.
In three-spined sticklebacks (Gasterosteus aculeatus) faster exploration style was linked with
increased use of social information (Nomakuchi et al. 2009), thus we would have expected to
find individuals with faster exploratory personality types to have received social information at a
higher rate. However, we did not observe an effect of exploration speed on social information

transmission. It is possible that exploration speed could be more related to asocial discovery of
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foraging patches (Overveld & Matthysen 2010), something we were not able to look at fully in
our experiment due to the low number of discovery events we can confidently determine were

asocial.

Dominant individuals were found to receive social information at a higher rate than more
subordinate individuals. It is possible that this result could be an artifact of interference, as more
dominant individuals would be able to feed from the newly discovered feeder before
subordinates in the case of simultaneous arrivals, thus altering apparent order. However, as
individuals arriving within the same one minute were tied in the analysis and treated as joint-
discoverers (making social transmission between them impossible), it seems unlikely that
potential interference could account for our findings. Thus, our results suggest that dominant
individuals have increased access to social information, which to our knowledge has not been
demonstrated in any other study of social information. Whether this results from greater attention
to social cues, or more weight given to social vs personal information by dominants remains to
be determined. If considered in the context of a producer-scrounger game, in which asocial
discoverers are producers while the use of social information to locate the novel patch is
considered scrounging (Giraldeau & Dubois 2008), our results follow both the modelled
prediction and experimental evidence that more dominant individuals would have a higher rate
of scrounging (Barta & Giraldeau 1998; Liker & Barta 2002). By contrast, Boogert et al. (2014)
found no effects of dominance on social information use in captive starling flocks. The
difference between our findings and Boogert et al. (2014) could reflect species level variation in
the importance of dominance ranks. For instance, dominance rank may have greater importance

in small flocks exhibiting strongly linear dominance hierarchies, such as seen in black-capped
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chickadees and house sparrows (Liker & Barta 2002), compared with the more gregarious

starlings (Boogert et al. 2014).

The relationship between habitat characteristics and social network structure remains unclear,
due to the difficulties associated with comparing networks directly (see Croft et al. 2008).
However, NBDA allows for the comparison of transmission rates through multiple networks
without requiring direct comparisons of network metrics, which are highly dependent on network
size. To date only one NBDA analysis had previously considered any effect of physical
characteristics of the environment, finding that information was transmitted socially only through
fish shoals in a more structurally complex environment (Webster et al. 2013). As fish require
visual contact with others to acquire information, this likely explains why physical structure
influenced information diffusion. How the environment may interact with the transmission of
social information in natural systems has not been previously examined. Here we examined two
site types (urban and rural) that varied in several dimensions including food reliability, as feeders
provide stable food sources in urban areas (Atchison & Rodewald 2006; Chamberlain et al.
2009). Unpredictable food availability has been suggested to increase reliance on social
information (Rafacz & Templeton 2003; Deygout et al. 2010), and thus we predicted stronger
reliance in rural habitats. However, while we found that transmission rates vary between sites
this variation was not explained by the site type. It is possible that in our system we did not
consider habitats with strong enough differences to detect an effect, or that our introduction of
supplemental food necessary to record interactions was enough to eliminate any effect that
would have been observable in our rural sites. Alternatively, social information may simply be
used in all types of habitats by chickadees when locating novel food location. Future research

into this question should consider species-specific aspects of habitat composition that may alter
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the flow of social information. For instance, in Webster et al. (2013) the tested sticklebacks may
have been relying most on visual cues, which would be affected by environment complexity, as

was observed. Small passerines, such as chickadees, may use other senses, particularly auditory

cues in conjunction with visual cues (Smith 1991), thus habitat variables are likely to impact

individual species in different ways.

In summary, our study provides further evidence of the utility of NBDA to detect social
information transmission through wild networks. We highlight the importance of considering
network associations in the study of social processes, as both NBDA and network centrality
analysis demonstrated that network connections are important for receiving valuable social
information. To our knowledge, our study is the first to consider the potential effects of both
individual characteristics and environment type on information diffusion simultaneously.
Additionally, we identified a previously undocumented potential benefit to social dominance, as
we observed an increased rate of social information transmission in more dominant individuals,
and as such emphasise the importance of considering system-specific individual characteristics

in the study of social information use.
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Table 3.1 Summary of network feeder use and data collection periods, used to construct the

social network associations, by site and habitat type.

Total Range of  Mean

Site Tgtal feeder  visits by number of  Start Date  End Date ~ Weeks
Birds .. S .
visits individuals visits
Urban
AP 10 12735 227-2398 1273 29-Oct-14  05-Jan-15 9
CwW 11 8744 3-1802 795 07-Nov-14  02-Jan-15 8
HP 10 19901  716-3597 1990 05-Nov-14  04-Jan-15 8
PP 9 2917 7-757 324 29-Oct-14  03-Jan-15 9
Rural
BB 8 9764 31-4321 1220 05-Nov-14  05-Jan-15 8
SM 8 6646 12-1594 830 12-Dec-14  05-Jan-15 3
SS 15 9931 5-3145 662 13-Nov-14  03-Jan-15 7
WG 9 9925 193-1897 1102 14-Nov-14  05-Jan-15 7

Total 80 80563




Table 3.2 Mean + SE association strength and eigenvector centrality from association networks

by site.
Site Strength Eigenvector Centrality

Urban

AP 1.30 £ 0.18 029 + 0.04
CW 052 + 0.07 028 + 0.04
HP 2.16 + 0.19 031 =+ 0.03
PP 096 + 0.13 033 =+ 0.05
Rural

BB 048 + 0.11 027 + 0.08
SM 1.63 + 032 031 =+ 0.06
SS 1.07 + 0.20 021 + 0.04
WG 1.31 + 0.13 032 + 0.03
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Table 3.3 Summary of top social and asocial NBDA models from model selection procedures.
Parameters include a = age class, d = dominance rank, e = explorative personality, and s = sex,
v = mean centered feeder visits and t = trial number. Effects of habitat was also included in
model testing, but was not retained in any of the top models. Multiplicative models indicate that
parameters influence both asocial discovery and social transmission rates. n-c, indicates non-

constant rate of asocial discovery over time.

Model Parameters AlCc AAICc
Social

multiplicative, n-c declining Py 33169 0
multiplicative, n-c declining P,.P4P; 3318.8 1.9
multiplicative, n-c declining Pg4,P; 3318.9 2.0
Non-Social

multiplicative, n-c declining P,,P.,P4,P,,P; 3438 121.1
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Table 3.4 Summary of the estimated effect of social transmission above the baseline rate of

asocial discovery, from the final NBDA model containing all supported elements.

Transmission Rate Estimate Bounded

AP 34.44 0.972
BB 383.14 0.998
CwW 22.21 0.956
HP 22.88 0.958
PP 25.21 0.962
SM 12.45 0.926
SS 103.72 0.990

WG 34.72 0.972
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Figure 3.1 Social foraging networks for the eight study sites, determined using a simple ratio
index (SRI) based on co-visitation at an RFID equipped feeder. Urban site (i-iv) in order are AP,
CW, HP and PP, rural sites (v-viii) are BB, SM, SS, and WG. Increasing node size represents an
increase in eigenvector centrality score and edge (line) thickness represents strength of

association between individuals.
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Figure 3.2 The relationship between eigenvector centrality and attendance at the novel foraging
patch (yes (N =112) or no (N = 32)) within 24 hours of initial patch discovery. Data were pooled

across discovery trials and sites.
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CHAPTER 4

General conclusion
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The main objectives of this thesis were to examine the effects of individual characteristics and
the external environment on social position and social process in wild networks. Specifically,
chapter 2 evaluated the temporal consistency of network position and examined how social status
and exploratory personality type influenced network centrality. The results of this chapter
showed that over the non-breeding season black-capped chickadees maintain consistent positions
within their social group. Additionally, network centrality was found to be positively associated
with dominance rank but was not significantly influenced by personality type. While the
exploration test in the thesis has been used in a number of studies (Kluen et al. 2012; Stuber et al.
2013; McCowan et al. 2015) and these measurements are based on commonly used captive
assays (e.g. Verbeek ef al. 1994; Dingemanse et al. 2002; Drent et al. 2003), there still is
uncertainty around how accurately these tests reflect a measure of information gathering in a new
environment, as opposed to a confounding responses (i.e. capture stress). There has been some
evidence provided from similar assays that such tests are correlated with exploration in a natural
environment (Herborn et al. 2010), but other studies of information gathering have not been able
to (e.g. McCowan et al. 2015), or have not attempted to, demonstrate a link between movement
through a novel room and information acquisition. Therefore it is important to interpret the
relationship between exploration and network centrality, as well as between exploration and
social information use, with the caveat that more validation is required to ensure this measure is
an accurate quantification of information gathering in a novel environment. Chapter 3, in turn,
used network based diffusion analysis to demonstrate that social foraging information was
transmitted through network connections in all examined chickadee groups. Of the tested
individual attributes, dominance rank was positively associated with access to social information.

Taken together these findings indicate that dominants, rather than more subordinate individuals,
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may preferentially use a foraging strategy linked to social information use. This difference in

strategy could potentially result from, or lead to, their more central network positions.

Finally, chapter 3 also examined the potential for the external environment to influence social
information transmission. However, no difference in transmission rate was observed between
urban and rural habitats, possibly indicating a habitat-independent social strategy of black-
capped chickadees. Alternatively, the lack of difference observed between habitats may reflect a
confounding effect of multiple aspects of urbanised habitats, a lack of statistical power due to
sampling from only four sites of each habitat, or a lack of extreme habitats from the sampled
sites. While this thesis is unable to address these possibilities, the work from this chapter does
highlight the utility of studying network processes, through tools such as NBDA, as a method of
network comparison as the results from such analysis are comparable and not impeded by the
network-size relationship seen in many network metrics which make direct network comparisons

problematic.

The results from this thesis highlighted both the utility and feasibility of studying social
behaviours and processes within natural social groups. Importantly, chapter 2 empirically
evaluated the common assumption that network metrics exhibit significant repeatability across
time, while additionally being one of only a small number of network-based studies to assess
replicate networks in the wild. Further research into inter-annual and inter-contextual network
consistency (i.e. through removal or translocation of individuals between networks) would be an
interesting continuation of this research. Chapter 3 is one of the only two network studies to
assess any aspect of external environment on the social process of information transmission. This

thesis furthers the field of social network analysis by using replicate wild social groups, and
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takes advantage of automated technology to collect association data from a multiple month time

period.

Overall this thesis highlights how position within a social group can be impacted by individual-
level traits. Particularly, for a species with strict linear dominance hierarchies, the findings from
this thesis observed that social dominance can influence network connections. There is some
evidence that such differences in network connections can be important for access to social
information, although this has only been shown in a few studies of foraging information (Aplin
et al. 2012; Ch. 3) or the learning of novel foraging tasks (Claidiere et al. 2013), and has not to
date been examined in terms of other types of information such as that relating to predation risk
or mate quality, all of which are expected to be benefits of sociality (Krause & Ruxton 2002).
Additionally, an important further step from this research would be validating the importance of
dominance status in the access to, and use of, social information. For instance, an experiment
which allowed individuals of known dominance status to choose between social information and
asocial information, similar to those testing for social information use by personality type
(Marchetti & Drent 2000; Kurvers et al. 2010), would help to tease apart the effects of

dominance and network position in the use of social information.

61



Literature Cited

Allen, J., Weinrich, M., Hoppitt, W. & Rendell, L. (2013) Network-based diffusion analysis

reveals cultural transmission of lobtail feeding in humpback whales. Science, 340, 485—
488.

Aoki, K. & Feldman, M.W. (2014) Evolution of learning strategies in temporally and spatially
variable environments: A review of theory. Theoretical Population Biology, 91, 3—19.

Aplin, L.M., Farine, D.R., Morand-Ferron, J., Cockburn, A., Thornton, A. & Sheldon, B.C.

(2015a) Experimentally induced innovations lead to persistent culture via conformity in
wild birds. Nature, 518, 538-541.

Aplin, L.M., Farine, D.R., Morand-Ferron, J., Cole, E.F., Cockburn, A. & Sheldon, B.C. (2013a)

Individual personalities predict social behaviour in wild networks of great tits (Parus
major). Ecology Letters, 16, 1365-1372.

Aplin, L.M., Farine, D.R., Morand-Ferron, J. & Sheldon, B.C. (2012) Social networks predict

patch discovery in a wild population of songbirds. Proceedings of the Royal Society B:
Biological Sciences, 279, 4199-4205.

Aplin, LM, Firth, J.A., Farine, D.R., Voelkl, B., Crates, R.A., Culina, A., Garroway, C.J., Hinde,

C.A., Kidd, L.R., Psorakis, 1., Milligan, N.D., Radersma, R., Verhelst, B. & Sheldon, B.C.
(2015b) Consistent individual differences in the social phenotypes of wild great tits,
Parus major. Animal Behaviour, 117-127.

Aplin, L.M., Sheldon, B.C. & Morand-Ferron, J. (2013b) Milk bottles revisited: social learning

and individual variation in the blue tit, Cyanistes caeruleus. Animal Behaviour, 85, 1225—
1232.

Atchison, K.A. & Rodewald, A.D. (2006) The value of urban forests to wintering birds. Natural
Areas Journal, 26, 280-288.

Atton, N., Hoppitt, W., Webster, M.M., Galef, B.G. & Laland, K.N. (2012) Information flow

through threespine stickleback networks without social transmission. Proceedings of the
Royal Society B: Biological Sciences, rspb20121462.

Barnard, C.J. & Sibly, R.M. (1981) Producers and scroungers: A general model and its
application to captive flocks of house sparrows. Animal Behaviour, 29, 543—-550.

Barta, Z., Flynn, R. & Giraldeau, L.-A. (1997) Geometry for a selfish foraging group: A genetic
algorithm approach. Proceedings: Biological Sciences, 264, 1233—-1238.

Barta, Z. & Giraldeau, L.-A. (1998) The effect of dominance hierarchy on the use of alternative

foraging tactics: a phenotype-limited producing-scrounging game. Behavioral Ecology
and Sociobiology, 42, 217-223.

62



Bell, A.M., Hankison, S.J. & Laskowski, K.L. (2009) The repeatability of behaviour: a meta-
analysis. Animal Behaviour, 77, 771-783.

Blumstein, D.T., Petelle, M.B. & Wey, T.W. (2013) Defensive and social aggression: repeatable
but independent. Behavioral Ecology, 24, 457-461.

Bohm, M., Hutchings, M.R. & White, P.C.L. (2009) Contact networks in a wildlife-livestock
host community: Identifying high-risk individuals in the transmission of bovine TB
among badgers and cattle. PLoS ONE, 4, e5016.

Bonnie, K.E. & Earley, R.L. (2007) Expanding the scope for social information use. Animal
Behaviour, 74, 171-181.

Boogert, N.J., Farine, D.R. & Spencer, K.A. (2014a) Developmental stress predicts social
network position. Biology Letters, 10, 20140561.

Boogert, N.J., Nightingale, G.F., Hoppitt, W. & Laland, K.N. (2014b) Perching but not foraging
networks predict the spread of novel foraging skills in starlings. Behavioural Processes,
109, Part B, 135-144.

Borgatti, S.P. (2005) Centrality and network flow. Social Networks, 27, 55-71.

Brent, L.J.N. (2015) Friends of friends: are indirect connections in social networks important to
animal behaviour? Animal Behaviour, 103, 211-222.

Brent, L.J.N., Heilbronner, S.R., Horvath, J.E., Gonzalez-Martinez, J., Ruiz-Lambides, A.,
Robinson, A.G., Skene, J.H.P. & Platt, M.L. (2013) Genetic origins of social networks in
rhesus macaques. Scientific Reports, 3.

Brent, L.J.N., Lehmann, J. & Ramos-Fernandez, G. (2011) Social network analysis in the study

of nonhuman primates: A historical perspective. American Journal of Primatology, 73,
720-730.

Bugnyar, T. & Kotrschal, K. (2002) Scrounging tactics in free-ranging ravens, Corvus corax.
Ethology, 108, 993—-1009.

Burnham, K.P. & Anderson, D.R. (eds). (2004) Model Selection and Multimodel Inference.
Springer New York, New York, NY.

Butts, C., T. (2014) Tools for Social Network Analysis.

Cairns, S.J. & Schwager, S.J. (1987) A comparison of association indices. Animal Behaviour, 35,
1454-1469.

Chamberlain, D.E., Cannon, A.R., Toms, M.P., Leech, D.I., Hatchwell, B.J. & Gaston, K.J.

(2009) Avian productivity in urban landscapes: a review and meta-analysis. /bis, 151, 1—
18.

63



Chittka, L., Skorupski, P. & Raine, N.E. (2009) Speed—accuracy tradeoffs in animal decision
making. Trends in Ecology & Evolution, 24, 400—407.

Christley, R.M., Pinchbeck, G.L., Bowers, R.G., Clancy, D., French, N.P., Bennett, R. & Turner,
J. (2005) Infection in social networks: using network analysis to identify high-risk
individuals. American Journal of Epidemiology, 162, 1024—1031.

Claidiere, N., Messer, E.J.E., Hoppitt, W. & Whiten, A. (2013) Diffusion dynamics of socially
learned foraging techniques in squirrel monkeys. Current Biology, 23, 1251-1255.

Cote, J. & Clobert, J. (2007) Social personalities influence natal dispersal in a lizard.
Proceedings of the Royal Society of London B: Biological Sciences, 274, 383—-390.

Cote, J., Fogarty, S., Weinersmith, K., Brodin, T. & Sih, A. (2010) Personality traits and
dispersal tendency in the invasive mosquitofish (Gambusia affinis). Proceedings of the
Royal Society of London B: Biological Sciences, 277, 1571-1579.

Croft, D.P. (2011) Hypothesis testing in animal social networks. Trends in Ecology & Evolution,
26, 502-507.

Croft, D.P., James, R. & Krause, J. (2008) Exploring Animal Social Networks. Princeton
University Press, New Jersey.

Croft, D.P., Krause, J., Darden, S.K., Ramnarine, .W., Faria, J.J. & James, R. (2009)
Behavioural trait assortment in a social network: patterns and implications. Behavioral
Ecology and Sociobiology, 63, 1495—-1503.

Dall, S.R.X., Giraldeau, L.-A., Olsson, O., McNamara, J.M. & Stephens, D.W. (2005)
Information and its use by animals in evolutionary ecology. Trends in Ecology &
Evolution, 20, 187-193.

Dall, S.R.X. & Johnstone, R.A. (2002) Managing uncertainty: Information and insurance under
the risk of starvation. Philosophical Transactions: Biological Sciences, 357, 1519-1526.

Devost, I. (2016) Dominance, Personality and Innovation in Black-Capped Chickadees (Poecile
Atricapillus). Msc, University of Ottawa, Ottawa, Canada.

Deygout, C., Gault, A., Duriez, O., Sarrazin, F. & Bessa-Gomes, C. (2010) Impact of food
predictability on social facilitation by foraging scavengers. Behavioral Ecology, 21,
1131-1139.

Dingemanse, N.J., Both, C., Drent, P.J., van Oers, K. & van Noordwijk, A.J. (2002)
Repeatability and heritability of exploratory behaviour in great tits from the wild. Animal
Behaviour, 64, 929-938.

Drent, P.J., Oers, K. van & Noordwijk, A.J. van. (2003) Realized heritability of personalities in

the great tit (Parus major). Proceedings of the Royal Society of London B: Biological
Sciences, 270, 45-51.

64



Dugatkin, L.A. & Reeve, H.K. (1998) Game Theory & Animal Behavior. Oxford University
Press, New York.

Edenbrow, M., Darden, S.K., Ramnarine, . W., Evans, J.P., James, R. & Croft, D.P. (2011)
Environmental effects on social interaction networks and male reproductive behaviour in
guppies, Poecilia reticulata. Animal Behaviour, 81, 551-558.

Farine, D.R. (2013) Animal social network inference and permutations for ecologists in R using
asnipe. Methods in Ecology and Evolution, 4, 1187—1194.

Farine, D.R., Aplin, L.M., Sheldon, B.C. & Hoppitt, W. (2015) Interspecific social networks
promote information transmission in wild songbirds. Proceedings of the Royal Society of
London B: Biological Sciences, 282, 20142804.

Farine, D.R., Garroway, C.J. & Sheldon, B.C. (2012) Social network analysis of mixed-species
flocks: exploring the structure and evolution of interspecific social behaviour. Animal
Behaviour, 84, 1271-1277.

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.

Farine, D.R. & Whitehead, H. (2015) Constructing, conducting and interpreting animal social
network analysis. Journal of Animal Ecology, 84, 1144—1163.

Foote, J.R., Mennill, D.J., Ratcliffe, L.M. & Smith, S.M. (2010) Black-capped Chickadee
(Poecile atricapillus). The Birds of North America Online (ed A. Poole) Cornell Lab of
Ornithology, Ithaca.

Formica, V.A., Wood, C.W., Larsen, W.B., Butterfield, R.E., Augat, M.E., Hougen, H.Y. &
Brodie, E.D. (2012) Fitness consequences of social network position in a wild population
of forked fungus beetles (Bolitotherus cornutus). Journal of Evolutionary Biology, 285,
130-137.

Foster, E.A., Franks, D.W., Morrell, L.J., Balcomb, K.C., Parsons, K.M., van Ginneken, A. &
Croft, D.P. (2012) Social network correlates of food availability in an endangered
population of killer whales, Orcinus orca. Animal Behaviour, 83, 731-736.

Fowler, J.H., Dawes, C.T. & Christakis, N.A. (2009) Model of genetic variation in human social
networks. Proceedings of the National Academy of Sciences, 106, 1720—1724.

Franks, D.W., Ruxton, G.D. & James, R. (2010) Sampling animal association networks with the
gambit of the group. Behavioral Ecology and Sociobiology, 64, 493-503.

Franz, M. & Nunn, C.L. (2009) Network-based diffusion analysis: a new method for detecting
social learning. Proceedings of the Royal Society B: Biological Sciences, 276, 1829—1836.

Franz, M. & Nunn, C.L. (2010) Investigating the impact of observation errors on the statistical
performance of network-based diffusion analysis. Learning & Behavior, 38, 235-242.

65



Galef, B.G. (2004) Approaches to the study of traditional behaviors of free-living animals.
Animal Learning & Behavior, 32, 53-61.

Galef, B.G. (2009) Chapter 4 Strategies for social learning: Testing predictions from formal
theory. (ed B.-A. in the S. of Behavior), pp. 117-151. Academic Press.

Galef Jr, B.G. & Giraldeau, L.-A. (2001) Social influences on foraging in vertebrates: causal
mechanisms and adaptive functions. Animal Behaviour, 61, 3—15.

Gammell, M.P., de Vries, H., Jennings, D.J., Carlin, C.M. & Hayden, T.J. (2003) David’s score:
a more appropriate dominance ranking method than Clutton-Brock et al.’s index. Animal
Behaviour, 66, 601-605.

Giraldeau, L.-A. & Dubois, F. (2008) Chapter 2 Social foraging and the study of exploitative
behavior. (ed B.-A. in the S. of Behavior), pp. 59-104. Academic Press.

Giraldeau, L.-A., Valone, T.J. & Templeton, J.J. (2002) Potential disadvantages of using socially
acquired information. Philosophical Transactions: Biological Sciences, 357, 1559—1566.

Godfrey, S.S., Bull, C.M., James, R. & Murray, K. (2009) Network structure and parasite
transmission in a group living lizard, the gidgee skink, Egernia stokesii. Behavioral
Ecology and Sociobiology, 63, 1045-1056.

Hall, C.L. & Kramer, D.L. (2008) The economics of tracking a changing environment:
competition and social information. Animal Behaviour, 76, 1609-1619.

Hasenjager, M.J. & Dugatkin, L.A. (2015) Chapter Three - Social network analysis in behavioral
ecology. Advances in the Study of Behavior (ed H.J.B. John C. Mitani, Leigh W.
Simmons, Louise Barrett, Sue Healy and Peter J. B. Slater Marc Naguib), pp. 39-114.
Academic Press.

Henzi, S.P., Lusseau, D., Weingrill, T., Schaik, C.P. van & Barrett, L. (2009) Cyclicity in the
structure of female baboon social networks. Behavioral Ecology and Sociobiology, 63,
1015-1021.

Herborn, K.A., Macleod, R., Miles, W.T.S., Schofield, A.N.B., Alexander, L. & Arnold, K.E.
(2010) Personality in captivity reflects personality in the wild. Animal Behaviour, 79,
835-843.

Hinde, R.A. (1976) Interactions, relationships and social structure. Man, 11, 1-17.

Hinde, R.A. (1982) Ethology, Its Nature and Relations with Other Sciences. Oxford University
Press, New York.

Hobaiter, C., Poisot, T., Zuberbiihler, K., Hoppitt, W. & Gruber, T. (2014) Social network

analysis shows direct evidence for social transmission of tool use in wild chimpanzees.
PLoS Biol, 12, €1001960.

66



Hock, K. & Fefferman, N.H. (2011) Extending the role of social networks to study social
organization and interaction structure of animal groups. Annales Zoologici Fennici, 48,
365-370.

Hoppitt, W., Boogert, N.J. & Laland, K.N. (2010) Detecting social transmission in networks.
Journal of Theoretical Biology, 263, 544-555.

Hoppitt, W. & Laland, K.N. (2008) Chapter 3 Social processes influencing learning in animals:
A review of the evidence. (ed B.-A. in the S. of Behavior), pp. 105-165. Academic Press.

Hughes, A.L. & Driscoll, C. (2014) Being in the thick of things: context-dependent network
centrality in a captive flock of American flamingos. Journal of Ethology, 32, 83-90.

Jacoby, D.M.P., Fear, L.N., Sims, D.W. & Croft, D.P. (2014) Shark personalities? Repeatability
of social network traits in a widely distributed predatory fish. Behavioral Ecology and
Sociobiology, 68, 1995-2003.

James, R., Croft, D.P. & Krause, J. (2009) Potential banana skins in animal social network
analysis. Behavioral Ecology and Sociobiology, 63, 989-997.

Kendal, R.L., Coolen, I., van Bergen, Y. & Laland, K.N. (2005) Trade-offs in the adaptive use of
social and asocial learning. (ed B.-A. in the S. of Behavior), pp. 333—-379. Academic
Press.

Kendal, R.L., Custance, D.M., Kendal, J.R., Vale, G., Stoinski, T.S., Rakotomalala, N.L. &
Rasamimanana, H. (2010) Evidence for social learning in wild lemurs (Lemur catta).
Learning & Behavior, 38, 220-234.

Kendal, R.L., Kendal, J.R., Hoppitt, W. & Laland, K.N. (2009) Identifying social learning in
animal populations: A new “option-bias” method. PLOS ONE, 4, e6541.

Kerth, G. (2010) Group decision-making in animal societies. Animal Behaviour: Evolution and
Mechanisms (ed P. Kappeler), pp. 241-265. Springer Berlin Heidelberg.

King, A.J., Clark, F.E. & Cowlishaw, G. (2011) The dining etiquette of desert baboons: the roles
of social bonds, kinship, and dominance in co-feeding networks. American Journal of
Primatology, 73, 768-774.

Kluen, E., Kuhn, S., Kempenaers, B. & Brommer, J.E. (2012) A simple cage test captures
intrinsic differences in aspects of personality across individuals in a passerine bird.
Animal Behaviour, 84, 279-287.

Kovalenko, K.E., Thomaz, S.M. & Warfe, D.M. (2011) Habitat complexity: approaches and
future directions. Hydrobiologia, 685, 1-17.

Krause, J., James, R. & Croft, D.P. (2010) Personality in the context of social networks.
Philosophical Transactions: Biological Sciences, 365, 4099—4106.

67



Krause, J., James, R., Franks, D. & Croft, D. (eds). (2014) Animal Social Networks. Oxford
University Press.

Krause, J., Krause, S., Arlinghaus, R., Psorakis, 1., Roberts, S. & Rutz, C. (2013) Reality mining
of animal social systems. Trends in Ecology & Evolution, 28, 541-551.

Krause, J. & Ruxton, G.D. (2002) Living in Groups. Oxford University Press, Oxford, UK.

Kurvers, R.H.J.M., Van Oers, K., Nolet, B.A., Jonker, R.M., Van Wieren, S.E., Prins, HH.T. &
Ydenberg, R.C. (2010) Personality predicts the use of social information. Ecology Letters,
13, 829-837.

Laland, K.N. (2004) Social learning strategies. Animal Learning & Behavior, 32, 4—14.

Laland, K.N. & Galef, B.G. (2009) The Question of Animal Cultrue. Harvard University Press,
Cambridge MA.

Lea, A.J., Blumstein, D.T., Wey, T.W. & Martin, J.G.A. (2010) Heritable victimization and the
benefits of agonistic relationships. Proceedings of the National Academy of Sciences, 107,
21587-21592.

Lefebvre, L. (1995) Culturally-transmitted feeding behaviour in primates: Evidence for
accelerating learning rates. Primates, 36, 227-239.

Leu, S.T., Farine, D.R., Wey, T.W., Sih, A. & Bull, C.M. (2016) Environment modulates
population social structure: experimental evidence from replicated social networks of
wild lizards. Animal Behaviour, 111, 23-31.

Lewden, A., Petit, M. & Vézina, F. (2012) Dominant black-capped chickadees pay no
maintenance energy costs for their wintering status and are not better at enduring cold
than subordinate individuals. Journal of Comparative Physiology. B, Biochemical,
Systemic, and Environmental Physiology, 182, 381-392.

Liker, A. & Barta, Z. (2002) The effects of dominance on social foraging tactic use in house
sparrows. Behaviour, 139, 1061-1076.

Lusseau, D. & Newman, M.E.J. (2004) Identifying the role that animals play in their social
networks. Proceedings. Biological Sciences, 271, S477-S481.

Maclntosh, A.J.J., Jacobs, A., Garcia, C., Shimizu, K., Mouri, K., Huffman, M.A. & Hernandez,
A.D. (2012) Monkeys in the middle: Parasite transmission through the social network of
a wild primate. PLoS ONE, 7, e51144.

Marchetti, C. & Drent, P.J. (2000) Individual differences in the use of social information in
foraging by captive great tits. Animal Behaviour, 60, 131-140.

Maynard Smith, J. (1982) Evolution and the Theory of Games. Cambridge University Press,
Cambridge ; New York.

68



McCowan, L.S.C., Mainwaring, M.C., Prior, N.H. & Griffith, S.C. (2015) Personality in the wild
zebra finch: exploration, sociality, and reproduction. Behavioral Ecology, aru239.

McDonald, D.B. (2007) Predicting fate from early connectivity in a social network. Proceedings
of the National Academy of Sciences, 104, 10910-10914.

Modlmeier, A.P., Keiser, C.N., Watters, J.V., Sih, A. & Pruitt, J.N. (2014) The keystone
individual concept: an ecological and evolutionary overview. Animal Behaviour, 89, 53—
62.

Mokross, K., Ryder, T.B., Cortes, M.C., Wolfe, J.D. & Stouffer, P.C. (2014) Decay of
interspecific avian flock networks along a disturbance gradient in Amazonia.
Proceedings of the Royal Society B: Biological Sciences, 281, 20132599.

Nakagawa, S. & Schielzeth, H. (2010) Repeatability for Gaussian and non-Gaussian data: a
practical guide for biologists. Biological Reviews, 85, 935-956.

Nomakuchi, S., Park, P.J. & Bell, M.A. (2009) Correlation between exploration activity and use
of social information in three-spined sticklebacks. Behavioral Ecology, 20, 340-345.

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. The American Naturalist, 176,
E80-ER&9.

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.

Orpwood, J.E., Magurran, A.E., Armstrong, J.D. & Griffiths, S.W. (2008) Minnows and the
selfish herd: effects of predation risk on shoaling behaviour are dependent on habitat
complexity. Animal Behaviour, 76, 143—152.

Overveld, T. van & Matthysen, E. (2010) Personality predicts spatial responses to food
manipulations in free-ranging great tits (Parus major). Biology Letters, 6, 187-190.

Paull, S.H., Song, S., McClure, K.M., Sackett, L.C., Kilpatrick, A.M. & Johnson, P.T. (2012)
From superspreaders to disease hotspots: linking transmission across hosts and space.
Frontiers in Ecology and the Environment, 10, 75-82.

Pepper, J.W., Mitani, J.C. & Watts, D.P. (1999) General gregariousness and specific social
preferences among wild chimpanzees. International Journal of Primatology, 20, 613—632.

Pike, T.W., Samanta, M., Lindstrom, J. & Royle, N.J. (2008) Behavioural phenotype affects
social interactions in an animal network. Proceedings of the Royal Society B: Biological
Sciences, 275, 2515-2520.

Piper, W.H. (1997) Social Dominance in Birds. Current Ornithology, Current Ornithology (eds
V.N. Jr, E.D. Ketterson & C.F. Thompson), pp. 125-187. Springer US.

69



Preuschoft, S. & van Schaik, C.P. (2000) Dominance and communication. Natrual Conflict
Resolution University of California Press.

Pyle, P. (1997) Identification Guide to North American Birds, Part 1. Slate Creek Press., Bolinas,
California.

Rafacz, M. & Templeton, J.J. (2003) Environmental unpredictability and the value of social
information for foraging starlings. Ethology, 109, 951-960.

Ratcliffe, L.M., Mennill, D.J. & Schubert, K.A. (2007) Social dominance and fitness in black-
capped chickadees. Ecology and Behavior of Chickadees and Titmice: an integrated
approach (ed K.A. Otter) Oxford University Press, UK.

R Core Team. (2015) R: 4 Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.

Reader, S.M. (2004) Distinguishing social and asocial learning using diffusion dynamics. Animal
Learning & Behavior, 32, 90—104.

Réale, D., Reader, S.M., Sol, D., McDougall, P.T. & Dingemanse, N.J. (2007) Integrating animal
temperament within ecology and evolution. Biological Reviews, 82, 291-318.

Rieucau, G. & Giraldeau, L.-A. (2011) Exploring the costs and benefits of social information
use: an appraisal of current experimental evidence. Philosophical Transactions of the
Royal Society of London B: Biological Sciences, 366, 949-957.

Rubenstein, D.I., Sundaresan, S.R., Fischhoff, .LR. & Saltz, D. (2007) Social networks in wild
asses: Comparing patterns and processes among populations. Exploration into the
biological resources of Mongolia, 10, 159-176.

Ryder, T.B., Horton, B.M., Tillaart, M. van den, Morales, J.D.D. & Moore, I.T. (2012) Proximity
data-loggers increase the quantity and quality of social network data. Biology Letters, 8,
917-920.

Ryder, T.B., McDonald, D.B., Blake, J.G., Parker, P.G. & Loiselle, B.A. (2008) Social networks
in the lek-mating wire-tailed manakin (Pipra filicauda). Proceedings of the Royal Society
of London B: Biological Sciences, 275, 1367-1374.

Sade, D.S. (1989) Special Issue on Non-Human Primate Networks Sociometrics of Macaca
Mulatta III: n-path centrality in grooming networks. Social Networks, 11, 273-292.

Schiirch, R., Rothenberger, S. & Heg, D. (2010) The building-up of social relationships:
behavioural types, social networks and cooperative breeding in a cichlid. Philosophical
Transactions: Biological Sciences, 365, 4089—4098.

Seppénen, J.-T., Forsman, J.T., Monkkénen, M. & Thomson, R.L. (2007) Social information use

is a process across time, space, and ecology, reaching heterospecifics. Ecology, 88, 1622—
1633.

70



Shizuka, D. & McDonald, D.B. (2012) A social network perspective on measurements of
dominance hierarchies. Animal Behaviour, 83, 925-934.

Sih, A., Bell, A. & Johnson, J.C. (2004) Behavioral syndromes: an ecological and evolutionary
overview. Trends in Ecology & Evolution, 19, 372-378.

Sih, A., Hanser, S.F. & McHugh, K.A. (2009) Social network theory: new insights and issues for
behavioral ecologists. Behavioral Ecology and Sociobiology, 63, 975-988.

Smith, S.M. (1991) The Black-Capped Chickadee; Behavioural Ecology and Natural History.
Cornell Univerisy, New York.

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.

Stanley, C.R. & Dunbar, R.I.M. (2013) Consistent social structure and optimal clique size
revealed by social network analysis of feral goats, Capra hircus. Animal Behaviour, 85,
771-779.

Stuber, E.F., Araya-Ajoy, Y.G., Mathot, K.J., Mutzel, A., Nicolaus, M., Wijmenga, J.J., Mueller,
J.C. & Dingemanse, N.J. (2013) Slow explorers take less risk: a problem of sampling bias
in ecological studies. Behavioral Ecology, 24, 1092—1098.

Sundaresan, S.R., Fischhoff, I.R., Dushoff, J. & Rubenstein, D.I. (2006) Network metrics reveal
differences in social organization between two fission—fusion species, Grevy’s zebra and
onager. Oecologia, 151, 140-149.

Tanner, C.J. & Jackson, A.L. (2012) Social structure emerges via the interaction between local
ecology and individual behaviour. Journal of Animal Ecology, 81, 260-267.

Thornton, A. & Malapert, A. (2009) Experimental evidence for social transmission of food
acquisition techniques in wild meerkats. Animal Behaviour, 78, 255-264.

Tinbergen, N. (1953) Social Behaviour in Animals with Special Reference to Vertebrates.
Methuen, London.

Verbeek, M.E.M., Drent, P.J. & Wiepkema, P.R. (1994) Consistent individual differences in
early exploratory behaviour of male great tits. Animal Behaviour, 48, 1113—-1121.

de Vries, H., Stevens, J.M.G. & Vervaecke, H. (2006) Measuring and testing the steepness of
dominance hierarchies. Animal Behaviour, 71, 585-592.

Webster, M.M., Atton, N., Hoppitt, William J. E. & Laland, K.N. (2013) Environmental
complexity influences association network structure and network-based diffusion of
foraging information in fish shoals. The American Naturalist, 181, 235-244.

71



Wey, T., Blumstein, D.T., Shen, W. & Jordén, F. (2008) Social network analysis of animal
behaviour: a promising tool for the study of sociality. Animal Behaviour, 75, 333-344.

Whitehead, H. (1997) Analysing animal social structure. Animal Behaviour, 53, 1053—-1067.

Whitehead, H. (2008) Analyzing Animal Societies: Quantitative Methods for Vertebrate Social
Analysis. University of Chicago Press.

Wilson, E.O. (1975) Sociobiology: The New Synthesis. Belknap Press of Harvard University
Press, Cambridge, Mass.

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.

72



