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ABSTRACT

Alternative foraging strategies in a wild population of tits (Paridae)
DPhil thesis by Nicole Milligan, New College, submitted Michaelmas Term 2015

How individual animals divide their time between activities such as feeding, predator
vigilance, resting, and interacting with conspecifics reflects trade-offs between different fitness
related traits (e.g. starvation avoidance, predator avoidance or reproductive performance).
Time allocated for foraging to meet energy requirements forms an essential component of
animals’ daily time budgets. Furthermore, individuals vary in state and the environment they
experience, which will influence how they prioritize and organize different behaviours — the
dynamics of which may be affected by processes acting at different timescales. Small animals
with high metabolic rates must feed frequently each day, enabling fine control of the precise
timing of feeding. However, little is known about how fine temporal-scale variation in
individual behaviour scales up to shape daily routines, or what the consequences of inter- and
intra-individual differences in this process may be. The main objective of this thesis was to
investigate the causes and consequences of individual variation in the foraging behaviour of
wild great tits (Parus major) and blue tits (Cyanistes caeruleus) visiting artificial feeders
during winter, ranging in temporal scale from single feeder visits to seasonal shifts in
behaviour.

First, | described a novel axis of individual variation in how individuals distribute their feeder
visits across the day. This captured the extent to which single feeding events were clustered
into foraging bouts, with ‘binge-eaters’ and ‘grazers’ at either end of a continuous spectrum.
This axis (level of binge-eating) described 38% of individual variation in observed feeder
behaviour and was repeatable within individuals both within and across seasons. Dominance-
related factors (species, age and sex) and territorial location predicted inter-individual
differences. Individuals exhibited some flexibility in their foraging strategy in relation to local
competition, binge-eating more when feeders were quieter than their average experience. The
abiotic environment also influenced feeding patterns; birds clustered their feeding behaviour
more tightly within a day as day length decreased in midwinter, while visiting feeders more
frequently overall on colder days. | then demonstrated that individuals can vary both in overall
foraging behaviour, and in their susceptibility to interference, with subordinate individuals
responding more negatively to an increase in competition. An experimental manipulation
revealed that interference competition at feeders can reduce foraging efficiency. Next, by
incorporating a social network approach, | showed that great tit foraging strategies were related
to patterns of social interaction and were non-randomly distributed across the social network.
This positive assortment indicated a link between foraging behaviour and social structure,
likely due to positive feedback. Finally | found evidence that social bonds influence foraging
behaviour: pairs of great tits that subsequently bred together exhibited similar foraging
strategies, but only after pair formation, suggesting convergence of foraging behaviour.

This thesis represents the first investigation of individual differences in high temporal-
resolution patterns in foraging behaviour in a wild population, carried out across multiple
years. The work emphasizes the importance of monitoring individual behaviours at appropriate
timescales and relating these measures to relevant processes, e.g. pair formation. The results
presented here demonstrate how fine-scale behavioural differences can influence how:
individuals cope with a changing environment, interact with other individuals in a group
context, and shape social structure which can then feed back to impact on individual
behaviour. The interaction of these behavioural processes may have consequences for fitness,
population dynamics and community composition.
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Chapter 1

Introduction

Individuals must choose how to allocate their time between the many tasks
required for survival and reproduction. All animals have daily nutritional and
energy requirements; the time allocated for foraging to meet these requirements

will be a fundamental component of an individual’s time budget.

Foraging theory

Foraging research has its roots in behavioural ecology, with the original
motivation stemming from understanding behaviour using optimality models
(Stephens & Krebs 1986). These models generally assumed that animals should
follow one ‘best’ strategy when making foraging decisions, an example of which
Is rate-maximization, when the currency that individuals prioritize is a high intake
rate, e.g. over high efficiency (Pyke et al. 1977). Subsequent conceptual advances
include (i) state-dependence which allows models to dynamically update an
individual’s strategy based on its current state (Caraco 1980), (ii) risk sensitivity
which allows models to incorporate stochasticity into the rate of gain (Kacelnik &
Bateson 1996), (iii) trade-offs between conflicting factors such as starvation and
predation risk which can better predict survival (Houston et al. 1993), and (iv)
foraging in a social context which allows models to take into account the
consequences of foraging in a group (Verhulst & Hogstad 1996). There have been
two different approaches to modelling behaviour: optimization is used for
studying an individual’s behavioural decisions in isolation (Pyke et al. 1977) and
game theory for when an individual’s decisions are influenced by the behaviour of
others (Maynard Smith 1982). For animals that forage in groups, competition
plays an important role in determining when individual group members feed
(Giraldeau & Caraco 2000).

Optimal foraging theory (OFT) was introduced in the late 1960s, with two main
types of model. Diet models concerned optimal choice of when to handle and
consume food items as well as choice of food type (MacArthur & Pianka 1966).
Patch models examined how much time should be spent exploiting one food patch

before moving to another patch (Emlen 1966). This seminal idea of diminishing
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returns is known as the marginal value theorem (Charnov 1976). The later
concept of state dependence was instrumental in developing dynamic models of
foraging (Mangel & Clark 1988; Houston & McNamara 1999) which take into
account changes in an individual’s state. These models predict long-term fitness
consequences from sequences of short-term behavioural choices. They also
allowed the first analyses of the trade-off between gaining energy and avoiding
predation. Risk trade-offs, especially between starvation and predation, have
become central concepts in the study of foraging behaviour (Lima & Dill 1990).
The risk-spreading theorem predicts, in the absence of feeding interruptions or
mass-dependent risks or costs, that a constant rate of foraging is optimal (Houston
et al. 1993). However, stochasticity in food availability and predation risk will
lead to variable rates of foraging over a day (McNamara et al. 2005), often with a
bimodal distribution of daily feeding activity predicted as a good strategy to
minimize both risks (Aschoff 1966; Morton 1967). Risk-sensitive foraging theory
has explained how foraging decisions are dependent on energy budgets:
individuals with a negative energy budget are risk prone, increasing the chance of
reaching a minimum threshold energy level, while individuals on a positive
budget are risk averse in order to reduce the chance of an energy shortfall
(Kacelnik & Bateson 1996). A key step in determining the optimality of foraging
behaviour is to quantify the extent to which individuals can respond to their

environments and how this might vary within and among individuals.

Individual variation

“Individuals always differ, the important question is whether or not the variation

has ecological significance.” — Giraldeau & Caraco 2000

It was originally assumed in the study of animal behaviour that individuals should be
totally plastic and adjust their behaviour dynamically to accommodate each situation
(Parker and Stuart 1976; Stephens and Krebs 1986; Piersma and Drent 2003).
However, in recent years, work on animal personality has suggested that individuals
behave more consistently and may follow particular behavioural strategies (reviewed
in Sih et al. 2004 and Bell et al. 2009), for instance due to morphological or

physiological constraints (e.g. Castellano et al. 2002). Furthermore, it has now been
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established that individual differences can be adaptive; particularly in light of
multiple contexts or under fluctuating environmental conditions, and natural
selection can favour alternative behavioural strategies (Wilson 1998; reviewed in
Dingemanse & Réale 2005 and Smith & Blumstein 2008).

Recent studies have demonstrated consistent individual differences in diverse
behaviours such as cooperation (English et al. 2010), searching (Patrick et al.
2014), sleep (Steinmeyer et al. 2013), and foraging (Missoweit et al. 2007; Quinn
et al. 2012). In addition, a broad range of factors have been shown to influence
individual differences in behaviour. Traits such as age, sex and morphology have
been established as important factors explaining variation between different
individuals (Bolnick et al. 2003) while personality affects suites of behaviours,
including foraging decisions (Kurvers et al. 2012; Quinn et al. 2012). The
ecological and social environments also influence how individuals forage
(Cowlishaw 1999; Krams et al. 2010). Thus, there is growing evidence that many
types of factor can interact with consistent individual differences to maintain
behavioural variation in a population. Since individuals can differ both in average
behaviour and in their behavioural responses to changes in the environment,
studies should consider both between- and within-individual differences when
investigating the consequences of foraging behaviour such as fitness outcomes.
Furthermore, since many factors potentially acting at different timescales can
interact to influence foraging behaviour, it is important to monitor foraging

behaviour at an appropriate resolution.

Daily foraging routines

Here | define a daily foraging routine as the temporal patterning of foraging
across a day. Variation in foraging routine was traditionally thought to be
influenced mainly by fluctuations in the environment, such as temperature (Avery
and Krebs 1984) and availability of food (Kacelnik 1979). It has since been shown
both theoretically (McNamara et al. 1994), and empirically (Dall & Witter 1998;
Krams 2000; MacLeod et al. 2005; Polo & Bautista 2006), that the trade-off
between starvation and predation risks is also an important determinant of daily

foraging routines; increasing the rate of energy gain decreases the risk of
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starvation but also increases the risk of predation and individuals must balance

these risks in order to survive.

Many existing theoretical predictions and empirical evidence for temporal
patterns of foraging explore average patterns of behaviour in a population, often at
an hourly timescale (Van der Veen 2000; Polo & Bautista 2006; Bonter et al.
2013). These studies make conclusions about the general daily pattern of feeding,
but may overlook patterns at a different temporal scale (Heath et al. 2010).
Moreover, few studies have investigated how temporal foraging patterns vary at
the individual level, so the extent to which individuals feed at different times
remains poorly understood. Most of the empirical work on the timing of feeding
in birds has been conducted in captivity (e.g. Dall & Witter 1998), while field
studies have typically monitored temporal patterns in mass gain (Krams 2000;
MacLeod et al. 2005; Ratikainen & Wright 2013), due to the difficulty in making
continuous observations of marked individuals in the wild. Mass gain corresponds
with feeding activity (Baldwin & Kendeigh 1938) but the time lag between
foraging and digestion will cause some inaccuracy in using mass gain as a
measure of feeding rate (Bednekoff & Houston 1994). Therefore it would be
better to monitor actual feeding rates rather than mass gain when investigating

daily foraging routines.

Competition for limited resources is an important determinant of variation in
foraging behaviour. To reduce the impact of competition, individuals can partition
resources by segregating in habitat, diet, or time (Schoener 1974). Temporal
partitioning of foraging behaviour at the daily scale has been demonstrated in
trout (Salmo trutta) by manipulating energetic demands to increase the
competition level. This resulted in subordinate individuals shifting their feeding
activity to forage more nocturnally, with greater risk of predation but less

temporal foraging overlap with dominant individuals (Alanaré et al. 2001).

Large scale monitoring of wild animals at fixed feeding stations has been made
possible by the development of radio-frequency identification (RFID) technology
(Bonter & Bridge 2011); data loggers automatically detect and record when

uniquely tagged individuals approach antennae at feeding stations. A recent study
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by Bonter et al. (2013) showed support for the risk-spreading theorem over the
bimodal hypothesis — four species of passerine visiting bird feeders in mid-winter
exhibited constant or gradually increasing feeding rates over the day. The authors
suggested that the birds were prioritizing the reduction of starvation risk over the
reduction of predation risk. However, the data were not analysed at the individual
level so it is unclear whether this conclusion applies to all individuals. For
instance, it could be that certain individuals forage more in the morning while
others forage more later in the day, which would imply two alternative foraging
strategies. Previous work on another passerine species has identified alternative
foraging strategies in how birds manage the trade-off between starvation risk and
predation risk over a day, with proactive (personality axis) birds feeding more
than reactive individuals when predation risk was high (Quinn et al. 2012).
Furthermore, the pattern of feeder visits by an individual could contain more
heterogeneity at a finer temporal scale than described in Bonter et al. (2013). For
example, an individual’s visits to a feeder may cluster into feeding bouts with
short intra-bout visit intervals and longer inter-bout intervals. While larger species
or species with lower metabolic rates, such as the trout mentioned above, are able
to shift their foraging behaviour from one half of a day to the other, small birds
must feed regularly throughout the day in order to maintain their high metabolic
rates. Therefore, if small birds are to divide limited resources between potentially
unequal competitors across a short winter day, this would only be possible with
variation in the pattern (e.g. clustering) of feeding at a finer temporal scale than a
single diurnal-nocturnal shift. On the other hand, there could also be trends over a
longer time scale, leading to seasonal patterns in foraging routine with changes in
day length, temperature, precipitation or food availability (Cope 2006; Pita et al.
2011). Differences between individuals in their ability to shift behaviour with
environmental conditions implies variation in their capacity to cope with seasonal

change, with consequences for patterns of survival and population dynamics.

STUDY SYSTEM AND GENERAL METHODS

My focal study system is a wild population of great tits (Parus major) and blue

tits (Cyanistes caeruleus). In the UK, these tit species are resident throughout the
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winter and readily visit birdfeeders; their typical preference for breeding in nest
boxes over natural cavities also allows a large proportion of the population to be
captured and identified (Fig. 1) during spring. These two passerine species do not
cache food (store food for later retrieval) and are therefore a good system for
studying individual variation in daily feeding patterns. Great tits are close to twice
the size (by mass) of blue tits and are typically dominant over blue tits (Perrins
1979). Of the individuals captured during winter mist-netting over the course of

this study, mean+SD mass of great tits was 18.4+1.1g and of blue tits was

10.7+0.6g.

Fig. 1. Blue tit (left) and great tit (right) fitted with a metal British Trust for Ornitholody ring
and plastic ring containing a PIT-tag.

Both species defend small breeding territories in pairs during spring and early
summer and form mixed-species flocks at other times of year (Hinde 1952). In
Wytham, these winter flocks can also comprise a number of other birds including
three caching species: marsh tit, coal tit and nuthatch, which are also monitored in
Wytham as part of a study on the social ecology of small passerines (Farine et al.
2012). Great tits and blue tits are mainly insectivorous during the breeding season
and summer, incorporating an increasing amount of plant-based food, mainly
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seeds, into their diet as winter approaches (Gibb 1954). Beechmast is an important
autumn and winter food source for both species, especially great tits (Perrins
1966); however, beech crops are irregular and large numbers of seeds are
typically only produced every second or third winter. The two tit species are
ecologically very similar, although in winter great tits forage more at ground level
and blue tits higher up in twigs and branches (Betts 1955). Both species readily
visit artificial feeders, particularly when natural food sources are scarce or during
harsh weather conditions (Perrins 1979). Woodland residents will leave the woods
to visit bird feeders during the day but return by the end of the day to roost
(Kluijver 1951). Outside the breeding season, individuals of both species will join
mixed-species flocks during the day but roost solitarily at night in natural cavities
or nest boxes. Adults and a few first year birds tend to establish their territories in
autumn while most first year birds do so in late winter. While territories are only
strongly defended during the nesting period, individuals typically roost within
their territory (or domicile if no territory) during autumn and winter, re-joining the
flock each morning (Kluijver 1951; Hinde 1952).

Sparrowhawks, especially the smaller males, are the main predators of tits during
winter (Newton 1986). This threat of predation is traded-off against the risk of
starvation (MacLeod et al. 2005). When sparrowhawks were absent in the UK in
the 1960s, great tits increased their body mass, suggesting that they could
minimize the risk of starvation in response to low predation risk (Gosler et al.
1995).

My study site is Wytham Woods (Savill et al. 2010), a 385-ha mixed deciduous
woodland in Oxfordshire, UK (51°46'N, 1°20'W). Wytham contains 1203 nest
boxes which are monitored as part of a long term study which was started by
David Lack in 1947 with 200 nest boxes (Gibb 1950). The study was expanded to
cover Wytham Woods, increasing the number of boxes (suitable for both great tits
and blue tits) to 1020 by 1965. In recent years, 180 nest boxes with smaller
entrance holes, excluding great tits, have been added for use by blue tits. Early
work focussed on the population biology of the great tit, with later studies

incorporating aspects of, for instance, territoriality, foraging, and communication
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(Perrins 1979). There is now a wealth of information on the life history and
behavioural ecology of both great tits and blue tits in Wytham. More recent
studies of this population have branched out to include epidemiology (Knowles et
al. 2010), climate change (Garant et al. 2008; Charmantier et al. 2008), and
phenology (Cole et al. 2015).

For this study, | used automated RFID data loggers at artificial feeders to monitor
visits by individual great tits and blue tits which were individually tagged with
unique passive integrated transponder (PIT) tags. 65 feeding stations (Fig. 2) were
set up across Wytham Woods, in a grid with 250m spacing, in the winter of 2010-
2011 (see map in Fig. 3). 5634 individuals (2076 great tits, 3063 blue tits and 495
individuals of caching species) have been recorded over seven months of each of
the subsequent three winters which is a substantial increase in scale over the 94

individuals recorded by Bonter et al. (2013) over two months of two winters.

Fig. 2. Feeding station containing an automated data logger and feeder with grey sleeve
and two black RFID antennas (one visible) in front of seed access holes. A motor moves
the sleeve up two inches to open the feeder and down to close the feeder. All equipment
is housed in a squirrel-proof metal cage which allows access to small birds through the
mesh.
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Wytham Woods
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Fig. 3. Map of Wytham Woods showing the location of 65 feeding stations. Nest boxes
are shown as black dots and tracks as dotted lines.

When feeders were open, the attached data loggers wrote up to three records per
second whenever a PIT-tagged bird perched on an antenna to access food at the
feeder. To analyse patterns in feeder visits by individuals, | filtered the raw data
by collapsing each run of consecutive records of an individual down to one feeder
visit. | then used the distribution of inter-visit intervals to assign clusters of visits
to ‘feeding bouts’ for each individual (see Chapter 2 for more details). Table 1
and Fig. 4 show an example of all visits by tagged birds at a relatively busy
feeding station on one recording date in December 2012, with a summary of the
number of individuals, visits and bouts by species given in Table 1. On that date,
this example site was the 11™ most busy, by visit number, out of the 65 sites
(example site indicated by arrows in Fig. 5). This includes data for all five species
that were fitted with PIT-tags at the study site, including marsh tits, coal tits and
nuthatches. These caching species were tagged as part of a larger study on the

social ecology of small passerines in Wytham, but were excluded from analyses

10



Introduction

for my thesis due to their different use of supplemental feeders and the relatively

small number of individuals visiting feeders.

Table 1. Summary by species of the number of individuals, visits and bouts recorded at
site “1G” on 9" December 2012.

Species  Individuals  Visits Bouts Visits per Bouts per Visits per

individual  individual bout
great tit 15 858 207 57 14
blue tit 22 883 304 40 14
coal tit 1 166 13 166 13 13
marsh tit 3 303 37 101 12 8
nuthatch 2 182 20 91 10 9

The larger study encompassing the work presented here aimed to investigate the
social and ecological factors that shape population processes and structure (Farine
et al. 2015). The grid of 65 feeding stations described above was used to monitor
feeder visits by all tagged individuals each weekend” from early September
through to late February or early March in the non-breeding season of 2011-2012,
2012-2013, and 2013-2014. Co-occurrences of individuals at feeders were used to
infer social associations. Gaussian mixture models identified bursts of activity in
the temporal data stream of each feeder and then assigned each individual visit to
one of these bursts, or ‘gathering events’ (Psorakis et al. 2012). A gambit of the
group approach was then used to construct an individual-by-individual association
matrix for each winter, summing the number of gathering event co-occurrences
for each dyad (Whitehead 2008; Franks et al. 2010). Social network analyses
could then be conducted to ask a range of questions about the causes and

consequences of association patterns, group dynamics, and social structure.

“ Except prior to December 2011, when feeding stations were programmed to open on Thursdays
only.

11
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Fig. 5. Number of (a) visits and (b) individuals of all birds recorded across 65 sites on 9th

December 2012; species shown by colour. Example site (“1G”) indicated by arrow.
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After multiple years of network sampling, it was established that social
phenotypes, based on social network metrics such as gregariousness or
betweenness, were repeatable over both short (week to week) and long (year to
year) timescales (Aplin et al. 2015). Inter-individual differences in these stable
social phenotypes may have diverse fitness consequences. For example, socially
central individuals were more likely to locate novel food patches (Aplin et al.
2012) which may be advantageous when feeding on ephemeral food sources.
Social phenotypes have also been linked to consistent individual behaviour, with
proactive (personality axis) individuals having weaker social connections with
more conspecifics than reactive individuals that maintained fewer but stronger and
more stable relationships. Furthermore, experimental manipulations have shown
that social relationships (e.g. pair bonds) can affect both social structure (Firth &
Sheldon 2015) and choice of foraging location (Firth et al. 2015). This suggests
that social interactions may mediate the relationship between foraging behaviour

at the individual level and social structure at the population level.

While social dynamics and social structure have been investigated, the link
between temporal patterns in individual foraging and social associations at feeders
has yet to be explored in detail. A recent experimental study has shown that
interactions at feeders can carry over to other (non-foraging) contexts, such as
patterns of association at nest boxes during spring nesting site prospecting (Firth
& Sheldon 2015). Thus, despite social interactions and foraging behaviour being
measured in the same context (at feeders), feeding patterns may still have

implications for social organisation more broadly.

THESIS AIMS & OVERVIEW

My main objective for this thesis is to understand the causes and consequences of
individual variation in the daily foraging behaviour of two related species in a
wild population, with three main goals. First, I quantify a novel measure of fine
temporal scale patterns in individual foraging behaviour. The second aim is to
identify the intrinsic and environmental determinants of daily foraging patterns.

Thirdly, since great tits and blue tits feed in groups, I investigate how individuals’

14
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foraging patterns affect each other, both through competition and social
interactions. This thesis comprises a series of four papers followed by a general
discussion which places the work within the broader context of behavioural

ecology.

Chapter 2

Here | quantify the within- and between-individual variation in the daily
patterning of visits to feeders to explore how consistent individual foraging
routines are, and whether different individuals use alternative strategies. | use a
principal component analysis approach to establish a key axis of variation in daily
foraging patterns and test whether dominance-related attributes, territory location,
or a personality trait influence this measure of foraging behaviour. Furthermore, |
show how individual foraging patterns shift with day-to-day changes in local

competition.

Chapter 3

In this paper | go on to investigate seasonal shifts in foraging patterns in relation
to time of year, day length and temperature, predicting that shorter days will
increase the need for efficient foraging while cold days will increase daily energy
requirements. | find evidence of small dominance-linked differences in seasonal

shifts of behaviour in addition to larger general shifts with seasonal factors.

Chapter 4

This paper examines how competition level influences individual foraging
patterns and efficiency; the proportion of daytime spent at feeders, controlling for
daily visit rate, is used as a proxy for foraging efficiency. | experimentally altered
access to feeders in order to manipulate the effect of interference competition on
individual feeding patterns, predicting that a reduction of interference will allow
more efficient foraging. I also explore the relationship between feeder ‘traffic’
(the daily total number of visits recorded at a given feeder) and the timing of
feeding. Once again, | test for an effect of dominance status on foraging patterns,
predicting that subordinates will be more susceptible to an increase in

competition.

15
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Chapter 5

In this final paper | explore how foraging behaviour in a social context is related
to social structure. Non-random associations with other individuals will have
implications for the resultant group structure which is important in the spread of
information and disease. Furthermore, if similarity of feeding patterns influences

who an individual encounters, there may also be consequences for mate-choice.
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Chapter 2

To graze or gorge: consistency and
flexibility of individual foraging strategies

in tits
Nicole D. Milligan, Reinder Radersma, Ella F. Cole and Ben
C. Sheldon

1. An individual’s foraging behaviour and the time it allocates to feeding

have direct consequences for its fitness. While there has been much
research on the determinants of population-level foraging decisions, to
date few studies have investigated individual differences in fine-scale

daily foraging patterns amongst wild animals.

Here, we explore the consistency and plasticity in feeding strategies of
individual great tits (Parus major) and blue tits (Cyanistes caeruleus),
using data collected from a grid of 65 automated feeding stations
distributed across a 385-ha deciduous woodland, during three winter
seasons. We use a principal component analysis to describe individual
variation in six different feeding parameters and examine how these
differences covary with dominance-linked attributes (species, age and
sex), the personality trait ‘exploration behaviour’, distance to territory,

and local competition intensity.

Analysis of 933,086 feeder visits by 3,134 individuals of the two
species revealed that the majority of variation in the timing of feeding
was explained by two principal components. PC1 (‘binge-eating’),
accounting for 38% of variation, captured temporal clustering of
feeding, with high repeatability both within and between years (r
ranging from 0.42 to 0.55). PC2 (‘Transience’), accounting for 27% of
variance, described how much individuals used the feeders and related
very strongly to the number of visits a bird made to a feeder in a day,

which was also repeatable within and between years (r: 0.45 to 0.60).
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4. Birds in behaviourally dominant categories (great tits, males and
adults) binged more than birds of the respective subordinate categories
(blue tits, females and juveniles) when their territories were distant
from feeding stations. Moreover, great tits and males visited feeders
more times per day than blue tits and females respectively.
‘Exploration behaviour’ was unrelated to both measures of daily
foraging behaviour. We found that birds feeding further from their

territory visited fewer times than birds feeding closer.

5. While exhibiting consistent individual differences, birds also showed
flexibility in foraging patterns, binge-eating less and making more

daily visits to feeders when they experienced greater local competition.

6. This study presents some of the first evidence that birds use consistent
alternative foraging strategies at a fine temporal scale. Birds are
relatively consistent in their strategies, but also adjust their foraging
behaviour in response to changes in local competition. Hence, studies
of foraging behaviour should consider the extent to which such

individual-level variability in foraging behaviour is under selection.

INTRODUCTION

Traditionally, studies of animal behaviour assumed that all individuals should be
fully plastic and dynamically adjust their behaviour to suit each situation (Parker
& Stuart 1976; Stephens & Krebs 1986; Piersma & Drent 2003). However, more
recent work on animal personality suggests that individuals may be constrained in
terms of behavioural flexibility, behave more consistently and may follow
particular behavioural strategies (reviewed in Sih, Bell & Johnson 2004 and Bell,
Hankison & Laskowski 2009), in some cases due to morphological or
physiological constraints (for example Castellano et al. 2002). Consistent
individual differences have now been found in a diverse range of behaviours,
including cooperation in meerkats Suricata suricatta (English, Nakagawa &

Clutton-Brock 2010), search behaviour in northern gannets Morus bassanus
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(Patrick et al. 2014), sleep behaviour in blue tits Cyanistes caeruleus (Steinmeyer,
Mueller & Kempenaers 2013), and foraging ability in scorpionflies Panorpa
vulgaris (Missoweit, Engels & Sauer 2007). These differences can be adaptive
across different contexts or when fluctuating environmental conditions lead to the
fitness of different behavioural strategies being equal in the long-term (Wilson
1998; reviewed in Dingemanse & Réale 2005 and Smith & Blumstein 2008).

Foraging behaviour and the time animals allocate to feeding have direct
consequences for survival and reproductive success (Stephens, Brown &
Ydenberg 2007). Variation in how individuals allocate their time to feeding
throughout the day is likely to exist both between and within individuals, due to
differences in individual state and the environment over time (Houston &
McNamara 1982). These temporal patterns can reflect a trade-off between the risk
of starvation (Bednekoff & Krebs 1995) and the risk of predation (MacLeod,
Gosler & Cresswell 2005), as predicted by theoretical models (Houston &
McNamara 1993; Houston, McNamara & Hutchinson 1993; McNamara, Houston
& Lima 1994; McNamara et al. 2005; Brodin 2007). In general, optimal foraging
models that account for the predation-starvation risk trade-off usually predict a
bimodal daily pattern of feeding, under the assumption that foraging increases the
risk of predation; this pattern includes a morning peak of feeding which can
restore energy reserves that were used overnight, followed by a lull in feeding to
minimize predation risk, and then by a second peak of feeding in the evening to
increase energy reserve levels to fuel the following night (Houston, McNamara &
Hutchinson 1993). However, in winter some small birds, with high energetic
demands, have been recorded feeding at a high rate throughout the day (Bonter et
al. 2013).

Competition for limited resources is also likely to affect how individuals forage.
To reduce competition, individuals can partition resources by segregating by
habitat, diet, or time (Schoener 1974), often with subordinate classes (e.g.
juveniles) being forced to use suboptimal foraging strategies. For example, brown
trout Salmo trutta of different social rank fed synchronously at night until

energetic requirements increased above a certain level, when subordinate trout
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then shifted to feed more diurnally (associated with greater risk of predation)
causing temporal segregation (Alanérd, Burns & Metcalfe 2001).

Existing theoretical predictions and empirical assessment of temporal patterns of
foraging focus on average patterns of behaviour in a population, with examples of
bimodal (Dall & Witter 1998; Polo & Bautista 2006) and unimodal (Olsson,
Wiktander & Nilsson 2000; Bonter et al. 2013) daily foraging routines observed.
These studies draw conclusions about the general daily pattern of feeding, often
based on results described at an hourly timescale, but generally overlook patterns
at a finer temporal scale. It can be important to quantify these small-scale
differences, as factors acting at different timescales can interact with one another,
explaining feeding patterns that initially appear maladaptive. For example, eiders
(Somateria mollissima) have been shown to maximize their daily energetic gain
by resting during the times when the short-term rate of energy intake is greatest,
due to a combination of digestive and tidal constraints (Heath, Gilchrist &
Ydenberg 2010). Few studies have investigated temporal foraging patterns at the
individual level, so the extent to which individuals feed at different times remains
poorly understood. In addition, most empirical work on the timing of feeding in
birds has been conducted in captivity (Dall & Witter 1998; Polo & Bautista 2006);
field studies have generally focused on monitored temporal patterns in mass gain
due to the difficulty in making continuous observations of marked individuals
(MacLeod, Gosler & Cresswell 2005; Ratikainen & Wright 2013).

More recently, the development of radio frequency identification (RFID)
technology for the automated detection of uniquely identified animals at fixed
sites has enabled detailed monitoring of feeding behaviour at a larger scale than
was previously possible in the wild (Bonter & Bridge 2011). This automated data
collection has recently been used to model hourly patterns of visits to feeders in
four species of passerine bird (Bonter et al. 2013). The study demonstrated largely
constant feeding rates throughout the day in these species. However, these data
were not analysed at the individual level, and therefore it is not known whether all
individuals follow the same foraging strategy. Furthermore, it was not possible to

test whether intrinsic differences (such as age or sex) or differences in
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environmental conditions (such as competition or resource distribution)

influenced temporal feeding patterns.

In this study we investigate whether individuals exhibit different daily foraging
strategies. A recent study on great tits (Parus major) that has made use of this
RFID technology, suggests that individuals may indeed have alternative foraging
strategies in terms of how they manage the trade-off between starvation and
predation risk throughout the day (Quinn et al. 2012). In this study, ‘exploration
behaviour’, a commonly used measure of proactive-reactive personality axis, and
social dominance category (age and sex) together were shown to affect how
individuals prioritized productivity or survival at feeders where food quality and
perceived predation risk were manipulated. However, only one feeding metric was
measured in this study and was averaged over half-day time periods, meaning that
additional variation in foraging behaviour occurring over a small temporal scale

may have been overlooked.

This study aimed to quantify the individual variation in daily foraging routines of
a wild population of great tits and blue tits (Cyanistes caeruleus) and to
characterize patterns in the fine-scale timing of feeding. In the UK, these species
are resident throughout the winter, form mixed-species flocks that will readily
visit artificial feeders once natural food becomes scarce, and do not cache food
(Perrins 1979). In mixed-species tit groups, there are a number of intrinsic and
extrinsic factors that are likely to influence feeding routines. Social dominance
status (usually higher in great tits, males and adults compared to blue tits, females
and yearlings) can constrain access to food (Gosler & Carruthers 1999; De Laet
1984) and therefore the time spent monopolizing food sources (Cole & Quinn
2012). Furthermore, in great tits, the reactive-proactive personality axis has been
shown to relate to how individuals manage the trade-off between survival and
productivity, with proactive birds feeding more than reactive individuals when
predation risk is high (Quinn et al. 2012). Another factor likely to influence
feeding behaviour is the trade-off between time spent traveling to reach a food
source and time spent feeding. In the UK, tits have established their territories by
January (Kluijver 1951; Perrins 1979) and will roost in these territories
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throughout the winter (Hinde 1952). Winter food sources such as beechmast are
often highly clumped; therefore birds are likely to vary in their daily travel time

and subsequently in the time available to consume the food they require.

Here we used automated RFID data loggers at artificial feeders to monitor visits
by blue tits and great tits that had been individually tagged with passive integrated
transponder (PIT) tags. We used this individual-based visit data to describe daily
feeding routines and report findings on the consistency and flexibility of
behaviour at a fine temporal scale during midwinter over three consecutive years.
Moreover, we explored how foraging patterns varied both between and within
individuals. We demonstrated consistent individual differences in how tightly
birds clustered their feeder visits within a day and also in the number of times a
bird visited a feeder each day. We then tested whether these individual differences
could be predicted by the level of local competition experienced by a bird, various
intrinsic factors (age, sex, species and, ‘exploration behaviour’), and the distance
a bird travelled from its overnight roost site to reach the feeder. We predicted that
birds would be able to feed more efficiently (have more highly clustered visits)
and visit more often when local competition was low. Furthermore we expected
that dominant classes of birds (great tits, males and adults) and ‘proactive’
personality types would be more efficient feeders and visit the feeder more often
than subordinate classes (blue tits, females and juveniles) and ‘reactive’
personality types respectively. Finally, we predicted that birds travelling further
from their territory to a feeder would feed more efficiently and visit less often

than birds roosting close to the feeder due to the associated time constraints.

METHODS

Study population

The fieldwork for this study was carried out between September 2011 and March
2014 in 385-ha Wytham Woods (51°46'N, 1°20'W), a mixed woodland near
Oxford, UK (Savill et al. 2010). This study took place in the context of an
ongoing long-term population study of tits (McCleery et al. 2004). We identified
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breeding adults and their offspring at nest boxes during the spring and caught
immigrants to the population and birds not trapped while breeding with mist-nets
during autumn and winter. We fitted un-ringed individuals with a unique metal
British Trust for Ornithology (BTO) ring and a plastic ring containing a unique
passive integrated transponder (PIT) tag (IB Technology, Aylesbury, UK). We
also recorded biometric data, including age and sex. Age was determined by
plumage (born in the previous breeding season or before) or by year of ringing as
a chick; birds in their first year are termed juveniles and older birds adults. The
sex of adults was determined by the presence or absence of a brood patch during
the breeding season and by plumage during the non-breeding season (Svensson
1992).

The reactive-proactive personality axis was assayed in a subset of great tits, using
an open-field exploration behaviour test in captivity. Great tits were caught using
mist-nets during winter and taken, under licence from Natural England, to the
John Krebs Field Station, Oxford, UK. We housed the birds individually
overnight before running an 8-minute assay in a novel environment for each great
tit. All birds were released where they were caught within 24 hours of capture.
Details of the exploration behaviour assay and how exploration scores were

calculated are explained in detail elsewhere (Quinn et al. 2009).

Automated data logging

We set up 65 feeding stations across Wytham Woods, in a square grid formation
with sides of approximately 250m. To exclude squirrels and large birds, each
feeding station was housed in a 1m® heavy duty mesh cage on 1m legs. Mesh
spacing was 5cm. Each feeding station contained a two-hole feeder to dispense
whole black sunflower seeds ad libitum, with an RFID antenna in front of each
feeder hole that was connected to an automated data logger (Dorset ID, Aalten,
The Netherlands). The feeders had an automated opening mechanism so that they
could be scheduled to open at specific times. When the feeder was open, the two
antennae independently scanned for PIT-tags three times per second for the
duration of the recording session. When a PIT-tagged bird perched on an antenna

to retrieve a seed, the data logger recorded the unique PIT-tag code, antenna
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number, date, time, and feeder location. This study was part of a larger project
where the feeding stations were scheduled to open pre-dawn and close post-dusk
each Saturday and Sunday between September and February inclusive (except
those dates prior to December in the first winter when feeding stations opened one
day per week for logistical reasons). To reduce the effect of changes in day length,
for this study we only used the data collected over five consecutive weekends in
December and January, centred around the winter solstice (i.e. 21% or 22"

December).

Defining visits and bouts

We collected 3,980,339 raw data records from the feeding stations across the
study period. These records excluded a subset of date x site combinations
(indicated in Table S1 as N/A) that were involved in other experimental studies in
which the data collection protocol varied from that described above, or that were

incomplete due to technical issues.

Since the data loggers recorded up to three records per second and individuals
would often perch on a feeder’s antenna for more than 1/3 second, we used the
distribution of inter-record intervals to set the criteria by which we allocated
records to separate feeder visits. We calculated inter-record intervals per
individual great tit (GT) and blue tit (BT) which in combination formed a bimodal
distribution (Fig. S1a). The large peak of intervals occurring below two seconds
was attributed to multiple consecutive records when a bird remained perched on
an antenna; the broader peak of intervals, around 60 seconds, was ascribed to the
time necessary for a bird to take a seed from the feeder to a nearby perch, open
and consume the seed, and return for another seed. We calculated the minimum
point of the bimodal distribution between the two peaks (17 seconds) to use as a
threshold value in allocating raw data records to feeder visits. Thus we defined all
records of an individual bird within 17 seconds of another record of that same
individual to be part of the same visit. The visit time was then calculated as the
mid-point between the first and last record of that visit. The resulting inter-visit
intervals also followed a bimodal distribution (Fig. S1b), with a large peak around

1 minute and a much flatter peak around 15 minutes. Observations of birds at
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feeders suggest that birds cluster feeder visits into feeding bouts. We therefore
attribute the first peak to within-bout intervals and the second peak to inter-bout
intervals. The minimum point between these peaks occurred at 514 seconds and
this threshold value was used in a similar manner as above to allocate feeder visits

to feeding bouts.

Individuals used on average 2.4 different feeding stations within a winter season.
We excluded visits for individuals for the dates on which they moved between
feeding stations within the same day from our analyses. This affected 21% of
recorded visits and resulted in 3% of individuals being entirely excluded from
analyses. However, we did include these visits by within-day movers in the
measure of daily feeder traffic (local competition). Since inter-bout interval was
used as a parameter in the principal component analysis (PCA) described below,
we excluded visits for the dates on which individuals only visited a feeding station
in one bout. This resulted in 0.5% of visits being excluded and dropping 6% of
individuals from further analyses; again these visits did contribute to the daily
measure of feeder traffic.

Statistical analysis

We conducted all statistical analyses using R 3.1.1 (R Core Team 2014). To
describe the daily patterning of feeder visits in a PCA, we extracted six
parameters for each individual for each recording date: time (GMT) of first visit,
time (GMT) of last visit, number of feeding bouts, mean length of bouts, mean
inter-bout interval, and mean number of visits per bout. High values of PC1 were
characterized by highly clustered visits: more visits per feeding bout, fewer bouts,
longer bouts, and longer inter-bout intervals; low values of PC1 indicate more
spread out feeding patterns: more feeding bouts that are shorter, with smaller
intervals and fewer visits per bout (Fig. 1). This axis therefore captures the extent
to which individuals ‘binge-eat’ (high PC1) or ‘graze’ (low PC1). The timing of
visits by an example binge-eater and an example grazer are illustrated in Fig. 2. In
contrast, birds with high PC2 values arrived at feeders later in the day, stopped
feeding at them earlier in the day, had fewer feeding bouts, shorter bouts, and

fewer visits per bout. Low values of PC2 indicate that birds had many feeding
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bouts and visits spread over a longer day of feeder visits. PC2 therefore measures
an individual’s ‘transience’ at a feeding site. Since we have a direct measure of
the daily number of feeder visits which is highly correlated with PC2 (Figs S2¢ &

S2d), we consequently analysed the number of visits rather than transience (PC2).

0.6

04

time of first visit of day

02

mean‘inter-bout interval

02

Transience (PC2)
0.0

-04

number of bouts in/day mean visits per bout

. . mean bout length
L time of last visit of day

-0.6

0.6 04 -0.2 0.0 0.2 04 0.6

Binge-eating (PC1)

Fig. 1. Graphical representation of the degree to which different measures of the timing of
feeding of individual great tits and blue tits load onto the first two axes of a principal
component analysis. The length and direction of the arrows indicate the loading on the
principal component axes.

binge-eater U ] L it

grazer it fi i1 11 t [ Hit

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time of day

Fig. 2. lllustration of variation in timing of visits by two individual great tits at the same
feeder on the same day; each bird made an identical number of visits. Alternate feeding
bouts are shown in different shades. PClyinge-cater = 1.54; PClgrazer = -0.39.
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In order to test for consistent individual differences in the timing of feeding, we
estimated the repeatability of PC1 and daily number of visits per individual. We
used a generalized linear mixed-effect model (GLMM)-based method to calculate
repeatability (Dingemanse & Dochtermann 2013): the variance attributed to
individuals was taken as a proportion of the total recorded variance. We
calculated individual-level repeatability of PC1 and number of visits for each
species within each winter and fitted an additional GLMM for each species, to
estimate the individual repeatability of PC1 between years, using individual
yearly averages of PC1. We estimated a similar set of repeatabilities for the daily

number of visits by individuals.

To determine the effect of species, age, sex, distance to territory, personality and
competition on PC1, we fitted GLMMs, with individual identity, feeder location,
and recording date as random effects. We used the Kenward-Roger approximation
to calculate the approximate degrees of freedom, and along with the t-distribution,
calculated p-values for each fixed effect (Kenward & Roger 1997). We define
distance to territory (DTT) as the distance between the feeding station and the
location of the nestbox used in the subsequent spring breeding season. Birds that
did not breed within our population in the following spring were excluded from
the analysis (N=1468, 38% of recorded individuals of known age and sex). To
normalize the distribution, we took the logarithm of distance to territory. Since the
daily number of visits by an individual is negatively correlated with PC1 (GTs:
Pearson’s r=-0.32, df=11379, p<0.001 and BTs: Pearson’s r=-0.43, df=12992,
p<0.001; Figs S2a & S2b) we also added the number of visits as a fixed effect to
the GLMMs. We used feeder traffic, defined as the total number of visits by other
tagged birds (GTs and BTSs) at a feeding station in one day, as a daily measure of
competition experienced by each individual. We added two fixed effects of
competition to the GLMMs: the mean competition (MC) level experienced by
each individual within a winter season, and the deviation from the mean
competition (DC) experienced by each individual for each date that it was
recorded. This partitioned competition into between- and within-individual
components, allowing us to test the plasticity of individuals’ PC1 with changes in

local competition DC. We also modelled a random effect on the slope of DC per
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individual, so that different responses to changing competition could be accounted
for. To test how age and sex affected PC1 at different distances to territory, we
added interaction terms for age x DTT and sex x DTT. We fitted similar GLMMs
to determine the effect of species, age, sex, distance to territory and competition

on the daily number of feeder visits by individuals.

RESULTS

Characterizing foraging behaviour

We analysed a total of 933,086 feeder visits in 270,978 bouts by 1406 individual
great tits and 1728 blue tits across 65 feeding stations during five consecutive
weekends in the winters of 2011-2012, 2012-2013, and 2013-2014 (Table S2).
The mean daily number £ 1 SD of visits per individual was 34 + 15 and of bouts
per individual was 10 + 4.

The PCA on 6 daily feeding pattern parameters revealed that variation loaded
heavily on two components: PC1 and PC2 accounted for 38.0% and 27.1% of the
total variation respectively. Transience was highly correlated with the daily
number of feeder visits by individuals (GTs: Pearson’s r=-0.80, df=11349,
p<0.001 and BTs: Pearson’s r=-0.88, df=12992, p<0.001; Figs S2c & S2d). Since
we have a direct measure of the daily number of feeder visits, we present results

for the number of visits rather than for transience.

Individual consistency and state-dependent differences in
foraging patterns

Individuals showed significantly repeatability in the level of binge-eating (r
ranging from 0.42 to 0.55 within winters and from 0.47 to 0.55 between winters;
Fig. 3a) and the number of daily visits to feeders (r ranging from 0.45 to 0.60
within winters and from 0.47 to 0.51 between winters; Fig. 3b). Great tits binged
to a greater extent (Figs 4a & 4b; estimated mean GT PC1: 0.48, BT PC1: -0.16,
SE=0.04, t=17.53, P<0.001, n=24,345) and visited feeders more times per day
than blue tits (Figs 4c & 4d; estimated mean GT daily visits: 39.44, BT daily
visits: 29.96, SE=0.45, t=21.10, p<0.001, n=24,345).
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(a) Binge-eating (PC1)
20112012 | n=797 —-
20122013 | n=550 —-
20132014 | n=475 —

Multiple years n =449 —a—
20112012 | n=901 —A

2012-2013 n=721 —A—
2013-2014 n =538 —A

Multiple years n=571 —A—
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Repeatability (r)

(b) Daily visits
2011-2012 n=797 —a—
2012-2013 n =550 —-—
2013-2014 n =475 —a—

Multiple years n =449 —a—

2011-2012 n =901
2012-2013 n=721 —a
2013-2014 n =538 —Ah

Multiple years n=571 —A—
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Repeatability (r)

Fig. 3. Repeatability r + 95% CI of (a) binge-eating and (b) daily number of visits by
winter; great tits: green squares, blue tits: blue triangles. Estimates with confidence
intervals that do not cross the dotted line at r=0 are significantly repeatable at the a=0.05
level; n=number of individuals with at least two daily measures per winter.

Overall, individuals of both species with subsequent breeding territories further
from feeding stations binged more (Figs 4a & 4b) and visited feeders fewer times
per day (Figs 4c & 4d) than those with closer territories (see Tables 1 & 2 for

model estimates). The distance to territory also interacted with age and sex in
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predicting the level of binge-eating, in both species. With increasing distance to
territory, males increased binge-eating more than females and adults increased
binge-eating more than juveniles, i.e. adult males had the most positive slopes
with DTT and juvenile females had the least positive slopes with DTT (Figs 4a &
4b; see Table 1 for model estimates). Males visited feeders more per day than
females in both species and juveniles visited feeders more per day than adults in
great tits only (Figs 4c & 4d; see Table 2 for model estimates).
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Fig. 4. Mean level of binge-eating (PC1) + 1 SD for (a) great tits and (b) blue tits and
mean daily number of visits + 1 SD for (c) great tits and (d) blue tits with increasing
distance to subsequent breeding territory; data were binned into tenths by distance to
territory. Lines show fitted model effects for age and sex class.
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We had assayed exploration behaviour for 251 (18%) individual great tits that
were detected over the course of this study. This measure of behavioural variation
did not have a significant effect on the level of binge-eating (=0.03, SE=0.03,
t=1.18, P=0.24, df=460) or on the number of daily visits (f=-0.34, SE=0.26, t=-
1.31, p=0.19, df=115) when added to the respective models.

Effects of change in local competition on foraging
strategies

The extent of binge-eating by an individual was not predicted by the mean level of
competition experienced, but was predicted by the daily deviation from its mean
level of competition (Table 1): individuals binged less on days when feeders were
more busy than they normally experienced (Fig. 5a). Both the average
competition and deviation from average competition experienced predicted the
daily number of feeder visits by individuals (Table 2), with individuals making

more daily visits when feeders were busy (Fig. 5b).
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Fig. 5. Density plot of predicted change in (a) binge-eating and (b) daily visits with an
increase of 1 SD of competition for all individuals with observations on multiple days.
Competition is defined as the total number of visits by all other tagged individuals at
feeder over a day.
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DISCUSSION

In this study, we quantified individual variation in the foraging routines of a
population of great tits and blue tits and characterized the daily patterns of timing
of feeding. When investigated at a fine time-scale, pronounced variation in the
temporal clustering of feeder visits within a day was apparent along a binge-
eating—grazing axis (illustrated in Fig. 2), with consistent differences between
individuals both between and within years. Repeatability estimates in studies of
animal behaviour above 0.25 are generally considered moderately repeatable and
values above 0.5 highly repeatable (Dingemanse & Réale 2005; Bell, Hankison &
Laskowski 2009). We found individuals were repeatable in both the level of
binge-eating and the daily number of visits to feeders with r above 0.4 for all
within-year and between-year estimates. Moreover, individuals shifted their
foraging patterns with a change in local competition, binge-eating less and visiting

more when daily feeder traffic was greater.

The large scale use of automated RFID loggers and PIT-tags allowed the
production of an extensive data set on the timing of feeding in wild populations,
as has been done in a previous study on small passerines in winter (Bonter et al.
2013), showing similar overall hourly feeding patterns (Fig. S3). However,
analysis of the clustering of individuals’ visits over a day gave the potential for
the identification of more structure in feeding behaviour than previously
documented. An experiment that manipulated intraspecific competition in trout
demonstrated coarse temporal partitioning of feeding, when subordinate fish
shifted from nocturnal to more diurnal feeding with increasing intensity of
competition (Alanard, Burns & Metcalfe 2001). The results presented here also
suggest individual differences in temporal feeding patterns, but at a much finer
time-scale. Principal component analysis revealed that 65% of variation in the
timing of feeding was explained by two principal components, binge-eating and
transience (Fig. 1). The binge-eating axis quantified how clustered an individual’s

feeding was while transience related to the number of daily visits to a feeder.

Social dominance is likely to play a role in determining the timing of feeding in

this study system, since dominant individuals have been shown to have priority
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access to feeders over subordinates (De Laet 1985; Hegner 1985). This ability to
monopolize the use of feeders could allow a greater level of binge-eating in
dominants by reducing the time spent waiting between visits within the same
feeding bout. We showed that great tits, adults and males, which are the dominant
classes of bird in this system (Perrins 1979), binge-eat more than blue tits,
juveniles and females (age and sex were only significant in great tits), but only
when their territory was not in close proximity to the feeder. In the UK, both great
tits and blue tits are resident and tend to hold territories throughout the winter
(Kluijver 1951; Perrins 1979). There is some evidence that holding a territory near
to a feeding station increases social dominance (De Laet 1984; Oberski & Wilson
1991) and thus could allow more binge-eating. However, if the distance to
territory is great, then binge-eating may be the optimal strategy as it is likely to
reduce travel time and any other associated travel costs. Our results support the
latter explanation: birds with territories further from feeders binge-eat more than
birds with territories closer to feeding stations. We also found that a significant
interaction between age/sex class and distance to territory explained some of the
variation in foraging strategy: with greater distance to territory, males and adults
binge-eat more than females and juveniles to a greater extent (Figs 4a & 4b).
Since adult great tits tend to become territorial before juveniles in the non-
breeding season (Kluijver 1951), and are often returning to an existing territory
rather than establishing a new one, adults are likely to have stronger ties to their
territories during winter than juveniles. In addition, males are more territorial than
females (Hinde 1952; Perrins 1979; Gosler 1993) and so will tend to have
stronger ties to their territories. Birds with a strong link to their territory should
spend more time near their territory and we found that birds visiting feeders that
are further from their territories visit less often than those with closer territories
(Figs 4c & 4d).

Males of both species made more daily visits to feeders than the females of their
own species. Assuming a similar proportion of daily food intake from feeders and
natural sources for both sexes (Brittingham & Temple 1992), this is likely related
to the larger body size and energetic requirements of males (Broggi et al. 2007;

Bouwhuis, Sheldon & Verhulst 2011). However in great tits, males have beak
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structures which are better adapted to opening beechmast seeds quickly and have
a higher proportion of seeds to invertebrates in their diet (Gosler 1987), so this
might also contribute to males visiting seed feeders more than females. In great
tits but not blue tits, juveniles visited feeders more times per day than adults.
Since older birds tend to be more skilled at foraging, with more experience in
finding natural food sources (Enoksson 1988; Desrochers 1992), this could
indicate a greater reliance on artificial feeders by juveniles than by adults. In
addition, it has been shown in herring gulls (Larus argentatus) that young birds
are less efficient foragers, spending more energy per unit of food gained (Greig,
Coulson & Monaghan 1983). This could lead to young birds needing to consume
more food than adults. Another potential reason for juveniles requiring more food
could also be the decrease in basal metabolic rate (BMR) with age (Broggi et al.
2007, Moe et al. 2009); however, there is some evidence that this only affects
great tit populations with the highest BMRs, at very high latitudes (Broggi et al.
2010), so may not be a factor in this study.

Given the reported links between personality and foraging in great tits (Quinn et
al. 2012, Cole & Quinn 2012), we predicted that fast-exploring individuals would
prioritize productivity and growth over survival by binge-eating more than slow-
exploring individuals that would prioritize survival. However, we did not find a
significant relationship between either the clustering, or the daily number, of
feeder visits and exploration score. While the traits typically measured as
components of the proactive-reactive axis are correlated in most species, there are
some exceptions. For example, in the case of blue tits, exploration score and
neophobia are independent (Herborn et al. 2010). Therefore it is possible that a
different measure of personality could be linked to the foraging patterns described

in this study.

Individuals showed significant repeatability in both binge-eating and the daily
number of feeder visits across the study period — i.e. both within and between
years (Fig. 3). With values between 0.4 and 0.6, the repeatabilities of these
feeding patterns are high for behavioural measures. This was due both to

differences between individuals in mean feeding pattern and consistency within
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individuals across time. However, we also demonstrated individual flexibility in
foraging strategy with change in local competition: individuals binged less when
feeders were busier than they usually experienced (Fig. 5a). This suggests that a
binge-eating strategy may be the preferred strategy over grazing. In this study
system, birds face the risk of predation by sparrowhawks when exposed at feeders
(Newton 1986) and fly back and forth to nearby cover to process and consume
individual seeds. This might make binge-eating a safer strategy than grazing by
reducing the total daily time spent near feeders. Reducing the number of feeding
bouts by binge-eating to a greater extent could also make it a more efficient
strategy by reducing longer-distance travel, or ‘commuting’, costs and increasing

the amount of time available for rest and other behaviours.

To investigate the consequences of foraging patterns, it would be useful to test
whether foraging strategy has an effect on survival, recruitment to the breeding
population, or reproductive success in the future. Late winter measures of
foraging strategy would likely have a stronger effect on reproductive success than
the midwinter measures reported here. However, the number of visits to feeders
over the whole winter has no effect on these measures of fitness (Crates et al.
2016). Variation in the timing of feeding is also likely to be caused by differences
in physiological state and the environment so it will be important to investigate
the effects of condition, perceived predation risk, temperature and flock structure
in future studies. Individuals visited feeders more times per day on days when
sites were busy and local competition was high. This is likely due to
environmental conditions affecting the population; for example, low temperatures
increasing energetic requirements and low availability of natural food could both

lead to increased use of artificial feeders.

When animals forage in groups, as the birds in this study system often do, feeding
behaviour will have links with social behaviour. Thus, individual variation in
feeding patterns will have consequences for group structure and the processes that
are driven by social structure. For example, grazers are likely to have higher
encounter rates with other individuals than binge-eaters, suggesting that feeding

behaviour is important for the spread of information or disease. Different

44



Individual foraging strategies

probabilities of encounter will also have consequences for social processes such
as mate choice.

To conclude, this study identified, for the first time, consistent individual
differences in alternative foraging strategies that differ at a fine temporal scale.
The analyses presented here revealed considerable variation in the timing of
foraging behaviour, with over half of this variation explained by two principal
components. There were consistent differences between individuals in both the
temporal clustering of and daily number of feeder visits. In addition, individuals
reduced the temporal clustering of their visits as local competition increased.
These individual-level findings give a more complete description of the timing of
foraging in these species than previously reported. This level of detail will enable
the foraging dynamics of the population to be more accurately modelled in the
future, which may give rise to considerably different predictions than population-
level analyses. For example, it would be interesting to investigate whether
individual foraging strategies affect flock structure or pair bonds. Adaptive
variation in foraging strategies may have important implications for survival and
reproductive success; therefore future studies should also explore their fitness

consequences.
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Supplementary Figures
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Fig. S1. Histogram on a log scale of (a) inter-record intervals less than 514s and (b) inter-
visit intervals for great and blue tits, recorded over five consecutive midwinter weekends
from three consecutive years between December 2011 and January 2014.
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Fig. S2. Level of binge-eating (PC1) and number of visits at feeder per day for (a) great
tits and (b) blue tits; level of transience (PC2) and number of visits at feeder per day for
(c) great tits and (d) blue tits; one point per individual per date. Data cover five
consecutive midwinter weekends from three consecutive years between December 2011

and January 2014.
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Fig. S3. Mean + 1 SD individual hourly feeder visit rates of (a) great tits and (b) blue tits
recorded during five consecutive midwinter weekends from three consecutive years
between December 2011 and January 2014.
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Table S1. Number of visits recorded and analysed per site and date.

Site 10/12/11  11/12/11  17/12/11  18/12/11  24/12/11  25/12/11  31/12/11 01/01/12  07/01/12 08/01/12
1A 1650 1188 832 2200 2491 2373 1755 2127 862 1306
1B 1104 1094 815 1139 N/A N/A 500 991 151 206
1c 1850 1158 1310 2247 1622 1504 2195 1538 2230 1806
1D 595 349 742 826 1295 927 1004 799 1527 1048
1E 7 145 N/A N/A 176 102 87 N/A N/A 13
1F 39 16 137 86 N/A 163 15 166 288 236
1G N/A 357 180 381 271 628 314 532 127 88
1H 48 529 43 N/A 0 N/A 301 236 361 353
2A 0 0 N/A 3 N/A N/A 0 69 N/A 119
2B 2130 2526 2151 3477 3034 3250 3243 2467 3461 2893
2C 1943 2017 1642 1436 1435 1334 1598 1442 1753 1604
2D 244 337 223 622 1152 692 412 448 600 274
2E 1420 1668 719 1198 656 1659 1414 1596 2045 2142
2F 760 910 728 521 592 390 642 566 1102 818
2G 0 N/A 0 0 48 77 985 405 85 133
2H N/A 24 0 42 N/A 3 17 18 70 N/A
21 0 0 0 121 407 358 267 72 14 119
3A 70 28 87 119 0 126 N/A 91 0 N/A
3B 108 207 520 279 428 122 50 131 87 112
3C 7 34 276 44 N/A N/A N/A N/A 154 86
3D 45 286 385 295 407 331 623 333 208 202
3E 1122 17 461 427 1182 689 686 12 675 670
3F 928 1533 N/A N/A 1817 2216 378 1761 1202 419
3G N/A N/A 767 746 347 276 434 705 643 469
3H 389 89 1025 467 53 164 298 419 473 302
4A 794 941 286 480 980 1039 973 720 559 619
48 446 80 629 705 296 413 338 295 187 337
4C N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
4D 801 1676 474 727 2107 2077 N/A N/A 292 253
4E 71 N/A 37 48 N/A N/A N/A 111 5 N/A
4F 42 84 63 128 0 0 N/A N/A 11 163
4G 500 262 584 808 802 1181 768 931 914 721
4H 629 196 738 576 N/A 7 469 404 1453 1118
41 1872 1692 1529 1791 1512 1950 1207 2062 1942 1850
5A 99 92 0 N/A N/A 30 N/A 142 127 144
5B N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5C 620 673 1333 1742 1164 1706 1801 2061 1318 1715
5D 13 N/A 82 82 0 N/A 0 6 N/A 11
SE 370 340 896 877 1652 424 0 N/A 549 479
SF 367 11 192 273 N/A N/A 1290 957 187 341
5G N/A 213 26 29 406 522 310 176 434 147
5H 212 198 N/A 0 11 20 103 197 6 0
Ell 1199 2078 1382 1323 832 1121 1587 1902 1150 1956
6A 0 0 N/A 0 0 0 0 0 0 0
6B 0 0 3 N/A 24 48 0 0 42 124
6C 11 13 79 45 227 439 556 N/A 57 370
6D 0 0 N/A N/A N/A 0 0 N/A N/A 10
6E 109 32 N/A 3 N/A N/A 0 N/A 184 110
6F 1370 124 1420 1578 1610 1641 1891 1600 2476 1473
6G 149 423 11 309 898 953 1030 614 N/A 156
6H 182 27 10 138 381 150 287 356 N/A 172
6l 0 30 N/A 82 81 30 0 0 0 52
7A 1477 885 1190 1874 1126 729 330 1220 1424 1218
7B 1732 2157 1347 1744 1554 2109 1791 11 2460 2179
7C 1802 1455 1478 2195 1750 1666 N/A N/A N/A N/A
7D 9 251 275 613 863 1250 1090 1199 1601 1157
7E 304 1836 1281 1120 1391 1394 1117 898 1218 926
7F 671 773 15 636 715 652 117 636 799 581
7G 1595 2336 2075 1570 2296 2139 1549 1778 1731 1991
7H N/A N/A 1877 2350 1730 1070 1003 1321 2660 2205
8B 64 N/A 35 N/A 0 0 0 38 38 8
8C 1218 596 691 1573 1165 1045 834 973 1327 1064
8D 329 312 277 338 310 250 327 273 N/A 0
8E 784 140 674 2221 1865 1684 105 685 1051 796
8F 31 0 N/A N/A 0 0 40 48 110 278
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Table S1. Continued.

Site 08/12/12  09/12/12  15/12/12  16/12/12  22/12/12  23/12/12  29/12/12  30/12/12  05/01/13 06/01/13
1A 1804 1794 1422 1604 216 1374 862 1551 579 1113
1B 804 1106 1023 981 488 960 876 676 781 797
1c 1898 1723 1528 1756 344 883 1612 1594 1374 1352
1D 784 815 1125 1135 529 846 815 1058 821 844
1E N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
1F 99 125 66 159 N/A 53 132 114 N/A N/A
1G 1495 1454 1514 1071 689 1405 1029 1102 1143 1062
1H 141 393 N/A 13 0 N/A 120 173 118 80
2A 361 344 106 9 88 17 199 253 402 27
2B 1872 2353 2647 2459 1822 2155 2363 2723 2611 2074
2C 1785 1925 1598 1522 1780 1772 1713 1706 2184 1586
2D 340 213 403 466 51 446 686 380 256 194
2E 1837 1774 1920 N/A 867 1425 1940 1960 1906 1450
2F 309 695 632 485 303 612 704 643 764 343
2G 253 122 47 187 42 N/A 167 148 N/A N/A
2H 2 N/A N/A N/A N/A N/A N/A N/A N/A 4
21 94 54 94 N/A 36 44 N/A 43 38 65
3A 10 147 14 227 0 N/A 0 N/A 2 3
3B 224 134 40 178 180 143 180 20 6 N/A
3C 95 15 149 6 201 124 9 N/A 2 13
3D 335 214 192 192 0 66 254 209 125 177
3E 516 786 635 466 697 627 633 700 N/A N/A
3F 497 458 669 442 168 480 343 352 450 300
3G 696 369 223 362 270 416 395 587 401 324
3H 288 156 162 206 43 86 187 217 200 145
4A 273 444 332 276 238 106 418 478 234 272
48 707 657 610 760 552 855 622 864 538 720
4c 336 419 694 729 94 698 429 458 681 525
4D 377 441 222 299 153 127 158 221 229 188
4E 264 71 234 121 0 63 194 201 43 49
4F 604 447 362 371 242 397 401 549 83 481
4G 446 729 907 513 79 726 842 519 715 479
4H 97 93 298 78 48 105 189 173 111 76
41 1756 1623 N/A N/A 23 1256 1018 1315 1406 1347
5A 300 54 95 92 5 33 0 0 N/A 39
5B 1620 1646 1136 1458 611 1281 892 1364 N/A N/A
5C 432 664 611 381 5 227 0 700 0 593
5D 18 16 12 13 0 2 N/A 82 27 21
SE 150 N/A 200 92 0 164 16 126 218 197
SF 67 42 194 59 0 N/A N/A 0 0 0
5G 41 353 254 146 227 199 278 242 147 278
5H 372 18 150 184 120 26 43 319 N/A N/A
Ell 1004 1065 1608 1504 418 1522 1643 1685 1605 1742
6A 350 159 273 138 10 56 39 95 157 N/A
6B 125 28 N/A 145 0 N/A N/A 51 98 119
6C 199 615 287 263 125 455 549 316 530 539
6D N/A 49 107 82 0 71 0 45 N/A N/A
6E 187 136 N/A 85 0 0 41 107 94 106
6F 523 613 605 455 493 590 670 639 697 591
6G 593 411 817 405 364 32 145 242 N/A 131
6H 221 48 154 N/A 256 265 410 252 339 105
6l 91 469 205 270 167 270 177 160 176 102
7A 1567 1671 1287 1445 763 1268 890 1477 1078 1444
7B 1529 1560 1568 1222 528 1351 1319 1672 1412 1671
7C 2188 1964 1394 1469 908 1524 1334 1229 1438 1754
7D 442 546 868 562 273 295 215 593 409 343
7E 428 597 391 543 0 149 192 488 424 563
7F 298 166 420 255 322 100 221 127 159 101
7G 843 1371 1069 992 585 1080 939 1030 949 1118
7H 2052 1744 2078 1858 281 1070 186 1512 1867 1759
8B 149 N/A 192 176 N/A 21 0 149 0 55
8C 653 428 386 389 216 309 8 290 289 63
8D 635 477 608 614 522 423 291 557 437 523
8E 1487 1080 1466 1341 298 1307 737 1382 N/A N/A
8F 305 297 216 212 282 182 379 354 263 302
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Site 07/12/13  08/12/13  14/12/13  15/12/13  21/12/13  22/12/13  28/12/13  29/12/13  04/01/14 05/01/14
1A 349 653 753 723 500 962 1493 1522 1301 1312
1B 545 656 533 544 916 851 1161 1112 520 611
1c N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
1D 694 N/A 892 909 893 865 852 1208 581 539
1E N/A N/A 27 N/A 6 110 N/A N/A N/A 29
1F N/A N/A N/A 40 N/A N/A N/A 27 103 N/A
1G 122 501 339 197 224 704 440 471 124 687
1H 218 38 N/A 162 179 114 8 209 292 393
2A 190 48 169 N/A 28 4 107 74 N/A 52
2B 989 1173 1422 1614 2451 2134 1912 1740 1794 1934
2C 801 739 592 838 986 781 499 931 816 966
2D 29 N/A 359 276 N/A N/A N/A N/A 35 N/A
2E 1306 1302 N/A 837 885 827 1462 1539 1198 1557
2F N/A 11 136 N/A 100 N/A 101 920 77 242
2G 135 207 31 251 68 399 123 238 99 262
2H 14 15 12 N/A 20 98 8 8 N/A N/A
21 0 48 262 204 N/A 64 N/A 115 N/A 36
3A N/A N/A N/A N/A N/A N/A 34 53 0 58
3B 15 61 57 64 56 45 46 55 53 34
3C N/A N/A 0 19 N/A N/A 94 N/A 28 95
3D 204 78 283 N/A 311 279 253 158 370 169
3E 137 351 329 419 832 558 69 318 781 396
3F 304 302 262 493 172 894 520 415 891 720
3G N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
3H N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
4A 301 266 69 390 301 268 317 214 192 123
48 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
4c 381 383 576 255 N/A N/A 587 952 1340 1301
4D 256 191 591 315 N/A 423 376 398 317 943
4E 0 91 0 36 0 62 19 54 0 41
4F 119 96 98 7 14 66 49 100 80 142
4G 100 217 736 632 N/A 166 254 N/A 560 938
4H 163 47 N/A N/A 0 91 130 51 0 N/A
4l 650 1597 2228 1854 1904 2677 2565 2099 2131 2373
5A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5B N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5C N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5D N/A N/A 11 49 N/A N/A 56 197 80 67
SE 105 399 201 61 215 472 224 66 706 145
SF 108 137 297 75 160 202 201 204 N/A 224
5G 131 257 192 188 278 148 N/A N/A 337 235
5H N/A 6 N/A 71 0 N/A 302 302 N/A 191
Ell 749 1223 1790 1386 1703 609 1134 1152 1362 1212
6A N/A 4 35 163 151 143 445 308 109 316
6B N/A 33 21 7 62 165 76 108 139 93
6C 260 264 178 190 107 429 131 218 466 550
6D 0 7 15 N/A N/A 18 13 10 0 0
6E 63 34 N/A 0 0 N/A 29 30 0 24
6F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
6G 0 92 262 N/A 0 316 404 396 N/A N/A
6H N/A N/A N/A N/A 0 98 35 61 0 43
6l 10 82 N/A 11 N/A 54 24 166 N/A 43
7A 58 159 N/A 191 609 N/A 935 1242 334 1076
7B 1342 1135 1266 1238 932 1712 456 425 1288 1084
7C 1363 1413 1184 1453 875 1413 1319 1601 1260 1590
7D 48 19 623 511 N/A 548 415 655 28 171
7E 0 148 251 180 N/A 276 267 332 358 226
7F 110 95 N/A 82 274 238 192 N/A 49 N/A
7G 958 889 859 451 666 831 998 1117 1116 N/A
7H N/A N/A 1899 1639 846 1496 N/A N/A 1215 N/A
8B 14 110 89 N/A 16 36 151 54 N/A 16
8C N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
8D N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
8E N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
8F 180 127 191 147 109 163 180 180 165 144
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Table S2. Summary of the number of individuals, visits, and bouts.

Individuals: Individuals: Individuals:
First two Last two All three
Species Winter Individuals winters winters winters Visits Bouts
P. major 2011-2012 853 370 210343 52071
2012-2013 591 195 130 168270 43067
2013-2014 541 98723 25445
C. caeruleus 2011-2012 1012 417 188637 61260
2012-2013 827 313 166 166122 56962
2013-2014 626 100991 32173
total P. major 1406 477336 120583
total C. caeruleus 1728 455750 150395
grand total 3134 787 508 296 933086 270978

58



CHAPTER 3

Great tits and blue tits shift their daily
foraging routines with seasonal changes
In temperature and day length



Chapter 3

Great tits and blue tits shift their daily
foraging routines with seasonal changes
In temperature and day length

Nicole D. Milligan, Reinder Radersma, Ella F. Cole and Ben
C. Sheldon

1. Animals are faced with a wide range of conditions across seasons and
should shift their behaviour accordingly in order to maximize fitness. At
high latitudes, energetic requirements and day length vary greatly over the
course of the year, with strong effects on foraging behaviour. This is
particularly relevant during the winter when time and energy constraints
are likely to be operating. Previous studies on seasonal foraging patterns in
birds have focussed on population-level trends or individual fattening
strategies but little is known of how individuals vary in the way that they

adjust their behaviour with changing environmental conditions.

2. In this chapter | investigate how individual great tits (Parus major) and
blue tits (Cyanistes caeruleus) in a wild population shift their foraging
behaviour across the non-breeding season, using a grid of 65 automated
feeding stations coupled with RFID-detectors over three years. | explore
how the daily (i) fine-scale timing of visits, (ii) number of visits, and (iii)
arrival time at feeders change with environmental factors including
temperature, day length and time of year. | then explore how variation in
these behavioural measures is linked to key state differences (species, sex
and age).

3. Analysis of 4,024,990 feeder visits by 4,408 individuals revealed seasonal
differences in all three measures of feeding behaviour. Visits were more
clustered on short days while birds visited feeders more on cold and long
days. Birds arrived at feeders earlier relative to sunrise on short days. |
further tested whether dominance-linked attributes (species, sex, and age)

were associated with different seasonal changes in foraging pattern, since
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social dominance is expected to be linked to priority access at feeders in
these species.

4. Great tits increased the temporal clustering of feeder visits more on short
days than blue tits; great tits arrived at feeders later than blue tits early in
winter. Males of both species clustered their feeder visits more than
females early in winter and arrived later than females when days were
long. Juvenile great tits increased the number of daily visits on cold days
more than adults, whereas adult blue tits increased the number of daily

visits on cold days more than juveniles.

5. These dominance-related differences in seasonal feeding patterns were
small relative to the overall seasonal shift in foraging behaviours,
suggesting that dominance rank does not severely restrict the ability of
individuals to adjust their feeding behaviour across seasons. Overall, these
analyses shed light on the extent to which individuals vary their foraging
behaviour with an increase in daily time constraints and energy

requirements, with likely consequences for survival rates.

INTRODUCTION

Many animals live in seasonal environments and the fluctuating conditions that
result from these will impose different pressures on behaviour at different times.
Adjusting behaviour appropriately in a changing environment may be important
for an individual’s survival and reproductive prospects. Individuals are likely to
have different energy requirements due to differences in state, while social status
can restrict access to resources and so may also play a role in determining how
individuals behave over time (subordinate trout shift foraging behaviour to
become more diurnal when energetic requirements are increased while dominant
individuals remain nocturnal: Alandrd et al. 2001; manipulating energetic
demands on sparrows caused dominant individuals to change their use of
scrounging more than subordinates: Lendvai et al. 2006). In some species, the two

sexes exhibit different strategies for coping with seasonal food availability
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(sexually size-dimorphic grey seals use different spatial foraging strategies across
seasons: Breed et al. 2009). The adaptiveness of some foraging patterns is only
apparent when different timescales are investigated (foraging eider ducks respond
to the timing of both tidal currents and digestion to increase long-term energy gain
despite avoiding foraging at the most profitable foraging time window in the
short-term: Heath et al. 2010).

Many cases of seasonal foraging patterns have been documented in a wide range
of taxa, including mammals (seasonal predation patterns in wolves; Metz et al.
2012), fish (seasonal feeding rates in salmon; Amundsen et al. 1999), insects
(seasonal foraging activity in ants; Bernstein 1979) and birds (seasonal foraging
routines in geese; Cope 2003). Seasonal shifts in behaviour can be linked to
changes in the physical environment such as temperature (temperature-dependent
switch in timing of foraging in salmon; Fraser et al. 1993) and day length (effect
of photoperiod on winter fattening strategies of coal tits; Polo et al. 2007) which
often influence an individual’s energetic requirements and the time available to
forage. Food availability can also be very seasonal, leading to large shifts in
foraging behaviour (effect of manipulating food availability on activity patterns in
salmon: Orpwood et al. 2006; seasonal food availability causes mice to shift their
home feeding ranges: Schradin and Pillay 2006; fur seals alter foraging intensity
with seasonal changes in prey abundance: Boyd et al. 1994).

Individuals with different physiological requirements and behavioural limitations
may use alternative strategies to overcome these seasonal pressures since they are
likely to face different selection pressures. There is little existing work on fine-
timescale individual foraging patterns over a long timescale. Since so many
aspects of the environment change seasonally, most studies on foraging routines
have aimed to reduce their effects by recording behaviour in the controlled
conditions of captivity, or over a relatively short timescale in the wild. For
example, Dall and Witter (1998) investigated the effect of manipulating food
availability on daily routines in captive zebra finch; Brandt and Cresswell (2009)
studied the effects of temperature and predation risk on daily foraging routines in

rock finches, and Van der Veen (1999) manipulated perceived predation risk to
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test its effect on the daily foraging routines of yellowhammers. In wild
populations, Bonter et al. (2013) studied feeder visitation rates over two months in
midwinter in passerines, while Heath et al. (2010) studied diving routines of eider
ducks during one tidal cycle on one date. Previous studies on seasonal foraging
patterns have focussed on population-level behavioural trends (daily foraging
routines of unmarked geese: Cope 2003; seasonal feeding patterns in untagged
salmon: Blyth et al. 1999) or individual fattening strategies (daily pattern of
weight gain in marsh tits in response to supplemental feeding: Koivula et al. 1995;
Beck et al. 2003 recorded sex-specific patterns in seasonal weight gain in seals;
MacLeod et al. 2005 manipulated perceived predation risk and recorded the effect
on daily mass gain patterns of individual great tits). To gain a better understanding
of how individuals adapt their foraging behaviour seasonally, and to identify the
use of potential alternative strategies, many individuals should be monitored at a
fine temporal scale over a long period.

Passive integrated transponder (PIT) technology allows the automated collection
of feeder visit data from a large number of individuals simultaneously (Bonter et
al. 2011). In chapter 2, | demonstrated that individual great tits and blue tits differ
consistently in their daily foraging patterns in the short term, both in the temporal
clustering of foraging behaviour and in the number of feeder visits. In this
chapter, in order to investigate how individuals adapt to the changing seasonal
environment, | monitored feeder visits by the same population of great tits and
blue tits during the non-breeding season over three years. Here | investigate
seasonal trends in the daily clustering of feeder visits, number of visits, and arrival
time of individuals. Specifically: (i) whether there is a shift in foraging behaviour
related to the change in day length, average daytime temperature, or time of year
over the non-breeding season and (ii) whether there are species, age or sex

differences in these seasonal foraging patterns.
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METHODS

Study system and automated data collection

This study was conducted over three consecutive non-breeding seasons: from late
August 2011 to late February 2012 and from early September to early March in
2012-2013 and 2013-2014. Automated data loggers (see chapter 2 for more details
on equipment) were set up at 65 feeding stations across Wytham Woods,
positioned in a grid with approximately 250m spacing between sites. Each feeding
station supplied black sunflower seeds ad libitum when open. Great tits and blue
tits were tagged with metal BTO rings and unique passive integrated transponder
(PIT) tags (IB Technology), either at nest boxes during the spring breeding season
or at mist nets during autumn and winter. Age and sex were determined using
methods described in Svensson (1992). Feeding stations were programmed to
open at least one hour before sunrise and close at least one hour after sunset, two
days per week (Saturdays and Sundays), except before December 2011 when they
were set to open and record one day per week (Thursdays). When open, the two
radio frequency identification (RFID) antennae at each station scanned for PIT-
tags three times per second and an attached data logger recorded the PIT-tag code,
time and location whenever a tagged bird landed on an antenna to access seed.
Further details of the data logging process are given in chapter 2. To reduce the
effect of different schedules of feeder opening on foraging behaviour, only data
collected from December 2011 onwards were analysed for this chapter, i.e. whole-
weekend data. The remaining five days per week when no supplemental food was
provided should minimize the carry-over effects of supplemental feeding (Crates
et al. 2016). Data from a subset of date and site combinations were excluded from
the analyses for this chapter due to other experiments being conducted which
either altered the accessibility of food or provided supplemental food every day of

the week.

Seasonal environment

| tested three seasonally-changing factors for their effects on daily foraging
patterns. Firstly, day length was calculated as the time to the nearest minute
between sunrise and sunset, as reported for Oxford (timeanddate.com). The short
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days in midwinter will place additional time pressure on diurnal animals to
conduct their daily activities. Furthermore, the correspondingly long nights will
require more energy stores to be built up prior to roosting. Secondly, hourly dry
bulb temperature records taken at the Upper Seeds site near the centre of Wytham
(data provided by the Environmental Change Institute, Oxford, UK) were used to
calculate the mean daytime temperature per recording date. Only temperatures for
hours between sunrise and sunset inclusive were used in these calculations. Low
temperatures will increase the energy required to maintain body temperature,
especially when active, increasing energy constraints. Moreover, low
temperatures may also increase the difficulty of finding invertebrate prey (Avery
& Krebs 1984) and reduce territoriality in tits (Perrins 1979). Thirdly, the day of
year was defined as the number of days after the winter solstice. Thus, the day
before the winter solstice = -1, day of winter solstice = 0, day after winter solstice
=1, and so on. This variable may capture temporal variation at either end of the

winter, e.g. the ending of moult or approach to the breeding season.

Data handling and statistical analysis

All data were analysed using R 3.2.0 (R Core Team 2015). | used the bimodal
distribution of raw data record intervals and of inter-visit intervals of individual
birds to set thresholds for allocating (i) raw records to feeder visits and (ii) visits
to feeding bouts (Fig. 1). The threshold interval separating visits was 17 seconds
and separating feeding bouts was 514 seconds. Further details of data processing
are given in chapter 2.
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Fig. 1. Inter-record intervals of individual great tits and blue tits visiting feeders. Threshold
values for minimum inter-visit intervals and minimum inter-bout intervals shown in dark
blue.

A principal component analysis (PCA) was used to describe the temporal
clustering of visits by individuals within a day. Six parameters associated with the
timing of feeder visits and foraging bouts were calculated per individual per
recording day: time of first visit, time of last visit, number of bouts, mean length
of bout, mean inter-bout interval, and mean number of visits per bout. The first
principal component gave an axis of variation indicating the extent to which
individuals ‘binge-eat’ (high PC1) or ‘graze’ (low PCl), i.e. a measure of the
clustering of feeder visits within a day. More detailed information on this PCA
can be found in chapter 2. To check that the PCA was robust to seasonal change, |
ran a separate PCA for the dates in each quartile of day length and temperature.
The plots of PC1 against PC2 are very similar for each set of quartiles (Fig. S1),
supporting the use of PC1 derived from all of the data as a measure of binge-

eating across the study period.
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Generalized linear mixed-effect models (GLMMSs) were fitted to determine the
effects of day length, temperature and time of year on (i) the daily clustering of
feeder visits (PC1), (ii) the daily number of visits by individuals, and (iii) the daily
arrival time, relative to sunrise, of individuals at feeders. Individual ID, feeder
site, and date were included as random terms; species, age, sex, distance between
the feeder and the subsequent breeding territory, and a measure of local
competition (the daily total number of visits by all other tagged individuals at a
site) were included as fixed effects since they were all shown to have an effect on
daily foraging patterns in chapter 2. To normalize the distribution of distances, I
took the logarithm of distance to territory. | also added two fixed effect terms to
the models for competition: one for the mean competition experienced by an
individual and another for the deviation from its mean for each date. Winter year
was also included as a factor in predicting the daily number of visits since many
aspects of the environment will vary annually. For example, there was variation in
the amount of beechmast available in each winter (good crop produced in the first
and third years of this study, but not in the second) and tits tend to visits feeders
more in poor beechmast years (Perrins 1979). Since the daily number of visits by
an individual is correlated with the level of binge-eating (chapter 2), | added the
number of daily visits as a fixed effect to the model predicting clustering (PC1).
To investigate whether birds use alternative foraging strategies when adjusting to
seasonal change, | added interaction terms to the models for [species, age, or sex]
X [day length, average daytime temperature, or day of winter]. Akaike’s
information criterion (AIC) was used in model selection (Burnham & Anderson
2002). | then used the Kenward-Roger approximation to calculate approximate
degrees of freedom which, in combination with the t-distribution, | used to
calculate p-values for each fixed effect. Interaction terms with significant (<0.05)

p-values were kept in the models.
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RESULTS

A total of 14,321,739 raw data records were logged across the study period.
Individuals used an average of 3.1 different feeding stations within a winter. |
excluded visits by individuals for the dates on which they moved between feeding
stations within the same day from further analyses. This affected 21.6% of
recorded visits and resulted in 2.1% of individuals being entirely excluded from
analyses. However, these visits by within-day movers were included in the
measure of local competition. Since inter-bout interval was used as a parameter in
the PCA, | also excluded visits for the dates on which individuals only visited a
feeding station in one bout. This resulted in 0.5% of visits being excluded and
dropping 9.2% of individuals from further analyses; however, these visits also
contributed to the measure of local competition.

Once data filtering was complete and visits and bouts allocated for 1820 great tits
and 2588 blue tits, | analysed the 4,024,990 feeder visits made in 1,224,560
foraging bouts. A summary of the numbers of individuals, visits and bouts by
species and year is given in Table S1. The mean daily number + 1SD of visits per
individual was 35 + 15 and of bouts was 11 + 4. Having run the PCA on 6
parameters, the clustering of feeder visits within a day (PC1) explained 37% of
the total variation. Three GLMMs were fitted for each of the three dependent
variables (clustering, number of visits, and arrival time) — one model including
data from both species for between-species comparisons and additional models for

each species separately to make within-species comparisons.
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Temporal clustering of feeder visits within a day

Models predicting the level of binge-eating showed similar support for the factors
tested in chapter 2 (see Tables S2 and S3 for model estimates). There were also
significant interactions between day length and species (Table S2) and between
day of winter and sex (Table S3). Great tits binged more than blue tits but also
increased the level of binge-eating more than blue tits on shorter days (Fig. 3).
Males binged more than females early in the season and this difference decreased
over winter (Fig. S2). There was no difference in the behaviour of adults and

juveniles as day length changed.
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Fig. 3. Level of binge-eating (PC1) by individual great tits and blue tits on days of different
length. Points are mean + SE per date, corrected for the time of year, daily number of
visits, age, sex, distance to territory, and competition. Lines indicate the predicted level of
binge-eating.
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Daily number of visits at feeders

Results of the models predicting the daily number of feeder visits were also
consistent with those from chapter 2 (model estimates provided in Tables S4 and
S5). Great tits visited feeders approximately 10 times more per day than blue tits
while both species increased the number of visits to a similar extent as
temperature decreased (Fig. 4). In great tits, juveniles increased the number of
feeder visits more than adults with decreasing daytime temperatures while adult
blue tits increased their daily visit rates more than juvenile blue tits on cold days
(Fig. S3). In addition, there was an interaction between mean daytime temperature
and age (Table S5).
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Fig. 4. Daily number of feeder visits made by individual great tits and blue tits on days of
different average daytime temperature. Points are mean = SE per date, corrected for day
length, winter, age, sex, distance to territory, and competition. Lines indicate the
predicted number of visits per day.
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Arrival time at feeders relative to sunrise

Birds arrived at feeders earlier relative to sunrise when days were short (Fig. 5).
Blue tits tended to arrive at feeders earlier in the day than great tits in autumn but
this difference decreased over winter and was not apparent in late winter (Fig.
S4). The later arrival of birds on long days was more pronounced in males than in
females (Fig. S5). The distance between a feeding station and an individual’s
subsequent breeding territory was linked to the arrival time at feeders, with those
individuals, especially adults, with large distances to travel between territory and
feeder arriving later at feeders than those with nearby territories (see model
estimates in Tables S6 and S7).

—— (great tits
— blue tits

Corrected time of first visit relative to sunrise (hrs)
3

8 9 10 11 12 13

Day length (hours)

Fig. 5. Daily arrival time of individual great tits and blue tits on days of different length.
Points are mean + SE per date, corrected for time of year, temperature, age, sex,
distance to territory, and competition. Lines indicate the predicted arrival time at a feeder.
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Mean hourly visit rates of individual great tits and blue tits are shown for each
calendar month in Fig. S6. These visit rates peaked in December and January for
both species. The hourly number of individuals visiting feeders also increased
from autumn to winter, peaking slightly later in February (Fig. S7). The mean
level of binge-eating, daily number of visits, and arrival time relative to sunrise on
each recording date of the study period are illustrated in Fig. S8; the day length

and mean daytime temperature for the same dates are shown in Fig. S9.

A summary of general seasonal shifts, general dominance-related differences, and
specific dominance-related seasonal shifts in foraging behaviour are summarized
in Table 1.

72



Seasonal foraging patterns

sAep buoj uo
Safews) uey) Joje| aAlLe Sajew

SO|eWa} UBY) JoJe| SAILE SajeW

JojuIm Uj A1ea S5 uey) Jsilies enLe sig

S19 UeU} Joi|ies aALe S| g

sAep 1i0ys uo JaijJed dALLIE SpIg

HIys [euosess
pojejpl-aueUiLo]

pusy} pajejel

-90UBUILIOP [EJAUSD)

puasy
[BUOSEDS [RIAUID)

SB[ UBY) BI0W SI9P88) JISIA SB[BW

sAep pjoa uo sajiusAn/ uey) siow SySIA 8seaIOU] S| g JINpe

sAep pjod uo synpe uey) aIow S)ISIA 8SE8IUI S 5 BjlusAN[

S)INpe Uey} 810w S1apas) JISIA SajiusAN|

s1g UBY) 810W SI8PaB} JISIA S16)

YIys feuoseas
pajejal-aueUIwog

pusy) pajejal
-80UBUILIOP [eJ8UBS)

puaiy
sAep p|o2 uo 310w s13P33yY USIA SpIg [euOSEaS [eJaUdD
Jajuim uj Ajies shep poys uo HIYS [euoseas

sajeway uey) siow Jes-abuiq ssjew

(Ajuo s19 uy)
Sa[ewsy Uey) aJow jea-abuig sajew

sa|lusAN| uey) aow jes-abuig synpe

s g uey; siow Bujes-abuiq 9seaoul S 9

s1g uey) aiow jes-abuiq 19

sAep 110ys uo aiow je3-3suiq sp.ig

slews EE
Xag

EE

inpy
aby

menig B je819
sal0adg

pajejal-aueUiLIog

pusy) pejejel
-80UBUILIOP [eJBUBS)

puany
|eUOSESS [RJAUAD)

(asuuns
0} aAljejal)
13paay je

awy [eALLIy

S)ISIA JO
Jaquiny

(19d)
Bupea-abuig

amnaime napIa1-ani Pl

uioped

aInseaw
|einojreyag

"S)} 8Nn|q pue s 1eall Aq SuSIA Japas) ul sulened [euoseas pue [eiaual ay) Jo Arewwns ‘T a|qel

73



Chapter 3

DISCUSSION

In this chapter |1 have demonstrated that both great tits and blue tits exhibit
seasonality in their daily foraging patterns. All three daily measures of foraging
behaviour (the temporal clustering of feeder visits, number of visits, and arrival
time at feeder) of over 4000 individuals recorded at automated feeders shifted
during the autumn and winter study period over three consecutive years. Overall,
birds arrived at feeders earlier and binged more on short days (Figs 5 and 3)
whereas they visited feeders more often when it was cold (Fig. 4). In addition,
there were differences between individuals across a dominance-related attribute
(species, age or sex) in the seasonal shift of all three behavioural measures (Table
1). These alternative shifts in seasonal behaviour suggest that a change in climate,
either in a certain direction or in variability, will have an impact on how different

individuals in a population will be able to adapt their behaviour in the future.

Seasonal shifts in behaviour

| found two density-independent factors that affected the seasonality of foraging
behaviour: day length and temperature. There are likely to be multiple

mechanisms involved.

Energy requirements

Both day length and temperature are critical factors in determining the daily
energy requirements of a small diurnal bird in winter (Kendeigh 1949). When
days are short in midwinter, there is relatively little time to find enough food to
fuel the bird through the long night. Great tits can lose 10-15% of their body mass
overnight (Owen 1954). Also, birds require more energy to maintain body
temperature when the air temperature is low. My results show that birds are able
to shift their foraging behaviour to fulfil both of these demands, by binge-eating to
a greater extent on short days and visiting feeders more on cold days. Hourly visit
rates also peak in midwinter when days are short (Fig. S6). A manipulation of
feeding day length by Bednekoff and Krebs (1995) showed that great tits were
able to gain mass more on short days despite eating less, suggesting that they

reduced energy expenditure. Binge-eating is likely to be a more efficient foraging
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tactic than grazing since it allows more food to be consumed in a short period of
time, allowing more time for rest which could reduce overall daily energy

requirements.

Great tits at five study locations in the Netherlands emerged from their roosting
sites on average half an hour before sunrise during winter months (Kluijver 1950)
while in this study, with birds at a similar latitude to Kluijver’s study, I have
shown that they typically arrive at feeders at least 1 hour after sunrise in
midwinter (Fig. 5). This supports Kluijver’s statement that “in the early morning,
the birds do not in general seem hungry.” Great tits experiencing the very short
days of arctic winter, however, start feeding well before sunrise (Franz 1943).
Conditions in Wytham are less extreme, with a minimum day length of around 8
hours and a minimum average daytime temperature around -3°C during this study
(Fig. S9).

Food availability

Tits are omnivorous, being mainly insectivorous during spring and summer while
relying more on seeds in autumn and winter (Perrins 1979), with up to 70-90% of
the diet coming from plants in midwinter (Vel’ky et al. 2011; Van Balen 1980).
Invertebrate availability decreases with falling air temperature (Gibb 1960) and it
has been shown that great tits find invertebrates at a slower rate when
temperatures are lower (Avery and Krebs 1984). Tits visit artificial feeders more
when it is cold (Perrins 1979), which is supported by my results (Fig. 4). When
available, beechmast forms a large part of the natural diet of tits during winter and
the amount available has a direct effect on the annual survival of great tits
(Perdeck et al. 2000). However, beech trees only produce mast at most once every
other year and tend to synchronize with neighbouring trees (Perrins 1965; Perrins
1966). It follows that birds should also visit feeders more in years when there is
no beech crop. Over the course of this study, birds visited feeders more in the
second winter than in the first or third (Table S1). This coincided with an absent
beech crop in the second winter while there were heavy crops the year before and

after. However, our ability to infer a pattern is weak since N=3 years.
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Territoriality

After the breeding season and post-breeding moult, most adult tits resume
territorial behaviour; however, territory defence is weaker in cold weather and
often ceases in midwinter to allow more time for foraging (Perrins 1979). My
results suggest that the distance between an individual’s territory and a feeding
station affects the daily foraging pattern, with long commutes linked to more
binge-eating and later arrival, especially in adults. However, | did not detect any
seasonal shifts in feeding behaviour related to the distance to territory in addition
to the general seasonal shifts reported.

Local competition

| found that the level of local competition, a density-dependent factor, affected
daily foraging routines as shown in chapter 2. Although | have not explicitly
tested for seasonal shifts in behaviour related to competition levels, the number of
individuals recorded at feeding stations did vary month by month (Fig. S7).
Numbers were lowest in September and increased until they peaked in February.
Although some individuals die over the course of winter, the tagged population
density in Wytham can increase through the capture and tagging of immigrants
during the winter season and through the return of birds that left the woods after

the breeding season.

Alternative strategies

In addition to the overall seasonal trends in foraging behaviour, I found several
factors that were involved in the differential shift of foraging behaviour in
different individuals over time: species, age and sex. Again, these factors likely

affect foraging behaviour through multiple mechanisms.

Dominance

In this system, social dominance affects priority access at feeders, with great tits,
males and adults typically being dominant over blue tits, females and juveniles
respectively (Perrins 1979). In support of this, | have shown that individuals in the
dominant classes can apparently cluster their feeder visits more than subordinate

classes, which may be more important on short days when feeding time is more
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limited. Holding a territory close to a feeding station can also increase dominance
status (De Laet 1984) but my results suggest that the cost of long distance
commutes to feeders plays a stronger role in determining the level of binge-eating

than site-related dominance.

Social status can play a role when modelling the use of alternative foraging tactics
(producer versus scrounger in Barta and Giraldeau 1998), while it has been shown
in fish (by McLaughlin et al. 1999) that individuals with different levels of
aggression foraging under competition pressure use alternative foraging tactics.
Aggressive individuals use a combination of high and low feeding activity levels
while nonaggressive individuals use an intermediate level of feeding activity;

these are similar tactics to binge-eating and grazing.

Great tits, as the largest tit species in the UK, have the largest daily energy
requirements. In outdoor aviaries, great tits consumed on average 19.7 calories
daily while blue tits only 10.8 (Gibb 1957), giving the same energy requirement
per unit body mass. My results show that the average daily number of visits made
by great tits is around 40 and blue tits 29. Husked sunflower seeds weigh on
average 0.055g each and with a caloric content of 584 calories per 100g (USDA
National Nutrient Database for Standard Reference: http://ndb.nal.usda.gov/),
each seed contains approximately 0.32 calories. Assuming each feeder visit results
in one seed being consumed, great tits were gaining, on average, 65% of their
daily energy expenditure (DEE) from feeders while blue tits gained 86% of their
DEE.

With access to food most limited when competition is high and days short,
fighting for food is most common in midwinter and is mostly intraspecific (Gibb
1954). At feeders, dominant individuals can supplant subordinates, so that some
individuals lose much food due to fighting. In observations of unmarked
individuals, great tits were supplanted 5 times per hour while blue tits were
attacked more often at 15 times per hour (Gibb 1954); Sasvari (1988) also found
that blue tits were supplanted more often than great tits. Therefore it is likely in
this study that great tits were obtaining slightly less than 12.8 calories while blue

tits were consuming much less than 9.3 calories daily from feeders, so that the
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energy gained would be similar per unit body mass as described in a previous
study (Gibb 1957).

State/condition

As the breeding season approaches, individuals may have different needs. For
example, female great tits may need up to 45% more food to form their eggs
(Royama 1966). My results show that females binge-eat less than males but this
difference decreases towards the end of winter (Fig. S2).

Morphology

Great tits, with larger beaks than blue tits, are able to open seeds more efficiently.
This potentially reduces the handling time of each seed, the inter-visit interval,
and thus increases the level of binge-eating a bird is capable of achieving. When
days are short and the time available for feeding more limited, great tits do
increase the level of binge-eating more than blue tits (Fig. 3). Within great tits,
there are also beak shape differences between the sexes with males better adapted
to open seeds quickly (Gosler 1987) and males exhibit the highest levels of binge-
eating relative to females (Fig. S2a).

Body size affects the length of foraging day, with smaller species requiring
relatively more energy to maintain body temperature than larger species and thus
spending a greater proportion of the day feeding; in midwinter, great tits spend on
average 75% of the day feeding while blue tits spend 85% feeding (Gibb 1954).
My results show that, except in late winter, blue tits arrive at feeders earlier than
great tits. This difference in feeding day length means that species can
differentially allocate time to other activities; for example, great tits spend 6.4%
of their day resting or preening while blue tits only allocate 2.9% (Gibb 1954).
Therefore | suggest that binge-eating is a more efficient foraging tactic than

grazing, since it allows more time between bouts for other activities.

Conclusions and implications

The results presented in this study show that individuals, based on their species,
age and sex, adopt different seasonal foraging strategies to cope with changing

biotic and abiotic conditions. These alternative shifts in seasonal behaviour
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suggest that long term changes in environmental conditions, either in direction or
in variance, will affect how different individuals in a population will adapt their
behaviour in the future. It will be helpful to determine the survival and fitness
consequences of the alternative foraging routines, which could then clarify how
supplemental feeding affects individuals either beneficially or detrimentally and
then how it affects the population as a whole.

The effect sizes of dominance-related attributes in predicting seasonal shifts in
foraging behaviour were relatively small compared to the shift in behaviour
exhibited by the average individual. This suggests that dominance status is not a
strongly limiting factor in how individuals shift their foraging behaviour
seasonally. Competition with other individuals, however, is more likely to
constrain an individual’s ability to gain access to feeders; thus I will focus on the

effects of local competition in the following chapter.
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Fig. S7. Mean = SD hourly number of recorded great tits (green) and blue tits (blue) by
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Table S1. Summary of the number of individuals, visits, and bouts by species and winter.

Individuals:  Individuals:  Individuals:

First two Last two All three
Species Winter Individuals winters winters winters Visits Bouts
P. major 2011-2012 1,030 519 615,480 157,641
2012-2013 817 340 229 852,536 227,229
2013-2014 834 593,173 162,605
C. caeruleus 2011-2012 1,455 666 608,051 203,922
2012-2013 1,227 516 285 792,005 281,357
2013-2014 1,094 563,745 191,806
total P. major 1,820 2,061,189 547,475
total C. caeruleus 2,588 1,963,801 677,085
grand total 4,408 1,185 856 514 4,024,990 1,224,560
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Table S2. Linear mixed model on factors affecting the level of binge-eating (PC1) by
individual great tits and blue tits visiting feeders. 36,556 observations of both species.

Fixed effect Coefficient SE t P
day length -0.06 0.02 -3.91 <0.001
day of winter 0.00 0.00 -0.03 0.976
daily visits -0.51 0.01 -65.32 <0.001
species (GT) 1.49 0.09 17.13 <0.001
age (juvenile) -0.13 0.03 -5.10 <0.001
sex (male) 0.10 0.04 2.45 0.014
distance to territory 0.26 0.01 19.72 <0.001
average competition -0.02 0.02 -0.76 0.445
deviation from average competition -0.19 0.02 -10.99 <0.001
age (juvenile) * distance to territory -0.08 0.02 -4.70 <0.001
day of winter * sex (male) 0.00 0.00 -7.07 <0.001
day length * species (GT) -0.06 0.01 -7.69 <0.001
Random term Variance SD n
individual ID 0.54 0.73 1508
individual ID with random slope for competition deviation 0.14 0.37 1508
date 0.16 0.40 130
site 0.05 0.23 65
residual 0.98 0.99
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Table S3. Linear mixed models on factors affecting the level of binge-eating (PC1) by
individual great tits and blue tits visiting feeders; one model per species. 20,969
observations of great tits; 15,587 observations of blue tits.

great tits blue tits
Fixed effect Coefficient SE t P Coefficient SE t P
day length -0.14 0.02 -8.11 <0.001 -0.05 0.02 -2.96 0.003
day of winter 0.00 0.00 -0.55 0.579 0.00 0.00 1.41 0.159
daily visits -0.38 0.01 -35.53 <0.001 -0.67 0.01 -65.15 <0.001
age (juvenile) -0.24 0.04 -6.69 <0.001 -0.02 0.04 -0.53 0.598
sex (male) 0.18 0.06 3.00 0.003 0.04 0.05 0.73 0.463
distance to territory 0.27 0.02 14.18 <0.001 0.24 0.02 13.79 <0.001
average competition -0.04 0.03 -1.19 0.236 0.03 0.03 1.07 0.283
deviation from average competition -0.18 0.02 -8.04 <0.001 -0.19 0.02 -7.81 <0.001
age (juvenile) * distance to territory -0.09 0.02 -3.51 <0.001 -0.10 0.03 -3.67 <0.001
day of winter * sex (male) 0.00 0.00 -7.37 <0.001 0.00 0.00 -2.37 0.018
great tits blue tits
Random term Variance SD n Variance SD n
individual ID 0.61 0.78 765 0.41 0.64 743
individual ID with random slope for competition deviation 0.12 0.35 765 0.16 0.39 743
date 0.23 0.48 130 0.11 0.33 130
site 0.06 0.24 65 0.05 0.23 65
residual 1.13 1.06 0.72 0.85
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Table S4. Linear mixed model on factors affecting the daily number of feeder visits by
individual great tits and blue tits. 35,118 observations of both species.

Fixed effect Coefficient SE t P
average daytime temperature -0.47 0.07 -6.60 <0.001
winter (2nd) 5.25 0.90 5.81 <0.001
winter (3rd) 0.03 0.97 0.03 0.978
species (GT) 10.83 0.53 20.59 <0.001
age (juvenile) 2.74 0.33 8.28 <0.001
sex (male) 3.52 0.52 6.78 <0.001
distance to territory -3.37 0.14 -23.97 <0.001
average competition 6.66 0.31 21.38 <0.001
deviation from average competition 9.21 0.24 37.61 <0.001

Random term Variance SD n
individual ID 85.14 9.23 1507
individual ID with random slope for competition deviation 33.58 5.79 1507
date 19.79 4.45 126
site 10.55 3.25 65
residual 160.40 12.66
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Table S5. Linear mixed models on factors affecting the daily number of feeder visits by
individual great tits and blue tits; one model per species. 20,070 observations of great tits;
15,048 observations of blue tits.

great tits blue tits
Fixed effect Coefficient SE t P Coefficient SE t P
average daytime temperature -0.47 0.09 -5.05 <0.001 -0.71 0.10 -6.74 <0.001
day length 0.50 0.25 1.99 0.046 0.30 0.28 1.06 0.290
winter (2nd) 6.40 0.95 6.74 <0.001 3.07 1.11 2.76 0.006
winter (3rd) -1.40 1.02 -1.37 0.170 1.99 1.22 1.64 0.102
age (juvenile) 4.64 0.56 8.31 <0.001 0.35 0.70 0.50 0.615
sex (male) 2.89 0.65 4.42 <0.001 3.66 0.79 4.64 <0.001
distance to territory -3.04 0.18 -16.53 <0.001 -3.61 0.22 -16.33 <0.001
average competition 7.23 0.39 18.46 <0.001 5.88 0.48 12.20 <0.001
deviation from average competition 9.33 0.30 30.96 <0.001 8.78 0.38 23.07 <0.001
average daytime temperature * age (juvenile) -0.18 0.06 -2.88 0.004 0.25 0.08 3.10 0.002
great tits blue tits
Random term Variance SD n Variance SD n
individual ID 69.50 8.34 765 99.73 9.99 742
individual ID with random slope for competition deviation 25.86 5.08 765 39.79 6.31 742
date 21.57 4.64 126 22.04 4.69 126
site 10.85 3.29 65 13.76 3.71 65
residual 159.61 12.63 153.45 12.39
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Table S6. Linear mixed model on factors affecting the daily arrival time of individual great
tits and blue tits at feeders. 35,118 observations of both species.

Fixed effect Coefficient SE t P
day length 946.11 129.80 7.29 <0.001
day of winter 5.15 3.98 1.29 0.196
daily visits -3116.55 33.84 -92.10 <0.001
species (GT) 691.17 126.62 5.46 <0.001
age (juvenile) 131.05 94.77 1.38 0.167
sex (male) 300.19 121.59 2.47 0.014
distance to territory 1302.81 53.18 24.50 <0.001
average competition -129.46 92.29 -1.40 0.161
deviation from average competition -171.37 74.40 -2.30 0.021
age (juvenile) * distance to territory -529.10 73.55 -7.19 <0.001
day of winter * species (GT) -14.68 1.15 -12.80 <0.001
Random term Variance SD n
individual ID 3966332.10 1991.57 1507
individual ID with random slope for competition deviation 2139040.66 1462.55 1507
date 1431419.33 1196.42 126
site 3872691.96 1967.92 65
residual 18503663.82 4301.59
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Table S7. Linear mixed models on factors affecting the daily arrival time of individual
great tits and blue tits at feeders; one model per species. 20,070 observations of great

tits; 15,048 observations of blue tits.

great tits blue tits
Fixed effect Coefficient SE t P Coefficient SE t P
day length 802.09 140.94 5.69 <0.001 918.14 149.13 6.16 <0.001
day of winter -13.65 4.76 -2.87 0.004 7.88 4.88 1.61 0.107
average daytime temperature -96.83 60.52 -1.60 0.110 -78.62 61.94 -1.27 0.204
daily visits 662.40 234.19 2.83 0.005 995.05 313.05 3.18 0.001
age (juvenile) 196.93 115.65 1.70 0.089 -132.51 160.06 -0.83 0.408
sex (male) -784.35 428.50 -1.83 0.067 -1073.16 620.75 -1.73 0.084
distance to territory 1374.07 68.78 19.98 <0.001 1206.45 82.33 14.65 <0.001
average competition -98.08 111.26 -0.88 0.378 -143.12 144.36 -0.99 0.321
deviation from avg competition 106.30 88.52 1.20 0.230 -548.72 120.79 -4.54 <0.001
age (juvenile) * dist to territory -655.12 89.70 -7.30 <0.001 -171.05 124.89 -1.37 0.171
day length * daily visits -315.97 26.87 -11.76 <0.001 -329.64 34.86 -9.45 <0.001
avg daytime temp * daily visits -136.63 9.03 -15.12 <0.001 -156.61 12.20 -12.84 <0.001
day length * sex (male) 140.94 42.87 3.29 0.001 126.03 62.73 2.01 0.045
great tits blue tits

Random term Variance SD n Variance SD n
individual ID 3129523.02 1769.05 765 4731225.43 2175.14 742
individual ID with random slope for competition deviation 1584015.45 1258.58 765 2644437.57 1626.17 742
date 1572912.95 1254.16 126 1981142.98 1407.53 126
site 3678360.05 1917.91 65 3763051.79 1939.86 65
residual 16295775.67 4036.80 19822213.42 4452.21
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Chapter 4

Foraging in the face of competition: an
experimental manipulation of access to
food

Nicole D. Milligan, Reinder Radersma, Ella F. Cole and Ben
C. Sheldon

1. Foraging in groups can reduce the risk of predation for individuals. However,
competition will increase with group size, potentially limiting individual
foraging efficiency. Efficiency is usually quantified by feeding rates or net
food gained but, as shown in previous chapters, other measures such as the
timing of feeding within a day can explain a large amount of variation in
foraging patterns. Here we describe the relationship between competition
level, both natural and experimentally manipulated, and daily foraging
patterns of wild great tits (Parus major) and blue tits (Cyanistes caeruleus) at
feeders during the winter, and explore how these relationships vary with

dominance-related traits such as age, sex and species.

2. 65 automated feeding stations were set up in a grid across Wytham Woods,
recording visits by tagged individuals over three winters. Natural levels of
competition — the daily number of visits by other individuals at a given
feeder, termed ‘feeder traffic’, varied between sites and over time. In addition
to this background variation, we manipulated competition levels at four of the
feeding stations by introducing a second feeder. At these experimental sites,
feeders alternated between one and two feeders open each day. We predicted
that the constraint of interference competition would be greater in the one-
feeder treatment by limiting individuals’ levels of ‘binge-eating’ (temporal
clustering of feeder visits) and their daily visit rates, while also causing them
to spend a larger proportion of the day at feeders. We further predicted that
subordinate classes of individuals (i.e. blue tits, yearlings and females) would
be affected more negatively by an increase in competition. That is, with
increasing background level of competition (feeder traffic), subordinates
would binge-eat less, visit feeders less often and spend a larger proportion of

the day at feeders, relative to dominants.
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3. We found effects of both manipulated and natural levels of competition on all
three measures of foraging behaviour. An increase in manipulated
competition caused: (i) a decrease in binge-eating, (ii) an increase in the
proportion of day spent at feeders, and (iii) a reduction in daily visit rate, but
only when feeders were busy with background competition. With increasing
natural competition: (i) binge-eating increased in dominants relative to
subordinates, (ii) the proportion of day spent at feeders decreased, but only in

dominants, and (iii) overall daily visit rates increased.

4. Binge-eating more and spending a smaller proportion of the day at feeders
can lead to more time being available for other activities. Therefore we
conclude that maximizing binge-eating and minimizing the time spent at
feeders improved foraging efficiency. The behavioural responses to a
manipulation of feeder access suggest that interference competition can limit
the efficiency of feeding at busy sites. In addition, dominance status and
feeder traffic interact so that subordinate individuals are more susceptible to
the negative effects of local competition. Thus, the costs of group foraging
differ between individuals, with potential consequences for survival patterns

within the population and for community composition.

INTRODUCTION

Foraging to fulfil daily energy and nutrient requirements is essential for survival,
but so is the need to avoid predation. Since an increase in foraging rate tends to
increase the probability of being predated (Stephens et al. 2007), animals often
face a trade-off between acquiring food and maintaining safety (Lima & Dill
1990). For this reason, individuals of many species forage in groups. Group
formation has many benefits, including increased probability of predator
detection, sharing of vigilance, food-finding efficiency, spread of information, and
mate choice (Krause & Ruxton 2002; Clark & Mangel 1986; Pulliam 1973;
Cresswell 1994). However, grouping also incurs costs, through increased
competition, aggression, spread of disease, or as a larger target for predators

(Krause & Ruxton 2002; Cresswell 1997). Interference competition is the
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depression of feeding rates resulting from the proximity or behaviour of other
individuals (Krause & Ruxton 2002, Sutherland 1996; Goss-Custard 1980).
Typically, when feeding on limited resources, the larger the group, the greater the
competition (Barton et al. 1996; Ekman & Rosander 1987; Clark & Mangel
1986). However, there may also be inequalities between individuals in
competitive ability. Social dominance is often a strong determinant of foraging
success, with dominants tending to feed at higher rates than subordinates
(Metcalfe 1986; Baker et al. 1981; Ekman & Askenmo 1984; Kotrschal et al.
1993; Vervaecke et al. 1999). In some cases, competitive inequalities can also be
due to individuals trading-off the costs and benefits of competitiveness in
different ways with alternative behavioural strategies. In great tits (Parus major),
for example, good competitors were bad problem-solvers, while individuals with
low competitive ability were better problem solvers (Cole & Quinn 2012).
Furthermore, individuals may handle the trade-off between resource acquisition
and safety differently. For instance, proactive individuals tend to prioritize
productivity while reactive individuals prioritize survival (Biro & Stamps 2008;
Quinn et al. 2012). Thus, the consequences of competition will vary among

individuals.

In some species, individuals reduce the risk of predation by taking food to the
safety of nearby cover for consumption, especially when the perceived risk is
high. For instance, chickadees (Parus atricapillus) were more likely to carry food
to safety after a model sparrowhawk flew by (Lima 1985). Individuals can also
minimize the time they spend exposed to predators, an example being the
reduction of foraging day length in juncos under higher risk of predation (Junco
hyemalis; Lima 1988) or great tits (Krams 2000). Density dependence will play a
role in how competition affects foraging behaviour, along with the state of an
individual, such as its hunger level or social rank (Kotrschal et al. 1993; Dill &
Fraser 1984; McNamara & Houston 1990). Mass-dependent costs, anti-predation
behaviour, and group size can also influence the safety-feeding trade-off
(Stephens et al. 2007). Under high competition, individuals can partition
resources by segregating across habitats, food types, methods of food acquisition,

or time (Schoener 1974, Ziv et al. 1993). For example, brown trout (Salmo trutta)
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separate temporally under high competition, with subordinates shifting to forage
at more dangerous times of day (Alanara et al. 2001).

The temporal scales at which behaviours are evaluated are key in making
conclusions about optimality, as demonstrated in foraging eiders (Somateria
mollissima) which trade-off the different timescales of tidal and digestive
constraints (Heath et al. 2010). It is also important to quantify appropriate
measures, or currencies, of behaviour in order to determine efficiency (Houston &
McNamara 2014). In previous studies, currencies have included rate
maximization (Schmid-Hempel et al. 1985; Cuthill et al. 1990) and energy-
expenditure minimization (Charlton & Houston 2010). When the risk of predation
whilst foraging is high, safety-maximization may also play a role in what is
optimal (Gilliam & Fraser 1987; Kotler et al. 2002). Group foraging confers
advantages to individual members in foraging and safety. However, variation in
feeding efficiency between individuals tends to reduce survival and reproduction
in subordinates which, through interference competition, typically face higher
risks of starvation and predation than dominants (Rutten et al. 2010). Foraging
decisions made by individuals will have implications for group size and

composition (Sutherland 1996).

Of the investigations on interference competition in the wild, few studies have
manipulated the number of competitors, with most relying on natural variation in
competitor density and/or manipulating resource density (e.g. Cresswell 1998,
Dolman 1995; Kotrschal et al. 1993). An exception is a study on oystercatchers
(Haematopus ostralegus) that manipulated competitor density in the wild,
demonstrating interference competition (Rutten et al. 2010). As shown in previous
chapters, the temporal clustering of feeder visits explains a considerable
proportion of the individual variation in daily foraging routines in both great tits
(Parus major) and blue tits (Cyanistes caeruleus). Additionally, the level of
‘binge-eating’ (the extent of temporal clustering of feeder visits within a day) by
individuals varied with a measure of competitor density. Here, we combine
natural levels of competitor density (‘feeder traffic’, defined as the total number

of visits by non-focal individuals at a given feeder on a given day) with a
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manipulation of access to food at supplemental feeders to test the effects of
interference competition on foraging behaviour in great tits and blue tits. We also
investigate whether dominance-related factors such as species, age and sex class
influence the relationship with competition. We use three measures of foraging
behaviour: the level of binge-eating, the daily number of feeder visits, and the
proportion of daytime spent at feeders.

We predicted that, at high feeder traffic, experimentally reducing the effect of
interference competition by increasing access to food would (i) allow a greater
level of binge-eating, (ii) allow more daily feeder visits per individual, and (iii)
decrease the proportion of day spent at feeders. In addition, we expected dominant
classes of individual (great tits, adults or males) to feed more efficiently (i.e.
binge-eat more and spend a smaller proportion of day visiting feeders) than
subordinate classes (blue tits, juveniles or females) with increasing competition.

That is, subordinates should be more susceptible to interference competition.

METHODS

Study system and automated data collection

Fieldwork was conducted in a 385-ha mixed woodland, Wytham Woods
(51°46'N, 1°20'W; Savill et al. 2010) in Oxfordshire, between 2011 and 2014.
This study took place in the context of an ongoing long-term population study of
tits (Perrins 1979; McCleery et al. 2004). Great tits (GTs) and blue tits (BTs) were
caught and marked either at nest boxes during the spring breeding season or with
mist nets at artificial feeders throughout the woodland during the non-breeding
season. Each individual was marked with a metal British Trust for Ornithology
(BTO) ring and a plastic passive integrated transponder (PIT) tag (1B Technology,
Aylesbury, UK). Biometric data were recorded, with age and sex determined by
plumage (Svensson 1992) and, during the breeding season, by the presence or
absence of a brood patch. Great tits are typically dominant over blue tits and,

within-species, males over females and adults over juveniles (Perrins 1979).
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65 feeding stations were set up in a grid with 250m spacing. Each station
contained an artificial bird feeder with two seed access points. A radio-frequency
identification (RFID) antenna was positioned in front of each access point so that
a tagged bird landing on it would be detected. Both antennae were connected to an
automated data logger (Dorset ID, Aalten, The Netherlands) which recorded the
ID, time and location up to 3 times per second whenever the feeder was open and
a PIT-tag was detected. Feeders supplied black sunflower seeds ad libitum when
open. Equipment at each site was housed in a 1m® heavy duty mesh cage 1m

above ground to exclude squirrels and large birds; mesh spacing was 5cm.

The feeding stations were programmed to open access to seed pre-dawn and close
post-dusk every Saturday and Sunday” from September to February inclusive in
2011-2012, 2012-2013 and 2013-2014. This work was undertaken as part of a
larger project investigating the social ecology of tits (Aplin et al. 2015, Farine et
al. 2015). In order to minimize the effect of change in day length on feeding
behaviour, for this study we restrict analysis to the five weekends surrounding the
winter solstice in December and early January of each of the three winters.

Experimental protocol

Four of the 65 logger sites were selected as experimental sites. They were spaced
evenly across Wytham Woods (approximately 1km apart; map in Fig. S2) and
attracted different numbers of birds, spanning a large part of the observed range of
feeder traffic (Fig. S3a). In order to manipulate access to food, a second feeder-
logger-cage unit was introduced at each of the four sites, 1m from the original unit
(layout in Fig. S1). For each day of experimental data collection, either one feeder
or both feeders were programmed to open at each site. Experimental data were
collected over three consecutive days midweek over eight weeks from December
2013 to February 2014 (24 days, totalling 96 days’ worth of data across the 4
locations), alternating between the one-feeder and two-feeder treatments (see
Table S13 for the experimental schedule — the same for all four sites). One feeder

at each experimental site was programmed to open, as usual, at the weekends and

“ Except prior to December 2011, when feeding stations were programmed to open on Thursdays
only.
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the particular feeder that opened alternated every two weeks. This schedule
maintained the winter weekend observational protocol and allowed one ‘closed’
day between weekends and experimental days, thus preventing continuous food

supplementation.

Data handling and statistical analysis

In the raw data, the inter-record intervals of individuals formed a tri-modal
distribution, corresponding to within-visit intervals, within-bout intervals, and
between-bout intervals. A foraging bout is a temporal cluster of feeder visits. We
used the two troughs in the distribution to determine the thresholds with which to
allocate consecutive records of an individual to the same visit (records less than
17s apart), to the same bout (visits up to 514s apart) or to different bouts (visits
greater than 514s apart). Data for individuals that were recorded at more than one
feeding station within a day were excluded from analyses for that date. This did
not affect the experimental dataset (where feeding stations were 1km apart) and
only 15 individuals moved between experimental feeding stations over the course
of the 8-week food access manipulation. More details of record allocation and
data filtering are given in chapter 2. Within-day movers were excluded from
analyses as focal individuals, but still counted towards the measures of feeder

traffic and group size which are described below.

The number of visits recorded at a feeding station in a day was highly correlated
with the number of individuals recorded there on that day (Fig. S3a; Pearson’s
r=0.92, df=1459, p<0.001) and also strongly predicted a measure of mean group
size (Figs S5 & S6; model estimates in Tables S8 & S4). We used a sliding-
window method to quantify group size, i.e. the number of other individuals
present when a focal individual visits a feeder. To achieve this we calculated the
number of unique individuals (of either species) that visited the same feeder
within 514s before or after the focal individual’s visit, for every visit. Daily mean
group size was then calculated for each individual. Of the three measures we
chose to use the total number of visits as a daily measure of local competition,
since individuals and flocks may vary considerably in number over a day. We

define the term feeder traffic as the number of visits recorded of both great tits
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and blue tits at a feeding station in one day. Thus, the feeder traffic experienced
by a focal individual is the feeding station’s daily total visits minus the focal

individual’s daily total visits.

In order to investigate how competition affects feeding behaviour, we quantified
three aspects of foraging. Firstly, as described in Chapter 2, we ran a principal
component analysis (PCA) on six measures of the daily timing of feeder visits to
characterize the temporal pattern of foraging behaviour. The first principal
component, PC1, captures the extent to which individuals cluster their feeder
visits into foraging bouts. This axis of variation covers a spectrum, with binge-
eaters at one end exhibiting highly clustered visits and grazers at the other end
with periodic visits throughout the day. Secondly we summed the total number of
feeder visits by each individual per day. Thirdly we calculated the proportion of
daytime spent at feeders. For this purpose we define daytime as the length of time
between sunrise and sunset, and the time spent at feeders as the daily sum of an
individual’s bout lengths. The length of a bout is the sum of the inter-visit
intervals of the constituent visits plus 513s. The addition of 513s prevents one-
visit bouts from having zero length but does not cause consecutive bouts to

overlap in time.

Feeder traffic data were square-root-transformed to normalize the distribution.
This measure of local competition was also split into two factors: between-
individual variation (the mean feeder traffic experienced by an individual across a
winter) and within-individual variation (the daily deviation in feeder traffic
experienced from the individual’s winter mean). This accounts for individuals
being unevenly sampled across recording dates and competition levels (i.e. feeder
traffic) and also enables the use of mixed models which fit random slopes for

individuals.

We fitted generalized linear mixed-effect models (GLMMs) to test the effect of
local competition on feeding patterns, with separate terms for mean feeder traffic
experienced and daily deviation. Individual ID, site and date were included as
random effects, with a random slope within individual for deviation from mean

feeder traffic experienced. Models were fitted to both the 4-site experimental

111



Chapter 4

dataset and 65-site observational dataset. Three types were fitted: (i) for each
species under experimental conditions (N=4 sites), (ii) for each species in the
observational dataset (N=65 sites), and (iii) for both species in the observational
dataset (to compare species). Site was not included as a random effect in the
experimental models due to low sample size. Treatment (one feeder or two
feeders open) was added as a categorical fixed effect to experimental models,
along with an interaction term between treatment and mean feeder traffic
experienced. Species or age (first year or adult) and sex class were added as
categorical fixed effects to type (ii) and type (iii) models, along with an
interaction term between the category and mean feeder traffic experienced. (Age
and sex interactions were not added to experimental models due to limited sample
size.) A list of a priori models was compiled for each of the three behavioural
measures (binge-eating, daily visits and proportion of day) for each dataset type.
Initial data exploration and the results of previous chapters were used to list
additional variables likely to affect each behavioural measure. Akaike’s
information criterion (AIC) was used in model selection (Burnham & Anderson
2002). We used the Kenward-Roger approximation to calculate approximate
degrees of freedom, and along with the t-distribution, calculated p-values for each
fixed effect (Kenward & Roger 1997). When there is a significant covariate
interaction term (e.g. between treatment and feeder traffic), it is inappropriate to
immediately conclude that the factor has an effect over the entire range of the
continuous variable (Engqvist 2005); here the continuous variable acts as a
moderator on the predictor factor. The Johnson-Neyman procedure for
determining regions of significance can estimate the values of the continuous
variable for which the factor has a significant effect (Johnson & Neyman 1936;
Huitema 1980). Model tables, including Johnson-Neyman regions of significance
where appropriate, are given in the appendix for types (i) Tables S1-S3, (ii)
Tables S5-S7, and (iii) Tables S9-S11. All statistical analyses were conducted
using R 3.2.0 (R Core Team 2015).
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RESULTS

Over 24 experimental dates (3 days in each of 8 weeks), 184 individual great tits
and 267 individual blue tits were recorded across four experimental sites; the daily
total number of individuals at a site ranged between 27 and 112. The mean + 1SD
daily number of visits per individual was 34.6+14.7 and there was no significant
difference in this measure between the one-feeder and two-feeder treatments
(Welch’s two-sample t-test: tgss=-1.43, p=0.154).

Over 30 observational dates (5 midwinter weekends in each of 3 winters), 1296
individual great tits and 916 individual blue tits were recorded across 65 sites
(including the four experimental sites); the daily total number of individuals (of
both species) at a site ranged between 0 and 108. The mean + 1SD daily number
of visits per individual was 35.6+£15.0. There was no significant difference in the
number of daily visits per individual across the four experimental sites between
the experimental dataset and the observational dataset (Welch’s two-sample t-test:
t181)=0.83, p=0.405). Summaries of the experimental and observational datasets

are given in Table S12.

Daily feeder traffic at a site was positively correlated with the number of unique
individuals recorded at that site on that date (Fig. S3; experimental dataset:
r=0.89, df=94, p<0.001). The proportion of daytime spent at feeders was
negatively correlated with the level of binge-eating in both species in the
observational dataset (Fig. S4; GTs: Pearson’s r=-0.66, df=1294, p<0.001; BTs:
r=-0.78, df=914, p<0.001) and in the experimental dataset (GTs: Pearson’s r=-
0.51, df=182, p<0.001; BTs: r=-0.71, df=265, p<0.001).

The effects of manipulating access to food are summarized in Table 1, along with

the relationship of each dependent variable with daily feeder traffic.
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Table 1. Summary of relationships between individual feeding behaviours and levels of
interference competition (both experimentally manipulated and background levels)

Behavioural Effect of manipulation Effect of (increasing)  Dominance-related effect of
measure (increased interference)  natural competition (increasing) natural competition
(experimental dataset) (observational dataset)  (observational dataset)

no change in GTs; decreases in
BTs

Binge-eating decreases (only in GTs GTs: decreases more in juveniles &

(PC1) at high feeder traffic) females than in adults & males
BTs: greater in adults (only at low
feeder traffic)

Daily number decreases (only in BTs

of \Iliysit: at high feeéer t}rla:fﬁc) increases increases more in GTs than in BTs

Proportion of
day at feeder

increases (only at high
feeder traffic)

decreases in GTs; increases in BTs

decreases in males; no change in
females

KEY:

supports experimental constraint of competition hypothesis

dominants better off than subordinates at high feeder traffic

dominants better off than subordinates

dominants better off than subordinates at low feeder traffic
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Within-day visit clustering

Experimental data
Great tits binged more (high values of PC1) when there were two feeders open
than when one feeder was open, above a mean daily feeder traffic threshold of
3343 daily feeder visits by other individuals; however, there was no significant
relationship between PC1 and experimental treatment in blue tits (Fig. 1; model
estimates in Table S1).

ns. ; ki treatment

=== one feeder === one feeder
(a) T ® — - two feeders (b) ® — - two feeders ‘jx

b

T gl
...... T g

1000 2000 3000 4000 1000 2000 3000 4000
Mean daily feeder traffic experienced Mean daily feeder traffic experienced

Corrected level of binge-eating (PC1)
Corrected level of binge-eating (PC1)

Fig. 1. Level of binge-eating (PC1; corrected for age and daily number of visits) by mean
daily feeder traffic experienced in (a) great tits and (b) blue tits under a one- or two-feeder
treatment. Points show means + 1 SD, with data binned into tenths. Dotted lines indicate
the model prediction of the relationship for each experimental treatment (either one
feeder open or two feeders open at a feeding station). The vertical bar delineates the
Johnson-Neyman region of significance for the treatment x traffic interaction.

Observational data
Great tits binged more than blue tits and this difference increased with mean

feeder traffic experienced (Fig. 2a; model estimates in Table S9).

In great tits, above a traffic threshold of 777, adults binged more than juveniles;
above at threshold of 770, males binged more than females (Fig. 2b; model
estimates in Table S5a). In blue tits, adults binged more than juveniles, but only
below a traffic threshold of 1270 (Fig. 2c; model estimates in Table S5b).
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Fig. 2. Level of binge-eating (PC1) by mean daily feeder traffic experienced in (a) great
tits and blue tits, (b) great tits and (c) blue tits; species or age-sex classes are plotted
separately. Points show means + 1 SD, with data binned into tenths (species) or sixths
(age-sex). Lines indicate the model prediction of the relationship for each species or age-
sex class. Vertical bars delineate Johnson-Neyman regions of significance for class x
traffic interactions.
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Daily visits

Experimental data

Blue tits visited feeders more times per day when there were two feeders open
than when one feeder was open, above a mean daily feeder traffic threshold of
2474 daily feeder visits by other individuals; however, there was no significant
relationship between daily visits and experimental treatment in great tits (Fig. 3;

model estimates in Table S2).
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Fig. 3. Daily number of feeder visits by mean daily feeder traffic experienced in (a) great
tits and (b) blue tits under a one- or two-feeder treatment. Points show means + 1 SD,
with data binned into tenths; data were corrected for age in both species and also for day
length in great tits. Dotted lines indicate the model prediction of the relationship for each
experimental treatment (either one feeder open or two feeders open at a feeding station).
The vertical bar delineates the Johnson-Neyman region of significance for the treatment x
traffic interaction.

Observational data

Great tits visited feeders more times per day than blue tits and this difference
increased with mean feeder traffic experienced, with both species visiting more
with increasing feeder traffic (Fig. 4a; model estimates in Table S10). In great tits,
juveniles visited more often than adults and, below a traffic threshold of 1856,
males visited more often than females (Fig. 4b; model estimates in Table S6a). In
blue tits, below a traffic threshold of 2457, males visited more often than females

(Fig. 4c; model estimates in Table S6b). In addition, juveniles visited more than
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adults at low feeder traffic (fewer than 492 feeder visits by other individuals) but
less than adults at high feeder traffic (above threshold of 1340).
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Fig. 4. Daily number of feeder visits by mean daily feeder traffic experienced in (a) great
tits and blue tits, (b) great tits and (c) blue tits; species or age-sex classes are plotted
separately. Points show means + 1 SD, with data binned into tenths (species) or sixths
(age-sex). Lines indicate the model prediction of the relationship for each species or age-
sex class. Vertical bars delineate Johnson-Neyman regions of significance for class x
traffic interactions.
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Proportion of day at feeder

Experimental data

Both great tits and blue tits spent a smaller proportion of the day visiting feeders
when there were two feeders open than when one feeder was open, above a mean
daily feeder traffic threshold of 3880 (GTs) and 3760 (BTs) daily feeder visits by
other individuals (Fig. 5; model estimates in Table S3).
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Fig. 5. Proportion of day spent at feeder by mean daily feeder traffic experienced in (a)
great tits and (b) blue tits under a one- or two-feeder treatment. Points show means + 1
SD, with data binned into tenths; data were corrected for age (in BTs only), daily number
of visits, level of binge-eating (PC1) and day length. Dotted lines indicate the model
prediction of the relationship for each experimental treatment (either one feeder open or
two feeders open at a feeding station). Vertical bars delineate Johnson-Neyman regions
of significance for treatment x traffic interactions.

Observational data

Great tits spent a larger proportion of the day visiting feeders than blue tits, with
great tits decreasing the proportion and blue tits increasing the proportion with
increasing feeder traffic below a threshold of 2163 visits by other individuals.
Above this level of feeder traffic, there was no difference between species in the

proportion of day spent at feeders (Fig. 6a; model estimates in Table S11).

In great tits, above a traffic threshold of 229, males spent a smaller proportion of
the day visiting feeders than females and this difference increased with increasing

feeder traffic (Fig. 6b; model estimates in Table S7a); the same pattern was
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observed in blue tits, above a traffic threshold of 689 (Fig. 6¢; model estimates in
Table S7b). Adults spent a smaller proportion of the day at feeders than juveniles
in both species regardless of feeder traffic.
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Fig. 6. Proportion of daytime spent at feeder by mean daily feeder traffic experienced in
(a) great tits and blue tits, (b) great tits and (c) blue tits; species or age-sex classes are
plotted separately. Points show means + 1 SD, with data binned into tenths (species) or
sixths (age-sex); data were corrected for each individual’s daily number of feeder visits
and level of binge-eating (PC1). Lines indicate the model prediction of the relationship for
each category (species or age-sex class). Vertical bars delineate Johnson-Neyman
regions of significance for category x traffic interactions.
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DISCUSSION

The findings from this study suggest that interference competition affected great
tits and blue tits visiting feeders, but that it only constrained feeding behaviour
when competitor density was particularly high. When access to food was doubled
during high feeder traffic, the constraint of competition was relaxed and some
individuals were able to feed more efficiently by binge-eating more and spending
a smaller proportion of the day at feeders while some visited feeders more often.
Our analyses also demonstrated that dominance status was linked to foraging
efficiency, with dominant classes of individual (great tits, adults or males)
typically feeding more efficiently than subordinate classes, especially with

increasing competitor density.

Foraging efficiency and susceptibility to interference

The negative relationship between the level of binge-eating and the proportion of
day spent at feeders (Fig. S4) supports our assumption that binge-eating is a more
efficient foraging strategy than grazing. Adult male great tits, the highest-ranking
individuals in the dominance hierarchy in this study system, were predicted to be
the least affected by interference competition. They should gain the most benefit
(reduced time spent being vigilant) with the least cost (interference) with
increasing group size and feeder traffic. Indeed, they binged more (Fig. 2b) and
spent a smaller proportion of the day at feeders (Fig. 6b) as traffic increased,
relative to females. As dominance rank decreased, down to juvenile females at the
bottom of the hierarchy, this gain of efficiency with feeder traffic decreased (Figs
2b & 6b). Moreover, blue tits, which are typically subordinate to great tits,
generally binged less (Fig. 2a) and spent a larger proportion of the day at feeders
(Fig. 6a) with increasing traffic. This suggests an overall negative effect of
competitor density on foraging efficiency in blue tits, in contrast to the overall
positive effect in great tits (Figs 2a & 6a). These differences between species
imply that when access to food is limited, the benefits of mixed-species flocking
(reduced vigilance and increased foraging efficiency) outweigh the costs
(competition) in great tits, whereas the costs may outweigh the benefits in blue

tits. Moreover, there were also age and sex differences within blue tits. As in great
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tits, male blue tits spent a smaller proportion of the day visiting feeders as traffic
increased (Fig. 6¢). Dominant blue tits (in this case adults), however, only binged
more than juveniles when feeder traffic was low. This suggests that blue tits, as
the subordinate species, are all limited in how much they can binge-eat during
high feeder traffic; and this constraint of competition is released in adults during
low feeder traffic (Fig. 2c). These results suggest that blue tits are more
susceptible to interference competition than great tits. Also in support of this, the
lowest Johnson-Neyman threshold for an effect of treatment was observed in the
daily number of feeder visits by blue tits (Fig. 3b) while interference does not
appear to constrain visit rates at all in great tits (Fig. 3a). Furthermore, it has been
shown in a previous study that great tits were able to feed more quickly in mixed-
species flocks than in single-species flocks and were attracted to heterospecifics
(Sasvari 1992, Farine et al. 2014).

There are multiple potential sources of interference including fighting, prey
disturbance and kleptoparasitism (Sutherland 1996). In great tits and blue tits,
conflict rarely escalates into fighting and rather than stealing seeds from
subordinates, dominant individuals can supplant them from the food source
(Perrins 1979, Gosler 1993). Thus, queueing is likely the main source of
interference in this system, with dominant individuals able to jump the queue and
subordinates being supplanted before re-joining the queue. Individuals often
waited their turn whilst perching on the mesh of a feeding station cage, i.e. within
1m of the feeder, or in nearby natural cover. While queueing is not a natural
phenomenon in tits (natural seed resources such as beechmast are more dispersed
than supplemental food in feeders), supplanting behaviour is relatively common
(Gibb 1954). Moreover, since search times for seed at feeders are small compared
to those for beechmast which is often hidden under leaf litter (Perrins 1979),
queueing time could be regarded as a proxy for search time in natural foraging:
time and effort lost when supplanted by a more dominant individual.

When individuals differ in competitive ability, they can differ in either intercept
or slope with an increase in competitor density (Caldow et al. 1999); differences

in intercept indicate different absolute foraging efficiencies while individuals with
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different slopes differ in their susceptibility to interference (illustrated in Fig. 7;
Sutherland 1996).

(@)

\ Efficient individual
Mean

Inefficient individual

Log intake rate

Dominant individual

Mean

Subordinate individual

Log density of competitors

Fig. 7. Individual differences in competitive ability on food intake rate when individuals
differ in (a) foraging efficiency and (b) susceptibility to interference (adapted from
Sutherland 1996).

We have evidence of differences in both absolute foraging efficiency and
susceptibility to interference competition. Our results show, for instance, that
adults spend a consistently smaller proportion of the day at feeders than juveniles
(having corrected for the daily number of visits) while males spend an
increasingly smaller proportion relative to females with increasing feeder traffic
(Figs 6b & 6¢). That is, age affects foraging efficiency while sex affects the
susceptibility to interference. Possible mechanisms include handling time and
priority access to food; age affects foraging experience (Enoksson 1988;
Desrochers 1992) so handling time may differ between adults and juveniles,
contributing to the differences in bout lengths and thus feeding efficiency. In
contrast, if sex is a stronger determinant of dominance and supplanting rates, then

females will suffer more from interference competition than males. Furthermore,
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subordinates may need to invest time in avoiding displacement by dominants,
reducing their foraging efficiency with increasing competition (Vines 1980;
Beauchamp 1998, Slotow & Rothstein 1995; Smith et al. 2001).

Since seed was provided ad libitum in this study, we were only able to investigate
the effects of interference competition. However, the depletion of resources over
time is more likely than continuous input in nature (Sutherland 1996). This can
lead to density-dependent exploitation competition over time (Alatalo et al. 1987).
The combination of interference and depletion will increase the costs of
competition and, as a consequence, some individuals will leave to find a new food
patch or face a higher risk of starvation (Sutherland 1996). Thus, future studies on
this topic should manipulate patch depletion. The costs and benefits of moving
between patches are likely to vary among individuals. We predict that individuals
with low competitive ability are more likely to move between patches than strong

competitors and that this process will be density dependent.

Our experimental results suggest that access to food was not a strong constraint on
foraging efficiency, as the Johnson-Neyman thresholds were high and since
competitor density was higher during experimental manipulations than during the
standard weekend protocol. (Experimental sites attracted individuals from
neighbouring feeding stations on weekdays when non-experimental sites were
closed.) However, even if interference competition does not have a strong effect
on the risk of starvation, it may, through decreasing the efficiency of foraging,
increase the risk of predation to a larger extent (Jansson et al. 1981, Minderman et
al. 2006).

Foraging patterns and the starvation-predation risk trade-off

Our results suggest that binge-eating is a more efficient foraging strategy than
grazing. It is also likely to be a safer strategy, under the assumption that the risk of
predation is greatest when in the proximity of a feeder, since binge-eaters spend a
smaller proportion of the day at feeders than grazers (Fig. S4). It was previously
shown in tits that reducing search times, and therefore total time spent foraging,
by providing supplemental food decreased the risk of predation (Jansson 1981). In

this study we recorded a wide range of feeder traffic and group sizes (Figs S3, S5
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& S6). At lower densities, more time should be allocated to vigilance in order to
maintain a high probability of predator detection (Sansom et al. 2008); the
proportion of time spent at feeders by males was indeed greater during low traffic
(Figs 6b & 6¢).

There was significant variation within sites in daily feeder traffic and number of
individuals recorded (Fig. S3). These day to day fluctuations are likely due to
variation in the general need of the population for supplemental food.
Environmental conditions such as temperature will affect daily energy
requirements and the risk of starvation, thus playing a role in determining daily
feeder visit rates (as investigated in chapter 3). There were also consistent
between-site differences in daily feeder traffic and number of individuals visiting
feeders (Fig. S3). This variation likely contributed to the positive relationship
between individual visit rates and daily feeder traffic (Figs 3 & 4). The positive
relationship with background competition is somewhat counter-intuitive, given
the prediction that competition will limit visit rates. The manipulation of
interference competition did support our prediction. However, what caused some
sites to be busier (or more ‘popular’) than others is not clear. Proximity to natural
food sources is a potential factor; individuals visiting feeders near to natural food
sources may rely on supplemental food less than those visiting more ‘isolated’

feeders. Isolated feeders may also attract (more) individuals from further afield.

In this study, great tits and blue tits spent, on average, less than a third of the
daytime visiting feeders and, as shown in chapter 3, acquiring approximately two
thirds of their daily energy requirements. This is a much higher rate of feeding
than that reported for observations of foraging on natural resources, when tits
spent 75-85% of the daytime foraging (Gibb 1954). While most individuals in our
study population are also partly feeding on natural food sources, the high rate of
visits at feeders suggests that their overall foraging efficiency is higher than under
non-supplemented conditions. Since subordinates face a higher risk of starvation
due to competition, they tend to return more quickly to feeders after a simulated
predator visit (De Laet 1985; Hegner 1985). Thus dominants wait longer before
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returning and this could contribute to their smaller proportion of day spent at

feeders.

Synchrony in time can dilute predator attacks, an extreme example being mayfly
emergence (Sweeney & Vannote 1982). However, stationary food resources such
as beechmast or supplemental feeders that are visited regularly by flocks will also
attract predators. Little is known about the attack or success rates of
sparrowhawks hunting tits foraging in winter (Gosler 1993). Future studies

tracking wild sparrowhawks concurrently with tits would be worthwhile.

Higher mortality rates have been recorded in subordinate, especially juvenile, tits
(Lack 1966) which face a higher risk of starvation than more dominant individuals
due to the effects of competition. A previous study has shown that in willow tits
(Parus montanus), subordinates spend more time being vigilant during foraging,
having been relegated to more exposed areas of the foraging site (Ekman 1987),

thus they also face a higher risk of predation.

General conclusions & implications

This is the first study to explore how competition influences patterns of fine
temporal scale foraging behaviour in a wild population. We manipulated access to
food at supplemental feeders to show that increasing interference competition
could reduce foraging efficiency at busy sites by causing individuals to cluster
their feeder visits to a lesser extent and to spend a larger proportion of the day at
feeders. The daily visit rate could also be reduced by increasing interference at
busy sites. Furthermore, we report dominance-related links between competition
levels and foraging patterns; subordinate individuals tended to be more negatively
affected by competition, typically foraging less efficiently than dominant

individuals with increasing competition.

Variation in foraging efficiency and susceptibility to competition implies that the
costs of flocking will vary among individuals which could ultimately have
consequences for population patterns in survival. Understanding how dominance
and competition interact to affect foraging efficiency potentially allows us to

estimate how many individuals could be sustained at a site, with relevance for
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conservation. Moreover, differential effects of competition could influence the
structuring of mixed-species communities (Dhondt 2012). Thus, competition
should be taken into account when modelling the effects of climate change and

supplemental feeding on community composition.
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Fig. S1. lllustration of an experimental feeding station.
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Supplementary Tables

Table S1. Linear mixed models on factors affecting the level of binge-eating (PC1) when
either one or two feeders were open at a feeding site in (a) great tits and (b) blue tits.
Number of observations: (a) n=2387 and (b) n=3034.

(@)
Fixed effect Coefficient SE t P
treatment (2 feeders) 014 01 1.19 0.237
scaled daily visits -0.51 0.03  -1497  <0.001
age (juvenile) -0.61 0.17 -3.65  <0.001
scaled average feeder traffic -0.11 0.10 -1.11 0.269
scaled deviation feeder traffic 040  0.09 -4.61 <0.001
treatment * average feeder traffic 012 0.05 2.64 0.009

Johnson-Neyman region of significance for interaction: daily feeder traffic > 3343.

Random term Variance SD n
individual ID 1.13 1.07 184
individual ID with random feeder traffic slope 0.28 0.53 184
date 007 0.26 24
residual 0.94 0.97
(b)

Fixed effect Coefficient SE t P
treatment (2 feeders) 0.16 0.09 1.72 0.087
scaled daily visits 065 002 -2853  <0.001
age (juvenile) -0.27 0.13 -2.09 0.037
scaled average feeder traffic 0.04 0.07 0.52 0.604
scaled deviation feeder traffic -0.25 0.06 -4.13 <0.001

Random term Variance SD n
individual ID 094 097 267
individual ID with random feeder traffic slope 0.16 040 267
date 004 0.21 24
residual 0.66 0.81
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Table S2. Linear mixed models on factors affecting the daily number of feeder visits by
individuals when either one or two feeders were open at a feeding site in (a) great tits and
(b) blue tits. Number of observations: (a) n=2387 and (b) n=3034.

(@)
Fixed effect Coefficient SE t P
treatment (2 feeders) 025 097 0.26 0.793
scaled day length -186 056  -3.34 0.001
age (juvenile) 362 184 197 0.050
scaled average feeder traffic 9.12 1.00 9.09  <0.001
scaled deviation feeder traffic 838  0.95 8.82  <0.001
Random term Variance SD n
individual ID 13159 1147 184
individual ID with random feeder traffic slope 3144 5.61 184
date 4.44 2.11 24
residual 110.84 10.53
(b)
Fixed effect Coefficient SE t P
treatment (2 feeders) 189  1.03 1.84 0.067
age (juvenile) 389 165 235 0.020
scaled average feeder traffic 290 094 3.09 0.002
scaled deviation feeder traffic 799 083 962  <0.001
treatment * average feeder traffic 1.70 049 3.50 0.001

Johnson-Neyman region of significance for interaction: daily feeder traffic > 2474.

Random term Variance SD n
individual ID 151.47 1231 267
individual ID with random feeder traffic slope 26.30 513 267
date 5.13 226 24
residual 141.37 11.89
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Table S3. Linear mixed models on factors affecting the proportion of daytime spent at
feeders when either one or two feeders were open at a feeding site in (a) great tits and
(b) blue tits. Number of observations: (a) n=2081 and (b) n=1376.

(a)
Fixed effect Coefficient SE t P
treatment (2 feeders) -0.51 0.58 -0.88 0.384
scaled day length -147 030 -4.87  <0.001
scaled daily visits 917 0.1 85.03  <0.001
scaled binge-eating (PC1) -3.25 0.09  -34.27 <0.001
scaled average feeder traffic -0.82 0.28 -2.89 0.006
scaled deviation feeder traffic -148 030 496  <0.001
treatment * avg feeder traffic -0.55 0.14 -4.08 <0.001

Johnson-Neyman region of significance for interaction: daily feeder traffic > 3880.

Random term Variance SD n
individual ID 962 310 184
individual ID with random feeder traffic slope 3.88 1.97 184
date 192 139 24
residual 838  2.89
(b)

Fixed effect Coefficient SE t P
treatment (2 feeders) 043 045 0.94 0.349
scaled day length -2.38 0.24 -9.96 <0.001
scaled daily visits 8.36 0.10 86.28 <0.001
scaled binge-eating (PC1) 448 010 -4529  <0.001
age (juvenile) 115 041 2.81 0.007
scaled average feeder traffic 043 023 -1.86 0.069
scaled deviation feeder traffic 027 025 1.07 0.288
treatment * avg feeder traffic 045 013 -3.51 0.001

Johnson-Neyman region of significance for interaction: daily feeder traffic > 3760.

Random term Variance SD n
individual ID 9.21 3.03 267
individual ID with random feeder traffic slope 249 158 267
date 1.14 1.07 24
residual 9.71 3.12
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Table S4. Linear mixed models on factors affecting the average group size that
individuals foraged in when either one or two feeders were open at a feeding site in (a)
great tits and (b) blue tits. Number of observations: (a) n=2387 and (b) n=3034.

(@)
Fixed effect Coefficient SE t P
treatment (2 feeders) 085 097 -0.88 0.388
scaled average feeder traffic 935 028 3288  <0.001
scaled deviation feeder traffic 954 029 3272 <0.001
treatment * average feeder traffic -145 017 -8.64  <0.001

Johnson-Neyman region of significance for interaction: daily feeder traffic > 3266.

Random term Variance SD n
individual ID 899 300 184
individual ID with random feeder traffic slope 0.83 0.91 184
date 547 234 24
residual 1297 360
(b)
Fixed effect Coefficient SE t P

treatment (2 feeders) 049 070 -0.70 0.491
scaled average feeder traffic 1018 023 4357  <0.001
scaled deviation feeder traffic 1002  0.27 37.04  <0.001
treatment * average feeder traffic -1.11 0.15 -7.66  <0.001

Johnson-Neyman region of significance for interaction: daily feeder traffic > 3360.

Random term Variance SD n
individual ID 897 299 267
individual ID with random feeder traffic slope 2.58 1.61 267
date 2.81 1.67 24
residual 12.59 3.55
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Table S5. Linear mixed models on factors affecting the level of binge-eating (PC1)
across 65 feeding sites in (a) great tits and (b) blue tits. Number of observations: (a)
n=10,722 and (b) n=7833.

(@)

Fixed effect Coefficient SE t P
scaled daily visits 043 002 2777  <0.001
age (juvenile) 019  0.04 -4.78  <0.001
sex (male) 016  0.05 3.09 0.002
scaled average feeder traffic 0.09 0.04 2.01 0.046
scaled deviation feeder traffic 026  0.03 943  <0.001
age * average feeder traffic -0.18 0.04 -4.35 <0.001
sex * average feeder traffic 010  0.04 213 0.035

Johnson-Neyman regions of significance for interaction with age: feeder traffic < 146 or
> 777.
Johnson-Neyman region of significance for interaction with sex: feeder traffic > 770.

Random term Variance SD n
individual ID 071 084 129
individual ID with random feeder traffic slope 0.09 030 129
site 023 048 65
date 007 026 30
residual 1.08 1.04
(b)

Fixed effect Coefficient SE t P
scaled daily visits -0.72 0.01 -51.02 <0.001
age (juvenile) -0.09 0.04 -2.25 0.026
scaled average feeder traffic -0.11 0.03 -3.15 0.002
scaled deviation feeder traffic -0.26 0.03 -9.32 <0.001
age * average feeder traffic 0.1 0.05 2.18 0.030

Johnson-Neyman region of significance for interaction with age: feeder traffic < 1270.

Random term Variance SD n
individual ID 052 072 916
individual ID with random feeder traffic slope 0.07 027 916
site 018 042 64
date 006 0.24 30
residual 0.72 0.85
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Table S6. Linear mixed models on factors affecting the daily number of feeder visits by
individuals across 65 feeding sites in (a) great tits and (b) blue tits. Number of
observations: (a) n=10,722 and (b) n=7833.

(a)

Fixed effect Coefficient SE t P
age (juvenile) 256 043 590  <0.001
sex (male) 263 061 433  <0.001
scaled average feeder traffic 427 048 8.99  <0.001
scaled deviation feeder traffic 7.80 033 2377  <0.001
sex * average feeder traffic -1.12 0.50 -2.22 0.029

Johnson-Neyman region of significance for interaction with sex: feeder traffic < 1856.

Random term Variance SD n
individual ID 93.64 9.68 1296
individual ID with random feeder traffic slope 25.87 5.09 1296
site 57.98 7.61 65
date 28.51 5.34 30
residual 129.93 1140

(b)
Fixed effect Coefficient SE t P

age (juvenile) 063 0.56 1.12 0.266
sex (male) 467 080 586  <0.001
scaled average feeder traffic 516  0.66 7.81 <0.001
scaled deviation feeder traffic 704 040 17.74  <0.001
age * average feeder traffic 232 067 3.46 0.001
sex * average feeder traffic -157 068 -2.29 0.023

Johnson-Neyman regions of significance for interaction with age: feeder traffic < 492 or
> 1340.
Johnson-Neyman region of significance for interaction with sex: feeder traffic < 2457.

Random term Variance SD n
individual ID 104.88 1024 916
individual ID with random feeder traffic slope 23.23 4.82 916
site 14.73 3.84 64
date 6.65 2.58 30
residual 131.25 11.46
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Table S7. Linear mixed models on factors affecting affecting the proportion of daytime
spent at feeders across 65 feeding sites in (a) great tits and (b) blue tits. Number of
observations: (a) n=10,722 and (b) n=7833.

(a)

Fixed effect Coefficient SE t P
scaled daily visits 934 005 179.27  <0.001
scaled binge-eating (PC1) 422  0.05 -89.08  <0.001
age (juvenile) 0.49 0.12 395  <0.001
sex (male) -1.47 0.16 -9.19  <0.001
scaled average feeder traffic 0.07 0.13 0.49 0.626
scaled deviation feeder traffic 0.10 0.09 1.10 0.277
sex * average feeder traffic -0.51 0.14 -3.58 0.001

Johnson-Neyman region of significance for interaction with sex: feeder traffic > 229.

Random term Variance SD n
individual ID 652 255 129
individual ID with random feeder traffic slope 1.13 1.06 1296
site 244 156 65
date 344 185 30
residual 1176 343
(b)

Fixed effect Coefficient SE t P
scaled daily visits 9.28 0.06 15220  <0.001
scaled binge-eating (PC1) -4.81 0.06 -80.93  <0.001
age (juvenile) 093 0.5 6.27  <0.001
sex (male) 088 0.19 -4.74  <0.001
scaled average feeder traffic 019 017 1.1 0.272
scaled deviation feeder traffic 013 0.1 1.18 0.242
sex * average feeder traffic 055 017 -3.17 0.002

Johnson-Neyman region of significance for interaction with sex: feeder traffic > 689.

Random term Variance SD n
individual ID 536 231 916
individual ID with random feeder traffic slope 1.27 113 916
site 090 095 64
date 1.76 1.33 30
residual 10.64 3.26
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Table S8. Linear mixed models on factors affecting the average group size that
individuals foraged in across 65 feeding sites in (a) great tits and (b) blue tits. Number of
observations: (a) n=10,722 and (b) n=7833.

(@)

Fixed effect Coefficient SE t P
scaled daily visits -138  0.04 -33.00  <0.001
age (juvenile) 028  0.09 3.00 0.003
scaled average feeder traffic 1038  0.09 11030  <0.001
scaled deviation feeder traffic 1053  0.09 116.79  <0.001

Random term Variance SD n
individual ID 234 153 129
individual ID with random feeder traffic slope 248 1.57 1296
site 655  2.56 65
date 150 122 30
residual 845 291
(b)

Fixed effect Coefficient SE t P
scaled daily visits -0.79 0.05  -17.36 <0.001
age (juvenile) 029 012 2.37 0.019
scaled average feeder traffic 997 0.1 87.38  <0.001
scaled deviation feeder traffic 1017 0.1 90.61 <0.001
age * average feeder traffic 045 0.15 3.05 0.003

Johnson-Neyman regions of significance for interaction with age: feeder traffic < 1266
or > 3069.

Random term Variance SD n
individual ID 1.96 140 916
individual ID with random feeder traffic slope 2.54 159 916
site 517 227 64
date 1.52 1.23 30
residual 8.40 2.90
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Table S9. Generalized linear mixed model on factors affecting the level of binge-eating
(PC1) across 65 feeding sites in great tits and blue tits. Number of observations:
n=18,555.

Fixed effect Coefficient SE t P
scaled daily visits -0.56  0.01 -51.83  <0.001
species (great tit) 099 0.04 2455  <0.001
scaled average feeder traffic 012 0.03 -3.88  <0.001
scaled deviation feeder traffic 026 002 -1269  <0.001
species * average feeder traffic 019 0.03 5.74  <0.001

Random term Variance SD n
individual ID 066  0.81 2212
individual ID with random feeder traffic slope 0.09 0.31 2212
site 019 044 65
date 006  0.25 30
residual 095 097

Table S10. Generalized linear mixed model on factors affecting the daily number of
feeder visits by individuals across 65 feeding sites in great tits and blue tits. Number of
observations: n=18,555.

Fixed effect Coefficient SE t P
species (great tit) 10.01 050 2007  <0.001
scaled average feeder traffic 247 039 6.35  <0.001
scaled deviation feeder traffic 738 026 2883  <0.001
species * average feeder traffic 213 04 525  <0.001

Random term Variance SD n
individual ID 103.81 1019 2212
individual ID with random feeder traffic slope 23.65 486 2212
site 38.36 6.19 65
date 13.48 3.67 30
residual 134.41 11.59
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Table S11. Generalized linear mixed model on factors affecting affecting the proportion
of daytime spent at feeders across 65 feeding sites in great tits and blue tits. Number of
observations: n=18,555.

Fixed effect Coefficient SE t P
scaled daily visits 956  0.04 237.32  <0.001
scaled binge-eating (PC1) 464  0.04 -120.48 <0.001
species (great tit) 1.10 0.13 8.31 <0.001
scaled average feeder traffic 024 0M 2.26 0.028
scaled deviation feeder traffic 0.12 0.07 1.74 0.088
species * average feeder traffic -0.59 0.1 -5.23 <0.001

Johnson-Neyman region of significance for interaction with species: feeder traffic < 2163.

Random term Variance SD n
individual ID 6.93 263 2212
individual ID with random feeder traffic slope 147 1.21 2212
site 1.26 112 65
date 2.50 1.58 30
residual 11.60 341
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Table S12. Summary of individual great tits and blue tits in the experimental data set and
the observational data set.

s L great tit observations blue tit observations

data set category ';?;\;Itd tlijgl '%?Sgdﬁlisl (one perég(tié\;idual per  (one g:rr;g(tt\;idual
4 experimental sites adults 78 136 1143 1793
juveniles 106 131 1244 1241

3 days per week (8 weeks)  total 184 267 2387 3034
65 observational sites adult males 413 478 3909 4651
adult females 394 297 3324 1919

juvenile males 345 168 1819 849

5 weekends per winter juvenile females 325 104 1670 414
(3 winters) total 1296 916 10722 7833
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Table S13. Experimental treatment schedule for four experimental feeding stations from
December 2013 — February 2014. Each station had two feeders, termed F1 and F2.

observational experiment
dates weekend Tues Wed Thurs
21 Dec - 22 Dec F2
24 Dec - 25 Dec - 26 Dec both F1 both
28 Dec - 29 Dec F2
31 Dec-01Jan-02Jan F1 both F1
04 Jan - 05 Jan F1
07 Jan - 08 Jan - 09 Jan both F1 both
11Jan-12Jan F1
14 Jan - 15 Jan - 16 Jan F1 both F1
18 Jan-19Jan F2
21Jan-22Jan-23Jan both F2" both
25Jan - 26 Jan F1
28 Jan - 29 Jan - 30 Jan F2 both F2
01 Feb - 02 Feb F1
04 Feb - 05 Feb - 06 Feb both F2 both
08 Feb - 09 Feb F2
11 Feb-12 Feb - 13 Feb F2 both F2
15 Feb - 16 Feb F2
18 Feb - 19 Feb - 20 Feb both F2 both
22 Feb - 23 Feb F1

“ Scheduling error: should have been both-F2-both, but both feeders opened all three days at site
2E; experimental data excluded for this week.
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Individual foraging strategies are assorted
in wild social networks and pair bonds
predict convergence of feeding behaviour

Nicole D. Milligan, Lucy M. Aplin, Josh A. Firth, Damien R.
Farine, Reinder Radersma, Ella F. Cole and Ben C. Sheldon

1. All animals must feed and, for those that do so in groups, foraging
behaviour is likely to interact with social behaviour with consequences for
social structure which can feed back to influence behaviour. Though
challenging, the recording of individual behaviour simultaneously across a
population whilst monitoring social structure offers a unique opportunity
to gain a better understanding of the link between foraging behaviour in a

social context and social structure itself.

2. Here we quantify winter foraging behaviour in a wild population of great
tits using data collected during midwinter throughout Wytham Woods,
Oxfordshire, over three consecutive years. We combine these data with
yearly social networks, constructed using the co-occurrence of individuals
at feeders, and calculate social network metrics to quantify how individual
variation in social behaviour is related to foraging behaviour. We then
examine how feeding patterns relate to the resultant social structure by
assessing whether the networks show assortment by foraging behaviour.
Finally, we examine whether breeding pairs have feeding patterns more

similar to their partner than their non-partners.

3. Feeding patterns were associated with individual social network metrics
for each winter: individuals that visited feeders in highly clustered
foraging bouts had the weakest social associations, despite there being no
difference in the number of their associates. Individuals were non-
randomly distributed across each winter network by foraging behaviour;
this positive assortment showed that individual feeding patterns and social

structure were linked.
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4. Finally, subsequent breeding partners exhibited feeding patterns more
similar to each other than their non-partners, but only on days when they
visited the same feeding site. This convergence in behaviour suggests that
social relationships such as pair bonds are likely to influence group
structure as well as individual foraging preferences, thus mediating the
relationship between feeding behaviour and population structure.

INTRODUCTION

Social organisation is important in many animal populations, with consistent, non-
random interactions often occurring between individuals within these populations
(Croft et al. 2008). These social connections between individuals can be
quantified as social networks, which are often complex and heterogeneous in
structure, and in which the component individuals can have different strengths and
numbers of association (Croft et al. 2008). More generally, such grouping patterns
can provide individuals with numerous benefits, including increased foraging
opportunities, protection from predators, and chance of finding a mate, all of
which may outweigh the associated costs such as competition and the spread of
disease (Krause & Ruxton 2002).

Resource distribution, a spatial aspect of the environment, will have some impact
on grouping behaviour through its effect on the spatial distribution of animals
(Johnson et al. 2002). This interplay between sociality and resource distribution
can also extend to social network structure; this has perhaps been best
demonstrated in New Caledonian crows (Corvus moneduloides), where social
connectivity can be manipulated by the patchiness and predictability of their food
resource (St Clair et al. 2015). This interaction between resource distribution and
social organisation can also be influenced by individual differences in behaviour.
For example in Eurasian shore crabs (Carcinus maenas), individual exploratory
behaviour predicted connectedness in the social network, group stability and
synchrony, but only when resources were clustered (Tanner & Jackson 2011).
Theoretical work suggests that this link between resource distribution and

grouping behaviour can be dynamic and two-way (Tania et al. 2012).
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Even when all individuals within a population experience similar resource
availability and distribution, individual differences in foraging behaviour may
lead to variation in the timing and location of feeding among individuals. This
will then affect which conspecifics an individual can interact with, their rates of
encounter, and the subsequent interplay between individual foraging behaviour
and social interactions will therefore influence the resultant social structure.
Assortative mixing by behavioural traits in social networks, which entails
heterogeneous patterns of association between different behavioural phenotypes,
has been documented in several systems including sticklebacks (Pike et al. 2008),
guppies (Croft et al. 2009) and great tits (Aplin et al. 2013; Farine 2014). More
specific to foraging behaviour, it has been demonstrated that spatially overlapping
bottlenose dolphins (genus Tursiops) with alternative foraging tactics became
socially segregated and formed distinct communities (Daura-Jorge et al. 2012;
Chilvers & Corkeron 2001; Ansmann et al. 2012) and were able to reintegrate
with each other when one of the two tactics was restricted (Ansmann et al. 2012).
In addition to influencing social organisation, individual differences in foraging
behaviour are also likely to have important implications for the formation of
breeding partnerships, if such pairs are formed within social groups (Oh &
Badyaev 2010). Social relationships can then feed back to impact on the
behaviour of individuals (Bates & Chappell 2002; Rands et al. 2006). For
example, pair bonds in great tits can influence winter foraging behaviour, with
individuals prioritising partner affiliation over food accessibility, which in turn
can have consequences for social structure and individual foraging strategies
(Firth et al. 2015).

The temporal scale at which behaviour is measured is important in drawing
appropriate conclusions about behavioural patterns (Heath et al. 2010). It has been
demonstrated in previous chapters that individual great tits exhibit marked
variation in the timing of feeding within days. Since group dynamics in this
species can be fluid at similarly fine temporal scales, a characteristic of highly
fission-fusion systems, it is likely that individual fine-scale temporal foraging
patterns will influence aggregations and vice-versa, and together will shape the

resultant social structure.
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For this study, we quantified the temporal clustering and daily number of feeder
visits by individual great tits in midwinter over three years. Social network
metrics were calculated from each winter network (with networks constructed
from co-occurrences at feeding stations) to measure the social phenotype of these
individuals. We then asked whether these measures of feeding and social
behaviour were related, predicting that grazers (individuals that spread their daily
feeder visits over many foraging bouts) should have stronger social connections
than binge-eaters (individuals that cluster their visits tightly in few foraging
bouts), since grazers spend a larger proportion of the day at feeders (as shown in
chapter 4) and are therefore likely to encounter other individuals more frequently.
To assess whether foraging types showed social assortment in the networks, i.e.
whether dyadic social associations were non-randomly distributed in relation to
foraging behaviour, network permutations were used to determine whether the
observed patterns of associations differed from the expected patterns under the
null hypothesis of spatially constrained random associations. Finally, assortment
by feeding types has implications for pair formation. Therefore, we also assessed
whether birds that paired up to breed in the subsequent spring were more similar
in feeding type to each other than expected under the null hypothesis. If true, this
would suggest that social preferences can feed back to influence feeding patterns.

METHODS

Study system

This study was undertaken as part of a larger project investigating the social
ecology of a wild population of great tits in Wytham Woods (Aplin et al. 2015,
Farine et al. 2015). Birds were trapped at nest boxes during the breeding season
and, to include immigrants to the population, at mist nets at other times of year in
Wytham. Each individual was fitted with both a unique metal leg ring from the
British Trust for Ornithology (BTO) and a passive integrated transponder (PIT)
tag from IB Technology; age and sex, determined by plumage (Svensson 1992),

were recorded along with the ring and PIT-tag numbers. 65 feeding stations, each
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containing a black sunflower seed feeder, an automated data logger and two radio
frequency identification (RFID) antennae at the feeder access points, were
positioned in a grid approximately 250m apart. These were programmed to open
access to seed pre-dawn and to close post-dusk every Saturday and Sunday from
September” to February in 2011-2012, 2012-2013 and 2013-2014. Data loggers
recorded the PIT-tag number, location and time whenever a tagged bird perched
on an antenna to access seed at a feeding station; antennae scanned for PIT-tags
three times per second and sunflower seeds were supplied ad libitum when feeders

were open.

Great tits form aggregations in winter with fission-fusion group dynamics during
the day (Ekman 1989) and roost solitarily at night (Kluijver 1950). Movements
tend to be made within overlapping home ranges, with males exhibiting some
territoriality during winter, but with a lot of variation due to age, temperature, and
other seasonal factors (Perrins 1979). Adult males, having bred previously, are
territorial from autumn onwards while first year birds tend to establish their
territories later in winter (Kluijver 1951). Territoriality is much reduced during
cold weather when foraging becomes a higher priority; when foraging in winter,
great tits often join mixed-species flocks that pass within their home ranges which
are typically larger than their breeding territories. As spring approaches, males
defend their non-overlapping territories more intensively, while during spring,
each breeding pair of great tits remains within their territory until the brood is

independent in summer (Kluijver 1951).

Individual foraging strategies

We used two measures to quantify individual foraging strategies: the temporal
clustering of feeder visits into foraging bouts and the daily number of feeder
visits. To quantify visit clustering, we ran a principal component analysis (PCA)
on six aspects of the daily timing of feeder visits. The first principal component
(PC1) captures the extent to which individuals cluster their visits to feeders, with

high values indicating binge-eaters and low values grazers. Daily visit rate was

“ Except prior to December 2011, when feeding stations were programmed to open on Thursdays
only.
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measured as the number of visits recorded in one day by an individual. Raw data
records were allocated to individual feeder visits and visits allocated to foraging
bouts using the distribution of inter-record intervals. In order to reduce the effect
of seasonality on feeding pattern measures, only records from the five weekends
centred on the winter solstice of each winter were included in the PCA and daily
visit counts. Individuals that moved between sites within a day or only visited
feeders in one bout in a day were also excluded prior to quantifying feeding

patterns. Full details and description of these measures are given in chapter 2.

Social network construction and network metrics

Three months of feeding station data, from the first weekend in December, were
used to construct a social network for each winter. This allowed for the majority
of immigrants to be included, since the largest wave of immigration to Wytham
occurs during autumn (Matechou et al. 2015). The spatio-temporal data streams of
PIT-tag detections across sites contained bursts of feeding activity separated by
periods of inactivity. A Gaussian mixture model was applied to these data streams
in order to identify gathering events (flocks) of great tits visiting each feeder
(Psorakis et al. 2012; Psorakis et al. 2015). This method does not require the
assumption of a fixed time window separating sequential flocks. Instead, it detects
temporal regions of increased feeder activity and then allocates each visit to the
most likely gathering event by using distributions of visit times, outputting a

matrix of gathering events and the individuals they comprise.

A gambit of the group approach was used to convert the gathering events into a
social network (Whitehead & Dufault 1999). In each winter network, nodes thus
represent individual great tits and non-zero association strengths form the edges
between nodes. Association strengths were calculated using a simple ratio index
(SRI; Cairns & Schwager 1987). This index scales all edges between two
individuals as between 0 (both individuals were never observed in the same
gathering event) and 1 (both individuals were always observed in the same
gathering events). Three network metrics were then calculated for each individual
for each winter: weighted degree centrality, unweighted degree centrality and

average association strength. Association strength or weighted degree centrality is
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calculated by summing an individual’s edge strengths, unweighted degree
centrality is a count of an individual’s edges, and average association strength is
calculated by dividing an individual’s weighted degree by its number of edges.
All network analyses were conducted using R 3.2.0 (R Core Team 2015), with the
packages asnipe (Farine 2013), assortnet (Farine 2014), igraph (Cséardi & Nepusz
2006) and sna (Butts 2008). Finally, network metrics were tested against potential
explanatory factors using linear models (LMSs), as generalized linear mixed-effect
models (GLMMs) failed to converge. Winter and age were included as factors,
along with an individual’s mean level of binge-eating (PC1), mean daily number
of visits, mean daily number of visits squared, and the mean number of visits by
other tagged birds at the same site (feeder traffic). For individual great tits

observed in multiple winters, we used data from one winter selected at random.

Network assortativity

We used Newman’s assortative mixing method (Newman 2002; Newman 2003),
adapted for weighted networks (Farine 2014), to calculate social assortment by
foraging behaviour. We calculated the assortativity coefficient and standard error
using the assortnet package in R (Farine 2014). We used a function for continuous
trait values (i.e. level of binge-eating or daily visits). Positive values indicate
assortativity (e.g. binge-eaters would tend to associate with other binge-eaters),
zero represents random assortment, and negative values indicate disassortativity
(e.g. binge-eaters would tend to associate with grazers). Standard errors in
assortnet are calculated using the jackknife technique.

Due to the non-independence of social network data, we further tested the
significance of the observed association patterns with a randomization test using
the R package asnipe. This test used a null model which randomized group
membership within date and site, maintaining observation frequencies and group
sizes, as well as the temporal and spatial distribution of individuals (Croft et al.
2011; Whitehead 2008). We generated 1000 random networks incrementally,
permuting 100 pairs of individuals between gathering events and recalculating
assortativity scores (for binge-eating, daily visits and weighted degree) at each

step. The assortativity coefficient of the observed network was then compared to
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the frequency distribution of assortativity coefficients calculated for the random

networks.

Pair bonds and foraging pattern similarity

Can partner’s behaviour predict focal behaviour?

To examine whether individuals feed more like their partner on days when they
visited the same feeder than on days visiting different feeders, we tested the
predictive power of the partner’s (i) binge-eating and (ii) daily visit rate on the
focal bird’s behaviour. First we fitted a GLMM with an individual’s level of
binge-eating (PC1) as the response variable and the partner’s PC1 score, partner’s
site (same as or different from focal individual), number of daily visits, age, daily
feeder traffic (total visits by other birds at that feeder; one term each for the mean
and deviation from mean), and an interaction between the partner’s PC1 score and
the partner’s site (same or different to focal bird) as fixed effects. Individual 1D,
date and site were included as random effects, with a random slope within
individual for feeder traffic. A second GLMM was fitted with the daily number of
feeder visits as a response variable with the partner’s visits, partner’s site (same or
different), age, feeder traffic, and partner’s visits * partner’s site as fixed effects
and including the same random effects as the first model. We define a breeding
pair as a male and female identified at the same nest box during a breeding
attempt in the subsequent spring; data were analysed separately for males and

females.

When paired, are partners more similar to each other than non-
partners?

Next, we tested whether an individual’s feeding pattern was more like its partner’s
than its non-partners’ on the days when observed pairs Vvisited the same feeding
station. For each site on each recording date that recorded at least two subsequent
breeding pairs, we permuted all observed female partners IDs, conducting 1000
sets of these between-pair permutations. We excluded data for sites and dates on
which fewer than two pairs were recorded, since partner permutations were not
possible; data for pairs that were observed on different sites on the same date were

also excluded for that date. Males and females were analysed separately. A
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GLMM was fitted to the observed data and separately to the 1000 sets of
permuted data, with the level of binge-eating (PC1) as the response variable. The
partner’s level of binge-eating was fitted as a fixed effect, along with the focal
individual’s daily number of visits, age, and daily feeder traffic (mean and
deviation from mean). Individual, individual with random feeder traffic slope, site
and date were included as random effects. The effect size of the observed
partner’s PC1 score was compared to the frequency distribution of effect sizes of
permuted partners’ PC1 scores. We fitted a similar GLMM for the daily number
of visits and also compared the effect size of the partner’s daily visits with that of

the distribution of permuted partners’ daily visits.

Since the date of partnership formation for each pair was not known, we fitted a
further GLMM for each sex, with binomial error distribution and logit link
function, to test how the likelihood of an individual being recorded exclusively at
the same feeding station as its subsequent breeding partner in a day changed with
time of year. Individual and site were included as random effects; winter
(categorical), day of winter (relative to the winter solstice), age, and the daily
number of visits were fitted as fixed effects. A positive relationship between the
time of year and the likelihood of partners being recorded at the same site would
suggest that the days on which subsequent partners are recorded at different sites
pre-date pair-bond formation.

When not yet paired, are future partners more compatible than non-
partners?

Finally, in order to determine if subsequent breeding partners had similar feeding
habits prior to pair formation, we analysed the subset of data where pairs were
recorded exclusively at different feeding stations in a day. We assumed that most
dates when subsequent partners were observed at different feeding stations were
pre-pair formation, and call these data ‘pre-partnership’. To compare the
difference in feeding patterns between subsequent partners and non-partners, we
permuted each observed future partner with another ‘pre-partner’ that visited a
different feeding station to the focal individual (and also different to that of its

subsequent partner). We then generated a significance test by calculating the
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difference in PC1 value and number of daily visits between observed partners and

permuted partners over 1000 sets of ‘pre-partnership’ permutations.

RESULTS

Social networks

Social associations

Over the three month network data collection period of each winter, 1053 (winter
1), 729 (winter 2) and 816 (winter 3) individuals were recorded across the 65
feeding stations. Using the Gaussian mixture model, 73,737 (winter 1), 68,057
(winter 2) and 70,447 (winter 3) gathering events involving these individuals were
detected. Feeding patterns were quantified over five consecutive weekends in
midwinter each year for 848 (winter 1), 589 (winter 2) and 538 (winter 3)

individuals, a subset of the network individuals described above.

Feeding behaviour and network centrality measures

The temporal clustering of feeder visits showed a negative relationship with both
the overall and average strength of individuals’ associations, but no relationship
with the number of associates. Specifically, great tits that binged more had lower
weighted degree centrality (Fig. la and Table S1; p=-0.12, SE=0.02, t=-5.05,
df=1279, P<0.001), weaker average association strength (Fig 1c and Table S3;
B=-0.13, SE=0.04, t=-3.72, df=1278, P<0.001), but there was no significant
relationship with unweighted degree centrality (Fig. 1b and Table S2; p=-1.11,
SE=0.73, t=-1.52, df=1278, P=0.129). That is, binge-eaters had weaker
associations with the flock-mates they visited feeders with, and co-occurred with
these associates less often, than grazers with their respective associates. In
contrast, the daily feeder visit rate of individuals showed a positive relationship
with the average strength of their associations, while the overall association
strength and number of associates increased with individuals’ daily visit rates up
to an intermediate number of visits, above which there was a negative
relationship. Great tits that visited feeders more times per day thus had stronger

average association strength (Fig. 2c and Table S3; effect of daily visits: p=0.22,
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SE=0.06, t=3.54, df=1278, P<0.001), while individuals that visited feeders an
intermediate number of times per day (median=40 visits) had a relatively higher
weighted degree centrality (Fig. 2a and Table S1; effect of daily visits squared:
B=-0.09, SE=0.03, t=-3.12, df=1279, P=0.002) and higher unweighted degree
centrality (Fig. 2b and Table S2; effect of daily visits squared: 3=-3.14, SE=0.87,
t=-3.60, df=1278, P<0.001) than those visiting few or many times per day.
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Fig. 1. Network metrics: (a) weighted degree, (b) number of associates and (c) average
strength of association with each associate, corrected for age, average daily visits and
feeder traffic, of individual great tits in a winter feeder social network with the level of
binge-eating (PC1). Points show corrected means + SD with error bar widths indicating
the amount of data. Data were binned by 0.1 PC1 score; n=1287. Lines show the model
prediction of the relationship between binge-eating (PC1) and each network metric.
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Social structure and assortment by foraging pattern

Newman’s assortment measure was computed for each type of feeding pattern
(individual mean level of binge-eating or daily feeder visit rate) and for weighted
degree on each winter network (based on observed groups and on each of 1000
sets of permutations of group membership) for each winter. Great tits showed

significant positive assortment by both daily feeder visit clustering (Fig. 3a;
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weighted assortativity coefficient + SE and P from 1000 permuted networks:
lwinter1=0.14240.002, n=848, P=0.006; rwinter2=0.164+0.002, n=589, P<0.001,
Fwinter3=0.195+0.004, n=538, P=0.002) and daily feeder visit rate (Fig. 3b;
Fwinter1=0.320£0.002, n=848, P=0.01; rwinter=0.261+0.004, P<0.001, n=589,
Fwinter3=0.323%£0.003, n=538, P<0.001). Individuals were also positively assorted
by weighted degree (Fig. S1; rwinen=0.521+0.001, n=848, P=0.003;
Mwinterz=0.698+0.001, n=589, P=0.001, ryinters=0.558+0.002, n=538, P<0.001); this
degree assortment is a common feature of animal social networks (Croft et al.
2008).
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Fig. 3. Social assortment patterns of great tits within flocking events: assortment of
individuals by (a) mean level of binge-eating and by (b) mean number of daily feeder
visits in each winter (Nyinter1=848; Nuinters=589, Nyinters=538). Dashed lines show assortment
scores of the observed data; distributions show assortment scores of 1000 permutations
of individual ID between flocking events.
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When the social assortment was examined more closely, different dyadic
combinations were observed to have different impacts on the overall pattern. Fig.
4 illustrates the observed social network of great tits for each winter. The boxplots
in Fig. S2 show the association strengths between binge-eaters (top 33% mean
PC1 scores), between grazers (bottom 33% mean PC1 scores), and between
binge-eaters and grazers for each winter. Grazer-grazer dyads had stronger
associations than binger-binger dyads (Welch’s two-sample t-test; winter 1:
t(95=9.49, P<0.001, winter 2: t(330=6.48, P<0.001, winter 3: t292=8.23, P<0.001)
which had stronger associations than grazer-binger dyads (winter 1: tse2)=5.35,
P<0.001, winter 2: t(3ss=3.31, P=0.001, winter 3: t(36=3.78, P<0.001). Thus,
grazer-grazer associations were also stronger than grazer-binger dyads (winter 1:
t477=13.86, P<0.001, winter 2: t(303=9.14, P<0.001, winter 3: tps51)=11.29,
P<0.001).
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B (c) 2013-2014
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Level of binge-eating (PC1)
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Fig. 4. Observed social network of great tits in winter (a) 2011-2012, (b) 2012-2013 and
(c) 2013-2014. Each node represents one individual and lines connecting nodes indicate
the associations between individuals, with size of node representing an individual’s
weighted degree centrality (Nyinter1=848; Nuinter2=589, Nuinters=538). Node colour represents
the mean temporal clustering (PC1) of feeder visits during mid-winter, ranging from
binge-eaters in red to grazers in blue.
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Pair bonds

Feeding similarity to partner across sites

Within pairs of great tits that bred together in the subsequent spring, individuals
exhibited similar levels of binge-eating (PC1) and similar daily numbers of feeder
visits to their partner, but only on the dates when they were recorded exclusively
at the same feeding station (see Fig. 5 and Tables S4 and S5 for model estimates
of binge-eating; see Fig. 6 and Tables S6 and S7 for model estimates of daily
Visits).
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Fig. 5. Level of binge-eating of (a) 217 male and (b) 208 female great tits with their
subsequent breeding partner’s level of binge-eating, corrected for age, daily number of
visits, and feeder traffic. Partners recorded at the same site and day (167 instances) are
plotted separately from partners recorded at different sites on the same day (1116
instances). Points show corrected means + SD with error bar widths indicating the
amount of data; data were binned by 0.1 PC1. Lines show the model prediction of the
relationship for same-site pairs and different-site pairs.
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Fig. 6. Daily number of feeder visits of (a) 217 male and (b) 208 female great tits with
their subsequent breeding partner’'s daily visits, corrected for age and feeder traffic.
Partners recorded at the same site and day (167 instances) are plotted separately from
partners recorded at different sites on the same day (1116 instances). Points show
corrected means £ SD with error bar widths indicating the amount of data; data were
binned by 1.5 visits. Lines show the model prediction of the relationship for same-site
pairs and different-site pairs.

Between-pair permutations

Individuals of subsequent breeding pairs binged more similarly to their partner
than to other subsequently paired members of the opposite sex at the same site on
the same date (Fig. 7; Pmales=0.43, P<0.001 from 1000 sets of partner permutation,
N=192; Premales=0.37, P<0.001 from 1000 permutations, n=187; model estimates
for observed pairs are given in Tables S8 and S9). The daily frequency of their
feeder visits was also more like their partner than non-partners, as defined above
(Fig. 8; Pmales=0.51, P<0.001 from 1000 sets of partner permutation, n=192;
Bremales=0.42, P<0.001 from 1000 permutations, n=187; model estimates for

observed pairs are given in Tables S10 and S11).
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Between-pair permutations: within- site and date
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Fig. 7. Effect of subsequent breeding partner’'s level of binge-eating (PC1) on focal
individual's binge-eating. Effects of observed partner are shown by dotted lines; effects of
1000 sets of permuted partners shown in density plots. Nyae=192; Nfemale=187.

Between-pair permutations: within- site and date
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Fig. 8. Effect of subsequent breeding partner's daily number of feeder visits on focal
individual's daily visits. Effects of observed partner are shown by dotted lines; effects of
1000 sets of permuted partners shown in density plots. Nyae=192; Nfemae=187.
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‘Pre-partnership’ permutations

Great tits were more likely to be recorded at the same site as their subsequent
breeding partner later in winter (males: day of winter 3=0.40, SE=0.18, z=2.26,
P=0.024; females: day of winter 3=0.41, SE=0.20, z=2.04, P=0.041; see Tables
S12 and S13 for model estimates). Therefore, assuming that pairs feed together
once a partnership is formed (Psorakis et al. 2012; Firth et al. 2015), we use the
term ‘pre-partnership’ for records of individuals that had a subsequent breeding
partner on dates when they were recorded at a different feeding station to their
partner. On dates when visiting different sites, subsequent breeding partners were
no more similar, in either binge-eating or daily visits, to their partner than their
non-partner. This was determined by permuting ‘pre-partners’; the identity of
each focal bird’s permuted partner was selected at random from the subset of ‘pre-
partners’ of the opposite sex that visited a different site from the focal bird on that
date. Fig. S3 illustrates the difference in binge-eating between focal birds and
observed partners and between focal birds and 1000 sets of permuted partners and
Fig. S4 the daily visit difference between focal birds and observed partners and
between focal birds and 1000 sets of permuted partners; model estimates given in
tables S14-S17. Thus there is no evidence of pre-partnership compatibility of

foraging behaviour, i.e. no assortative pairing.

Male great tits binged less when recorded at the same site as their partner than
when at different sites (Fig. S5; Welch’s two-sample t-test: t(10sy=2.36, P=0.020),
but there was no significant difference in female binge-eating with the presence or
absence of partner (Fig. S5; tus0=1.46, P=0.147). In contrast, male great tits
visited feeders more often than females on days when recorded at the same site as
their subsequent breeding partner (Fig. S6; t7s=2.14, P=0.033) but not when
visiting at a different site to their partner (Fig. S6; t(145=1.43, P=0.156).

DISCUSSION

By quantifying individual foraging behaviour while also monitoring social

associations, we demonstrate that individual variation in daily foraging routines is
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linked to social network phenotype and social structure in a wild population of
great tits. Since social structure and interaction patterns influence encounter rates,
this suggests that individual foraging strategies might have implications for
emergent social properties such as the spread of information and disease as well
as for mate choice (Lusseau & Newman 2004; Aplin et al. 2012; Adelman et al.
2015; Oh & Badyaev 2010). In addition, we show that pairs of great tits that
subsequently bred together exhibit feeding patterns more similar to their partners
than to their non-partners, but only on days when they visit the same feeding
stations. This suggests that social relationships such as pair bonds can, in turn,
feed back to influence foraging behaviour. However, we did not find evidence that

mate choice was based on similarity of foraging strategy prior to pair formation.

Network metrics

Binge-eaters (with high PC1 values: individuals with highly clustered feeder visits
within a day) had weaker associations in the social network constructed for each
winter than grazers (with low PC1 values: individuals with highly spread out
feeder visits across a day). This result is intuitive since binge-eaters, having longer
inter-bout intervals and spending a smaller proportion of the day (chapter 4) at
feeding stations, have less opportunity to interact with other individuals at feeders
than grazers. However, there was no relationship between the mean level of
binge-eating and unweighted degree over a winter: binge-eaters did not have
fewer associates than grazers, only weaker associations. A previous study on the
same system which showed that exploration behaviour (a measure of personality)
affected both average association strength and number of associates; fast explorers
had weak associations with more individuals while slow explorers associated
more strongly with fewer individuals (Aplin et al. 2013). A similar result was also
found for the number and strength of associations between captive sticklebacks
with a measure of boldness (Pike et al. 2008). It seems possible that this is
because of the localised nature of the individual differences observed in this study
— over the course of a day, individuals may encounter most other possible
foraging companions regardless of their foraging strategy, but only grazers would

have repeated, sustained, interactions.

172



Social foraging patterns

The daily feeder visit rate of individual great tits could also predict some of the
variation in social phenotype: the more feeder visits an individual made in a day,
the stronger its association strength and the more associates it had in the winter
social network. Since daily feeder visit rates represent the extent to which
individuals rely on artificial food, and the social network was constructed with
records of co-occurrence at feeding stations, it follows that ‘feeder specialists’
will spend more time at and interact more at feeders than ‘natural-food
specialists’. As shown in Chapter 2, individuals with subsequent breeding
territories that were further from feeders visited feeders less often than individuals
with nearby territories. Thus, distance to territory also explains some of the
variation in feeder use. Based on calculations given in Chapter 3, approximately
60 sunflower seeds would provide a typical great tit with its daily midwinter
energy requirement. The few great tits that visits feeders more often than 60 times
per day appear to be making excess trips to feeders which do not add to their

count of associates (Fig. 2).

Assortative mixing

Great tits were positively assorted on each winter social network by their level of
binge-eating (PC1) — see networks in Fig. 4, coloured by mean PC1 value. They
also exhibited assortative mixing by daily visit rate and weighted degree. While
relatively strong for this system (e.g. Aplin et al. 2013), the assortment by feeding
pattern within each Wytham winter network was not strong enough to induce
separate binge-eating and grazing communities, as in dolphin studies which
reported social segregation by foraging type (Daura-Jorge et al. 2012; Ansmann et
al. 2012). However in this study, great tits were more strongly assorted by degree
than by either feeding pattern and such degree assortment made up a large
(although not absolute) component of the observed social structure. Social
networks are often degree-assorted, tending to have core(s) of high-degree nodes
and a less dense periphery of low-degree nodes; this can be driven by the presence
of tightly-knit subgroups of different size, with high-degree individuals in large
subgroups and low-degree individuals in small subgroups (Newman 2010). In this

study, there was considerable variation in the number of individuals visiting each
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of the 65 feeding stations and individuals tended to exclusively visit a single
feeder or neighbouring feeders within a winter. Spatially-driven subgroups of
different size are thus apparent in the social network for each winter, with high-
degree individuals (large nodes in Fig. 4) in a few large clusters. However, further
tests are required to tease out network assortativity to investigate whether (i) there
Is some assortment by feeding pattern in addition to the assortment by degree, or
(i) the assortativity described in this chapter is simply driven by the significant
relationship between foraging behaviour and degree, or (iii) whether the
assortment in foraging behaviour drives the assortment by degree. Regardless, it
remains the case that those with more similar feeding habits are more likely to
interact, and this could have consequences for how they engage with competition,
how information flows through a population, assortative mating, and social

learning dynamics.

Grazers spend more time at feeding stations each day than binge-eaters and can
co-occur with other individuals more than binge-eaters that visit less often in
highly clustered foraging bouts. Thus binge-eaters, spending less time visiting
feeders, have more potential to be choosy about when and with whom they visit
feeders. They could avoid other binge-eaters to reduce the effects of competition
during their foraging bouts, or they could feed together in binge-cating ‘parties’
which might then temporarily exclude grazers. It has been shown in previous
chapters that binge-eaters tend to be more dominant (males and adults over
females and juveniles), supporting the latter possibility. Additionally, binge-eaters

associate more strongly with other binge-eaters than with grazers (Fig. S2).

There are likely multiple mechanisms of assortative mixing which could be
passive (for example through the proportion of time spent at sites of aggregation,
I.e. feeders, or diet preference; Kleinhappel et al. 2014) or active (such as
avoidance of aggressive proactive individuals by reactive individuals; Aplin et al.
2013). Further work will be required to elucidate the mechanisms of assortment
and its effect on the emergent social structure. A previous study on the Wytham
great tit population has demonstrated positive assortment by age and immigration

status (Farine et al. 2015). Immigrant juveniles were more likely to be observed in
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large groups than immigrant adults. Disassortative mixing is a less common
phenomenon in social networks than assortative mixing, but an obvious example
is the disassortment by sex, which has also been shown in this study system, with
male-female dyads associating more strongly than same-sex dyads (Aplin et al.
2013). This is likely driven by pair bonds, which are formed and/or maintained
throughout the winter in great tits (Hinde 1952). Similarly, experiments have
shown directly that social assortment can be imposed by manipulating which great
tits can feed together, and this assortment carries over to other contexts (Firth &
Sheldon 2015).

Breeding partnerships

Here, we have shown that a partner’s feeding patterns can predict those of a focal
bird, but only on dates when recorded at the same feeder. These results are
suggestive of some form of convergence in foraging behaviour within pairs.
However, it is also possible that this observed convergence could simply be due to
a combination of site-related differences and within-partner site-typical behaviour
(given a pair is usually at the same site). We therefore conducted between-pair
permutations within-site, showing that the observed partner’s feeding behaviour
predicted their partner’s behaviour more than that of non-partners. Next, we asked
whether individual foraging behaviour prior to partnership formation had any

constraint on partner choice through behavioural compatibility.

Great tits form pair bonds during winter and while the date of partnership
formation is not known, we have assumed that dates on which subsequent
breeding pairs are observed exclusively at different sites are ‘pre-partnership’. So
do pair bonds form between individuals with initially smaller differences in
behaviour between each other than between themselves and other potential
partners? We used a permutation of potential partners to show that ‘pre-
partnership’ great tits did not exhibit feeding patterns any more like their
subsequent breeding partner than other ‘pre-pair’ members of the opposite sex.
The results presented here suggest that once pair bonds are formed, partners with
initially alternative foraging strategies can shift their behaviour to converge on a

more similar strategy. This also supports previous work in Firth et al. (2015),

175



Chapter 5

where an experimental manipulation demonstrated that pair bonds affected
foraging behaviour. Finally, we showed that males visiting the same feeder as
their subsequent partner binged less than ‘pre-partnership’ males while there was
no difference in females (Fig. S5). Male great tits tend to binge-eat more than
females (as shown in previous chapters); this is likely related to dominance status.
Therefore, it is possible that females are unable to increase their level of binge-
eating, leaving their partners to reduce their binge-eating to a closer level to the

females in order to mirror their foraging behaviour.

Consistency and plasticity

While there is evidence of consistent individual differences in foraging patterns
(Chapter 2) and social network metrics (Aplin et al. 2015) both within- and
between-years, this study also demonstrates that individuals can exhibit flexibility
in feeding patterns to accommodate a partner’s behavioural strategy. Firth et al.
(2015) also demonstrate that individual great tits can alter their foraging
behaviour to maintain a pair bond when food accessibility is restricted for one pair
member; a consequence of this was that individuals’ wider social associations to
other flock-mates were also shaped by their pair bonds. Extending these results, it
would be interesting to ask in a future study whether partnership formation also
affects social phenotypes. This would involve constructing networks based on
subsets of the winter feeder visits, say per weekend, and comparing network
metrics of partners before and after a pair bond was established. An estimate of
the time of partnership formation would also be required. This could be roughly
approximated by identifying the date on which the subsequent pair first co-
occurred at a feeding station (Culina 2014), or the first date of co-occurrence after
the last date visiting different sites. A more accurate estimate could potentially be
achieved by analysing the distribution of inter-partner visit intervals, since paired

birds should visit at similar times with shorter intervals (Firth et al. 2015).

In great tits, social units change over time; in their first winter, individuals often
join large juvenile flocks which can be composed of multiple species (Perrins
1979). The spatial aspects of an individual’s behaviour will also change with

dispersal, pair formation and territoriality. In combination with the highly fission-
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fusion group dynamics, these behaviours will all influence social structure.
However while there has been a surge in observational studies of animal social
networks, there is still a paucity of repeated network sampling, and of
experimental manipulations of factors influencing social associations (but see
Aplin et al. 2015; Firth & Sheldon 2015). Two recent studies have shown that the
manipulation of available foraging modes or accessibility of food affects
association patterns and the emergent social structure (Ansmann et al. 2012; Firth
& Sheldon 2015). They also demonstrated that when the imposed disturbance was
removed, manipulated social phenotypes were plastic and the social structure
resilient to change. It remains to be investigated whether the interplay between
foraging behaviour and social phenotypes could be manipulated in a similar

manner.

Limitations and extensions

Here we relate foraging behaviour at feeders with social associations at feeders. It
would be preferable to have the two measures recorded in independent contexts,
as in studies relating personality (assayed during short term captivity) and social
networks based on feeder associations (e.g. Aplin et al. 2013). Alternatively,
social networks could be constructed with data collected in a context other than
foraging. For example in great tits, social networks have been constructed at the
brood level based on interactions between siblings in nest boxes (Royle et al.
2012) or associations during nest-box prospection (Verhelst, unpublished data;
Firth & Sheldon 2015). In other systems, examples include grooming/aggression
networks (primates: Flack et al. 2006; Carter et al. 2015), roosting networks (bats:
Rhodes et al. 2006), proximity/contact networks (lizards: Godfrey et al. 2014;
crows: Rutz et al. 2012; manakins: Ryder et al. 2012). Direct observations are
valuable for their accuracy in quantifying interactions, rather than inferring social
associations as described in this chapter, but difficult to record in the quantities
possible with automated data collection. Despite the limitations of inferring social
interactions at feeders, a previous study on great tits has shown that associations
in the social networks based on feeder data can carry over into other contexts,

including the associations between individuals when inspecting potential nesting
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locations (Firth & Sheldon 2015). This suggests that the automated data collection
may still be meaningful. It has also been shown to have functional significance;
For instance, Aplin et al. (2012) showed that socially well connected tits were
more likely to acquire the social information to locate novel foraging patches. We
suggest that the links explored in this chapter between feeding patterns, social
interactions and social structure could have consequences for multiple processes,
including the use of social information in foraging, and the response to
competition. For example, previous work on sticklebacks showed that the social
environment, in combination with competition avoidance, affected when
individuals decided to move to a newly available food patch (Laskowski & Bell
2013).

In order to investigate the evolutionary consequences of social associations and
network structure, measures of fitness need to be quantified in future studies.
Additionally, environmental changes could impact individual behaviours and
social interactions between individuals and ultimately the resultant group structure
(Wittemyer et al. 2005; de Silva et al. 2011) so it would be useful to monitor
environmental conditions and incorporate these variables in future analyses of

individual behaviour and repeatedly-sampled social networks.

General conclusions & implications.

In this study we have explored the question of why non-random associations and
social structures occur with respect to individual foraging behaviour. Spatial
variation in resource availability and conspecific density, in combination with
temporal behavioural variation and food preferences (in this case natural or
artificial food), will impact on rates of contact and thus social associations and
network structure. Social preferences, such as pair bonds, can also feed back to
influence patterns of individual behaviour, social associations and foraging
strategies (Firth et al. 2015).

Alternative foraging tactics explain some of the variation in social phenotypes and
multiple processes, working at different scales, influence the emergent social

network structure. Great tits show repeatability in feeding patterns and social
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metrics, but are also capable of adjusting these in response to social partnerships.
The interrelations between foraging, associations and social structure will all
affect rates of encounter, with implications for the spread of information or

disease, inbreeding avoidance, and sexual selection.
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APPENDIX

Supplementary Figures
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Assortment by weighted degree
Fig. S1. Mixing patterns of great tits within flocking events: assortment of individuals by
weighted degree (overall association strength) in each winter (Nyiner1=848; Nyinters=589,

Nwinters=538). Dashed lines show assortment scores of the observed data; distributions
show assortment scores of 1000 permutations of individual ID between flocking events.
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'Pre-pair’ permutations: any other site within-date

w F T

female - observed partner
— — male - observed partner

female - permuted partner
<+ I O  male - permuted partner

Frequency

-1.0 -0.5 0.0 0.5
Mean difference from partner's binge-eating (PC1) value

Fig. S3. Mean difference between subsequent breeding partner’s level of binge-eating
and focal individual’s binge-eating (partner's PC1 subtracted from focal’'s PC1) on dates
when the pair visited different feeding stations; 74 male and 74 female focal birds plotted
separately. Difference from observed partner indicated by dotted line; difference from
1000 sets of permuted partners shown in density plot. Observed partners were swapped
at random with individuals of the opposite sex that visited any site except the focal’'s and
that also visited a different site to their subsequently observed partner.

'Pre-pair’ permutations: any other site within-date

0.4

female - observed partner

= = male - observed partner
female - permuted partner

(m] male - permuted partner

0.2 0.3

Frequency

0.1
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-10 -5 0 5 10
Mean difference from partner's daily number of visits

Fig. S4. Mean difference between subsequent breeding partner’s daily number of feeder
visits and focal individual’s daily visits (partner’s visits subtracted from focal’s visits) on
dates when the pair visited different feeding stations; 74 male and 74 female focal birds
plotted separately. Difference from observed partner indicated by dotted line; difference
from 1000 sets of permuted partners shown in density plot. Observed partners were
swapped at random with individuals of the opposite sex that visited any site except the
focal’s and that also visited a different site to their subsequently observed partner.
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Fig. S5. Mean level of binge-eating (PC1) when visiting a different site or the same site as
a subsequent breeding partner. Male and female means plotted separately. Mid-lines and
boxes show median and IQR respectively; whiskers indicate the range with outliers

(outside 1.5 x IQR) as points.
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Fig. S6. Mean daily feeder visits when recorded at a different site or the same site as a
subsequent breeding partner. Male and female means plotted separately. Mid-lines and
boxes show median and IQR respectively; whiskers indicate the range with outliers

(outside 1.5 x IQR) as points.
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Supplementary Tables

Table S1. Linear model on factors affecting the weighted degree (overall association
strength) of 1287 individual great tits in winter feeder social networks. One network was
constructed for each winter.

Variable Coefficient SE t P
winter (2) -0.66 0.08 -8.19 <0.001
winter (3) -0.43 0.08 -5.28 <0.001
binge-eating PC1 -0.12 0.02 -5.05 <0.001
scaled daily visits 0.12 0.04 3.03 0.003
scaled daily visits 2 -0.09 0.03 -3.12 0.002
scaled feeder traffic 0.60 0.04 16.13 <0.001

Table S2. Linear model on factors affecting the unweighted degree (number of
associaties) of 1287 individual great tits in winter feeder social networks. One network
was constructed for each winter.

Variable Coefficient SE t P
winter (2) -35.42 2.60 -13.65 <0.001
winter (3) -19.92 257 -7.74 <0.001
binge-eating PC1 -1.11 0.73 -1.52 0.129
scaled daily visits -1.45 1.23 -1.18 0.239
scaled daily visits "2 -3.14 0.87 -3.60 <0.001
age (juvenile) 18.35 2.18 8.42 <0.001
scaled feeder traffic 5.26 1.17 449 <0.001

Table S3. Linear model on factors affecting the average association strength (scaled
by 100) of 1287 individual great tits in winter feeder social networks. One network was
constructed for each winter.

Variable Coefficient SE t P
winter (2) 1.11 0.13 8.46 <0.001
winter (3) 0.11 0.13 0.84 0.399
binge-eating PC1 -0.13 0.04 -3.72 <0.001
scaled daily visits 0.22 0.06 354 <0.001
scaled daily visits 2 0.04 0.04 0.95 0.342
age (juvenile) -0.75 0.11 -6.83 <0.001
scaled feeder traffic 0.48 0.06 8.17 <0.001

188



Social foraging patterns

Table S4. Linear mixed model on factors affecting the level of binge-eating (PC1) of
male great tits on dates when they and their subsequent breeding partner visited one
feeding station each. There were 1116 instances of same-site pairs and 167 of different-

site pairs.
Variable Coefficient SE t

partner's level of binge-eating PC1 -0.04 0.06 -0.61 0.543
partner at same site (yes) -0.65 0.13 -5.18 <0.001
scaled daily visits -0.24 0.04 -5.63 <0.001
age (juvenile) -0.19 0.12 -154 0.125
mean scaled feeder traffic 0.16 0.08 1.88 0.061
deviation scaled feeder traffic -0.26 0.07 -3.58 <0.001
partner's PC1 * partner at same site (yes) 0.45 0.07 6.51 <0.001

Random term Variance SD n
individual 1D 0.78 0.88 217
individual ID with random feeder traffic slope 0.15 0.38 217
site 0.08 0.28 59
date 0.05 022 30
residual 0.88 0.94

Table S5. Linear mixed model on factors affecting the level of binge-eating (PC1) of
female great tits on dates when they and their subsequent breeding partner visited one
feeding station each. There were 1116 instances of same-site pairs and 167 of different-

site pairs.
Variable Coefficient SE t P
partner's level of binge-eating PC1 -0.02 0.05 -0.42 0.675
partner at same site (yes) -0.30 0.12 -2.46 0.014
scaled daily visits -0.30 0.04 -7.16 <0.001
age (juvenile) -0.12 0.11 -1.08 0.281
mean scaled feeder traffic 0.03 0.07 0.47 0.637
deviation scaled feeder traffic -0.15 0.07 -2.28 0.023
partner's PC1 * partner at same site (yes) 0.38 0.05 7.19 <0.001
Random term Variance  SD n
individual 1D 0.53 0.73 208
individual 1D with random feeder traffic slope 0.08 0.29 208
site 0.09 0.29 60
date 0.02 015 30
residual 0.78 0.89
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Table S6. Linear mixed model on factors affecting the daily number of feeder visits of
male great tits on dates when they and their subsequent breeding partner visited one
feeding station each. There were 1116 instances of same-site pairs and 167 of different-
site pairs.

Variable Coefficient SE t P
partner's daily visits -0.01 0.06 -0.20 0.840
partner at same site (yes) -16.37 2.78 -5.89 <0.001
age (juvenile) 6.01 1.31 459 <0.001
mean scaled feeder traffic 422 0.87 4.83 <0.001
deviation scaled feeder traffic 4.27 0.80 5.33 <0.001
partner's daily visits * partner at same site (yes) 0.48 0.07 7.37 <0.001
Random term Variance SD n

individual 1D 96.23 9.81 217

individual ID with random feeder traffic slope 27.15 5.21 217

site 483 220 59

date 531 230 30

residual 96.25 9.81

Table S7. Linear mixed model on factors affecting the daily number of feeder visits of
female great tits on dates when they and their subsequent breeding partner visited one
feeding station each. There were 1116 instances of same-site pairs and 167 of different-
site pairs.

Variable Coefficient SE t P
partner's daily visits -0.04 0.05 -0.83 0.409
partner at same site (yes) -16.89 2.70 -6.26 <0.001
age (juvenile) 3.31 1.22 2.72 0.007
mean scaled feeder traffic 416 0.82 5.11 <0.001
deviation scaled feeder traffic 5.37 0.77 7.00 <0.001
partner's daily visits * partner at same site (yes) 0.45 0.06 7.65 <0.001
Random term Variance SD n

individual 1D 55.58 7.46 208

individual 1D with random feeder traffic slope 2150 4.64 208

site 2045 452 60

date 12.10 3.48 30

residual 85.02 9.22
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Table S8. Linear mixed model on factors affecting the level of binge-eating (PC1) of
male great tits on dates when they and their subsequent breeding partner visited only the
same feeding station.

Variable Coefficient SE t P
partner's level of binge-eating PC1 0.43 0.03 15.10 <0.001
scaled daily visits -0.20 0.04 -4.60 <0.001
age (juvenile) -0.12 0.13 -0.90 0.368
mean scaled feeder traffic 0.13 0.07 1.71 0.087
deviation scaled feeder traffic -0.27 0.07 -3.62 <0.001

Random term Variance SD n
individual ID 0.76 0.87 192
individual ID with random feeder traffic slope 0.16 04 192
site 0.08 0.28 57
date 0.04 0.19 30
residual 0.78 0.88

Table S9. Linear mixed model on factors affecting the level of binge-eating (PC1) of
female great tits on dates when they and their subsequent breeding partner visited only
the same feeding station.

Variable Coefficient SE t P
partner's level of binge-eating PC1 0.37 0.02 15.02 <0.001
scaled daily visits -0.25 0.04 -6.22 <0.001
age (juvenile) -0.14 0.12 -1.15 0.252
mean scaled feeder traffic 0.06 0.06 0.87 0.384
deviation scaled feeder traffic -0.12 0.06 -2.02 0.044

Random term Variance SD n
individual ID 0.56 0.75 187
individual 1D with random feeder traffic slope 0.02 0.14 187
site 0.03 0.16 57
date 0.01 0.1 30
residual 0.75 0.87
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Table S10. Linear mixed model on factors affecting the daily number of feeder visits of
male great tits on dates when they and their subsequent breeding partner visited only the
same feeding station.

Variable Coefficient SE t P
partner's daily visits 0.51 0.03 17.90 <0.001
age (juvenile) 726 136 5.34 <0.001
mean scaled feeder traffic 250 0.82 3.06 0.002
deviation scaled feeder traffic 3.34 0.78 4,30 <0.001

Random term Variance SD n
individual ID 77.11 8.78 192
individual ID with random feeder traffic slope 13.28 3.64 192
site 13.60 3.69 57
date 526 229 30
residual 89.54 9.46

Table S11. Linear mixed model on factors affecting the daily number of feeder visits of
female great tits on dates when they and their subsequent breeding partner visited only
the same feeding station.

Variable Coefficient SE t P
partner's daily visits 0.42 0.02 17.80 <0.001
age (juvenile) 344 132 261 0.009
mean scaled feeder traffic 421 0.74 5.70 <0.001
deviation scaled feeder traffic 414 0.74 5.62 <0.001

Random term Variance SD n
individual 1D 5435 7.37 187
individual 1D with random feeder traffic slope 13.11 3.62 187
site 1419 3.77 57
date 7.07 266 30
residual 78,51 8.86
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Table S12. Generalized linear mixed model, with binomial error distribution and logit link
function, on factors affecting whether male great tits are recorded exclusively at the
same feeding station as their subsequent breeding partner on a recording day. There
were 1116 instances of both pair members being recorded at the same feeding station
and 167 of pair members at different feeding stations within a day.

Variable Coefficient SE z P

day of winter 0.40 0.18 2.26 0.024
winter (2) 055 0.78 0.71 0.476
winter (3) 264 100 2.64 0.008
age (juvenile) 0.68 1.04 0.65 0.513
scaled daily visits 0.75 0.26 2.85 0.004
Random term Variance SD n

individual 1D 169.90 13 217

site 10.65 3.26 59

Table S13. Generalized linear mixed model, with binomial error distribution and logit link
function, on factors affecting whether female great tits are recorded exclusively at the
same feeding station as their subsequent breeding partner on a recording day. There
were 1116 instances of both pair members being recorded at the same feeding station
and 167 of pair members at different feeding stations within a day.

Variable Coefficient SE z P

day of winter 0.41 0.20 2.04 0.041
winter (2) -0.08 0.71 -0.12 0.907
winter (3) 3.59 0.97 3.69 <0.001
age (juvenile) -4.18 1.19 -3.50 <0.001
scaled daily visits 0.94 0.28 3.30 0.001
Random term Variance SD n

individual 1D 133.60 11.6 208

site 1453 381 60
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Table S14. Linear mixed model on factors affecting the level of binge-eating (PC1) of
male great tits on dates when they and their subsequent breeding partner visited
different feeding stations.

Variable Coefficient SE t P
partner's level of binge-eating PC1 -0.10 0.09 -1.15 0.253
scaled daily visits -0.53 0.16 -3.32 0.001
age (juvenile) -0.62 036 -1.72 0.087
mean scaled feeder traffic 0.01 0.19 0.07 0.940
deviation scaled feeder traffic -0.07 0.25 -0.28 0.777

Random term Variance SD n

individual ID 1.24 111 74
individual ID with random feeder traffic slope 011 033 74
site 021 045 41
date 0.19 044 30
residual 1.29 1.14

Table S15. Linear mixed model on factors affecting the level of binge-eating (PC1) of
female great tits on dates when they and their subsequent breeding partner visited
different feeding stations.

Variable Coefficient SE t P
partner's level of binge-eating PC1 -0.02 0.06 -0.41 0.686
scaled daily visits -0.49 0.11 -4.39 <0.001
age (juvenile) 0.00 0.24 0.00 0.999
mean scaled feeder traffic -0.03 0.15 -0.23 0.820
deviation scaled feeder traffic -0.61 035 -1.73 0.085

Random term Variance SD n

individual ID 0.30 054 74
individual 1D with random feeder traffic slope 195 139 74
site 0.39 062 41
date 0.00 0.05 30
residual 0.89 0.95
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Table S16. Linear mixed model on factors affecting the daily number of feeder visits of
male great tits on dates when they and their subsequent breeding partner visited
different feeding stations.

Variable Coefficient SE t P
partner's daily visits -0.01 0.07 -0.19 0.850
age (juvenile) 3.88 3.57 1.09 0.278
mean scaled feeder traffic 855 1.77 482 <0.001
deviation scaled feeder traffic 6.29 2.48 2.54 0.012

Random term Variance SD n

individual ID 13455 11.60 74
individual ID with random feeder traffic slope 3042 552 74
site 26.33 5.13 41
date <0.01 <0.01 30
residual 115.08 10.73

Table S17. Linear mixed model on factors affecting the daily number of feeder visits of
female great tits on dates when they and their subsequent breeding partner visited
different feeding stations.

Variable Coefficient SE t P
partner's daily visits 0.04 0.07 0.66 0.509
age (juvenile) 091 343 0.27 0.790
mean scaled feeder traffic 2.70 1.90 1.42 0.157
deviation scaled feeder traffic 9.40 2.44 3.85 <0.001

Random term Variance SD n

individual ID 115.91 10.77 74
individual 1D with random feeder traffic slope 26.48 515 74
site 36.81 6.07 41
date 22.05 470 30
residual 86.87 9.32
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Chapter 6

General Discussion

This thesis presents an investigation of the causes and consequences of individual
variation in foraging patterns, ranging in temporal scale from single feeding
events to seasonal shifts in behaviour. Here | describe the goals of this study and
give a summary of the key findings. | then place the work in the context of the
field of foraging and, more broadly, behavioural ecology, discussing the
implications of the results. | also consider some limitations of the methods used
and suggest future directions for research that might further our understanding of

individual variation in behaviour.

Aims and motivation

The main goal of this thesis was to examine the significance of individual
variation in the daily foraging routines of wild great tits (Parus major) and blue
tits (Cyanistes caeruleus). The temporal scales at which behaviour is considered
are important when quantifying behavioural patterns, especially when optimal
strategies are being investigated (Heath et al. 2010; Fortin et al. 2002). In some
cases, short-term reductions in efficiencies can lead to longer term benefits; for
example, reducing speed during locomotion can improve long-term endurance
(Kramer & McLaughlin 2001). Previous studies on foraging rates have often
focused on hourly rates of food intake (e.g. Bonter et al. 2013; Cope 2003;
Alanéra et al. 2001; Zhang et al. 1992), and therefore little is known of how
individuals time their feeding at a finer timescale, and significant patterns of
variation may have been overlooked. This is likely to be particularly true for small
birds and mammals that, due to their high metabolisms, must obtain large
numbers of food items each day (Houston & McNamara 1993; Perrins 1979;
Kronfeld-Schor & Dayan 2008; Yunger et al. 2002). These animals may therefore
exert fine control over the precise timing of feeding within a day in an attempt to
reduce the risks of starvation and predation. The first aim of my thesis was to
quantify fine-scale temporal patterns in individual foraging routines in a wild tit

population.
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While, in the past, it has been difficult to simultaneously monitor the behaviour of
large numbers of individuals in the wild, the relatively recent application of
passive integrated transponder (PIT) tags on passerines has made it possible to
automatically record the time and individual identity of birds visiting feeders
fitted with radio-frequency identification (RFID) antennae (Bonter & Bridge
2011). I applied a method, analogous to that used in the analysis of meal patterns
in livestock (Howie et al. 2009), to define separate bouts of foraging behaviour
made by individually PIT-tagged birds at feeders in a 385-hectare contiguous
woodland. Alternative foraging strategies have been demonstrated in how
individual tits trade-off the risks of starvation and predation (Quinn et al. 2012). |
hypothesized that individuals would also exhibit alternative foraging strategies

that differed in the extent to which they clustered foraging into bouts.

Behavioural variation can be decomposed into between- and within-individual
components (Dingemanse & Dochtermann 2013). This is an important analytical
approach since individual differences can be caused by (i) individuals behaving
consistently themselves but differently in comparison to others, (ii) individuals on
average behaving similarly to each other but themselves flexibly over time, or (iii)
a combination of both inter- and intra-individual variation. That is, variance
components can be used to test whether individuals differ in average behaviour
and also whether they differ in behavioural flexibility. Using this approach, I set
out to quantify an axis of individual variation in fine-scale temporal foraging
patterns (i.e. the degree of clustering of feeder visits into foraging bouts). | then
investigated whether individuals were repeatable in their foraging behaviour, and
asked which factors, both intrinsic and environmental, affected an individual’s
daily foraging patterns. Furthermore, | explored how flexible individual foraging
strategies were and how they shifted with changes in competition level and
seasonal conditions. Differential responses to competition would suggest variation
in susceptibility to interference, with potential consequences for survival patterns

and group composition (Sutherland 1996).

In addition to links with competitive ability, individual foraging behaviour is also

likely to be related to social interactions in group-foraging species. Thus,
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individual differences in foraging pattern may have consequences for social
organisation. Moreover, when individuals aggregate at food sources, variation in
the timing of feeding will influence encounter rates with other individuals which
in turn could have implications for the spread of disease, information sharing, or
mate choice (Lusseau & Newman 2004; Aplin et al. 2012; Adelman et al. 2015;
Oh & Badyaev 2010). Variation in encounter rates may also create non-
randomness in the interactions with other individuals and hence structure in social
networks with respect to behavioural phenotype. Social network theory provides a
framework for characterizing social structure across scales from the individual
level up to population level (Krause et al. 2007), and can capture some of the
complexity of social interaction patterns not possible with standard measures of
sociality such as group size (Wey et al. 2008). While there have been several
recent studies on the social ecology of tits that apply social network approaches,
inferring social associations from the co-occurrence of individuals at feeders
(Aplin et al. 2013; Aplin et al. 2015; Farine et al. 2012; Farine et al. 2015), few
have examined the direct relationship between individual foraging behaviour and
social associations (but see Firth et al. 2015). This leaves a gap in our knowledge
of foraging in a social context. In order to gain a more comprehensive
understanding of the causes and consequences of social foraging dynamics, the
final goal of this thesis was to investigate the relevance of variation in individual

foraging patterns for social phenotype, pair bonds, and social structure.

Summary of principal findings

In the first part of this thesis, | used a principal component analysis (PCA) to
collapse a number of variables into a novel measure, establishing an axis of
variation in fine-scale temporal foraging patterns which captured the extent to
which individuals clustered their visits to feeders within a day, with ‘binge-eaters’
at the high end of the spectrum and ‘grazers’ at the low end. The first principal
component (PC1, hereafter referred to as binge-eating) explained 38% of the
variation in the daily timing of feeding and was therefore used as an individual
measure of daily foraging routine throughout the thesis. Individuals also varied in

their usage of the supplemental feeders which | quantified as their daily number of
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feeder visits. As demonstrated in Chapter 2, individuals showed significant
repeatability in both behavioural measures, both within- and between-years (r
ranging between 0.42 and 0.60). These estimates fit within the range of
repeatabilities reported for a personality trait in great tits (0.27-0.66; Dingemanse
et al. 2002; Quinn et al. 2009). An analysis of binge-eating in relation to intrinsic
factors revealed dominance-related differences between individuals, with
dominant classes of individual tending to binge-eat more than subordinates. The
distance between the feeder and an individual’s subsequent breeding territory also
played a role, moderating the effects of age and sex, so that dominants only
binged more than subordinates when their territories were not close to their
feeder. Moreover, an increase in distance between feeder and territory decreased

the daily visit rate.

In Chapter 2 | also examined the effects of competition on daily foraging
routines. Competition (feeder traffic) was defined as the daily number of visits by
other individuals of either species at the same feeder as the focal individual.
Differences between individuals in the overall average competition level
experienced did not affect the level of binge-eating. However, individuals did
exhibit flexibility in binge-eating; with day-to-day changes in competition, birds
binged less on relatively busy days and more on quiet days. Finally, the
personality trait ‘exploration behaviour in a novel environment’, a measure of the
proactive-reactive axis and previously linked to competitive ability (Cole & Quinn
2012), did not explain any variation in binge-eating or daily visit rates. Therefore,
binge-eating, although a consistent behavioural characteristic of individuals
influenced by species, age, sex, and distance to territory, varied with changes in

competition level over time.

In Chapter 3, | demonstrated how individual foraging patterns shifted with
seasonal changes in day length and temperature. By examining daily foraging
routines with respect to seasonal changes from autumn to spring, | showed that
individuals visited feeders more often during cold days, and arrived at feeders
earlier relative to sunrise with decreasing day length. The measure of binge-eating

(PC1) that I developed in Chapter 2 was also related to seasonal shifts, with
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individuals binge-eating more on shorter days. Furthermore, | showed that
species, age and sex affected the degree of seasonal shifting of foraging patterns:
(i) great tits increased binge-eating more than blue tits as day length decreased,
(if) with decreasing temperature, juvenile great tits increased their daily visit rates
more than adult great tits, whereas in blue tits, adults increased their feeder visits
more than juveniles, and (iii) males binged more than females, but this difference
decreased over the non-breeding season. However, while these factors
significantly influenced the shift in behaviour, their effects were relatively minor

in comparison to the general seasonal shift of foraging patterns.

In Chapter 4, | extended the analysis in Chapter 2 to explicitly test the effect of
varying competition levels on foraging patterns. A combination of an
experimental manipulation of access to food and natural variation in competitor
density was used to examine the relationship between variable competition and
individual foraging patterns. Experimentally increasing the level of interference at
feeders reduced the level of binge-eating (in great tits but not blue tits), reduced
the daily number of visits (in blue tits but not great tits), and increased the
proportion of daytime spent at feeders (in both species). With the larger, non-
experimental, dataset | further tested for species, age, and sex interactions with
background competition levels. This revealed evidence in all three behavioural
measures that subordinates (blue tit, juvenile or female) were more negatively
affected by an increase in competition, relative to the dominant classes (great tit,
adult or male) of individual. Binge-eating and the proportion of day spent at
feeders were negatively correlated; it thus seems likely that binge-eating, with the
associated reduction in time spent at feeders, is a more efficient foraging strategy
than grazing. In particular, juveniles, having corrected for daily visit rate, spent a
consistently larger proportion of the day at feeders than adults, independent of
competition level; this result is an example of an overall difference in foraging
efficiency. Thus, this chapter demonstrated variation in both absolute foraging
efficiency and the susceptibility to interference competition, which both

contribute to the competitive ability of an individual (Sutherland 1996).
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In Chapter 5, | used a social network approach to assess how individual great
tits’ foraging patterns were related to their social interactions at feeders. My
results showed that foraging behaviour predicted the strength of conspecific
associations, but not the overall number of associates. Great tits that binged
generally had weaker social connections than grazers, with the strongest social
associations found in grazer-grazer dyads. However, binge-eaters associated more
strongly with other binge-eaters than with grazers. This positive assortment (i.e.
grazers interacting more with grazers and binge-eaters more with binge-eaters) led
to a non-random distribution of individuals over the social network, with
consequences for social structure. In the second part of this chapter, | explored the
relationship between individual foraging behaviour (level of binge-eating and
daily visit rate) and pair bonds. Permutation tests revealed that great tits had
feeding strategies more similar to their partner (observed at the same nest box
during the following spring) than other birds of the opposite sex visiting the same
feeder. However, on days when pair members were observed at different sites,
which | hypothesized to be largely pre-partnership, great tits exhibited foraging
patterns no more like their subsequent breeding partner than other pre-partnership
individuals of the opposite sex, suggesting behavioural convergence rather than

assortative mating.

Perspectives

Individual variation in foraging patterns

My novel measure of fine-scale temporal foraging patterns (level of binge-eating)
was an improvement on the coarser (often hourly or other set timeframe)
measures of foraging behaviour in previous studies, which had suggested steady
feeding rates across a day (Bonter et al. 2013; Van der Veen 2000; see Chapter 2).
Moreover, these studies did not investigate individual variation in temporal
foraging patterns. When I did so, | found the level of binge-eating to be repeatable
both within and between years, which motivated further investigation of the
causes of these consistent individual differences. Variation was observed both
between- and within-individuals. Differences between individuals were related to

dominance class and moderated by distance to territory, with individuals that
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clustered their foraging visits the most also tending to be dominant birds that held
territories at a greater distance from feeders.

In this study | used species, age and sex class as indicators of dominance rank. It
would be possible to produce more detailed individual-level dominance
hierarchies by monitoring the outcomes of aggressive encounters between
individuals within flocks (Krams 2000; Dingemanse & De Goede 2004; Cole &
Quinn 2012). This technique could help to further elucidate the dominance-related
patterns in foraging behaviour in future studies. There is also scope for more
research on winter territories. In this thesis | suggest that commuting between
territories and feeding stations plays a role in shaping individual daily foraging
patterns. While there has been much study of these territories during the breeding
season, it is not clear how this information relates to their use during winter
(Wilkin et al. 2006; Gosler, 1993; Perrins 1979). Open questions to investigate in
future studies include: How much time do tits spend on their winter territories
each day? How often do they return to their territory? How fixed are winter
territories? When do juveniles settle in their territories? All of these may
contribute to the cost of commuting and thus influence individual foraging

strategies.

Theoretical studies of optimal foraging behaviour that account for the risks of
starvation and predation often predict a bimodal pattern of feeding across a day
when the risk of predation is high enough to favour a depression of feeding rates
between morning and evening peaks (McNamara et al. 1994; Bednekoff &
Houston 1994). It is this reduction in feeding rates during the middle of the day
that is assumed to lower the risk of predation in systems where foraging exposes
individuals to predators. Therefore, in these models, the risk of starvation is
traded-off against the risk of predation: a change in feeding rate will decrease one
risk while increasing the other. Bonter et al. (2013), using a similar study system
to mine, found relatively consistent hourly feeding rates throughout the day
(comparable to the pattern of hourly rates reported in this thesis). They suggested
that this lack of bimodality demonstrated that the risk of starvation outweighed the

risk of predation. However the results in this thesis suggest another possibility —
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that individuals can reduce their overall proportion of daytime spent at feeders by
clustering their visits into bouts, effectively ‘binge-eating’. This strategy could
thus reduce the risk of predation without depressing hourly feeding rates in the
middle of the day. Thus, if the birds studied in Bonter et al. (2013) exhibited
similar individual variation in foraging behaviour, | would argue that predation
risk may still be a strong determinant of individual foraging routines. Ideally,
these data would be matched with information about hunting behaviour in their
main predator, which in this system is the sparrowhawk during winter (Perrins
1979). Yet while sparrowhawk activity rates tend to be higher in the morning than
afternoon during winter, with some evidence of bimodal activity in first year birds
(Newton 1986; see Fig. 1), little detail is known about predation events in this
system (Perrins 1979). The tracking of wild sparrowhawks would be worthwhile,
particularly if incorporated into this study system so that attack and success rates
of hunts could be estimated.

First year sparrowhawks

g L Adult sparrowhawks

Mean flights per hour

I | |
06:00 09:00 12:00 15:00 15:00

Time of day

Fig. 1. Activity of radio-tagged sparrowhawks during winter, as indicated by mean
frequency of flights, at different times of day. A flight is defined as a move > 50m, and up
to 19 such moves were observed per hour. Inactive periods, which lasted up to 5 hours,
were included in the calculations. e: male; »: female (adapted from Newton 1986).
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As demonstrated in this thesis, individuals can differ consistently in their
behavioural responses to different conditions. Furthermore, relatively recent
studies have shown that these consistent individual differences can be correlated
across contexts, often termed personality (Réale et al. 2007). There is now
evidence that personality traits are linked to life-history traits; for instance,
personality score can reflect a trade-off between productivity and survival (Biro &
Stamps 2008, Quinn et al. 2012). The proactive-reactive personality axis is a
commonly used measure, with proactive individuals expected to prioritize
productivity over survival. Given that binge-eating appears to increases
productivity, it could be predicted that this behavioural measure would be
positively correlated with proactivity. In my dataset, however, |1 found no
significant relationship between binge eating and ‘exploration behaviour of a
novel environment’ - a commonly used proxy of proactivity. However, given that
binge-eating is negatively related to variation in the proportion of time spent at
feeders (i.e. binge-eaters spent less time at feeders than grazers), | argue that this
difference in foraging time makes binge-eating a safer strategy than grazing as
well as a more productive one. Therefore, binge-eating does not reflect a trade-off
between productivity and safety, and this could explain the independence of
personality and foraging strategy measures in this thesis. However, if it is indeed
the case that binge-eating is both more productive and safer than grazing, this
should be reflected in a corresponding difference in fitness outcomes. For
example, it has been shown in gulls that alternative foraging strategies explain a
significant amount of variation in survival, recruitment and reproductive success
(Annett & Pierotti 1999). Future studies should investigate the potential

relationship between foraging strategies and fitness in tits.

Flexibility of foraging routines

While the results in this thesis demonstrate considerable consistent differences
between individuals, individuals also showed some plasticity in their level of
binge-eating, varying their foraging behaviour with levels of local competition
(feeder traffic). In addition to changes in the number of competitors, individuals
were also exposed to a range of environmental conditions that varied seasonally.

These exert strong pressures and constraints on foraging behaviour and all
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individuals shifted their foraging routines accordingly. Interestingly, there were
generally good beechmast crops in the first and third winters of this study, while
the crop was poor in the second winter. Tits are known to visit supplemental
feeders more when natural food sources are scarce (Perrins 1979). Supporting this
trend, | found that individuals typically made five more feeder visits per day in the
year of the failed beechmast crop than in either of the good crop years. The level

of binge-eating, however, did not differ between years.

In this study | have assumed that the majority of feeder visits by individuals result
in the consumption of one seed. However, from observing birds at feeders it is
apparent that birds sometimes have failed visits, when they do not obtain a seed.
This is very likely related to dominance status, with subordinates being supplanted
before they can collect a seed more often than dominants, so that the success rate
will not be equal among all individuals. Personality has also been shown to have
an effect on the success rate per visit, with bold individuals taking seeds quickly
and successfully more than shy individuals which may hesitate more at feeders
through vigilance (Cole & Quinn 2012). Future work could explore variation in
success rates of different classes of bird (species, age, sex or personality type)
under different conditions (seasonal, competitor density, distance to cover), which
would give a more comprehensive view of foraging efficiency and response to

changing environments.

Another potential strategy for coping with the negative effects of competition on
foraging behaviour would be to move to another food patch. In this study, feeding
stations were spaced 250m apart and 75% of individuals that visited feeders did
not move between sites on a given date (those that did move within-day were
excluded from analyses for that date). However, the study of movements between
food patches would be particularly beneficial, especially if the distance between
patches was reduced and/or depletion of resources incorporated into the protocol.
For example, a recent study on the same population explored how personality
influenced how individuals moved between patches that were spaced 50m apart
and showed that proactive birds act as leaders to new patches while reactive birds
follow (Aplin et al. 2014). While in this study | have investigated the effect of
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interference competition with continuous input of food, the depletion of resources
over time is a ubiquitous process in nature (Sutherland 1996). Patch depletion,
with the resultant decrease in foraging efficiency and with density-dependent
exploitation, will add to the cost of interference competition and increase the

likelihood of moving to a new patch.

Costs and benefits of group foraging

In tits, social dominance affects priority access to food, with dominant individuals
able to supplant subordinates during foraging (Perrins 1979). The results
presented in this study indicate that subordinate classes of bird (blue tits, juveniles
and females) were more susceptible to the effects of competition than dominants
(great tits, adults and males). This suggests that the cost of flocking increased
more for subordinates with increasing group size than for dominants. While an
increase in group size should benefit all members through reduced individual
vigilance rates (Sutherland 1996), a different cost-benefit ratio between
dominance ranks could result in group size having opposing effects on dominants
and subordinates. That is, there is potential for subordinates to be negatively
affected by increasing group size while dominants are positively affected. This
was demonstrated in the comparison of great tits and blue tits in the proportion of
day spent at feeders; this measure of foraging efficiency improved (i.e. decreased)
in great tits but was hindered (i.e. increased) in blue tits. In this study, I did not
obtain a direct measure of absolute foraging efficiency (foraging in the absence of
competitors) but model predictions suggest that at zero feeder traffic, there were
little or no differences between dominants and subordinates within species. Thus,
susceptibility to interference appears to explain more variation in competitive
ability than overall foraging efficiency in this study system. This is in contrast to
the findings of a study on oystercatchers which showed that the absolute foraging
efficiency of an individual is the main determinant of competitive ability (Caldow
et al. 1999).

In group foragers, dominant individuals are able to monopolize the safest spatial
positions within a group — these are typically within the centre (e.g. Barta et al.

1997). A potential test of this process in the tit study system could be to use a
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temporally central ‘position’ within a flocking event (either defined using a
sliding-window approach or a Gaussian mixture model approach) as a proxy for a
safe position. It has been demonstrated that subordinates tend to return to feeders
first after the presence of a predator (De Laet 1985; Hegner 1985). Since | have
shown that subordinates tend to spend more time at feeders than dominants, it is
also possible that they might be the last to leave as the flock moves away from a
feeder, leaving the dominants to visit feeders more centrally within a flocking
event. This would add to our understanding of the variation among individuals in
the costs and benefits of foraging in groups and how they cope with the pressure
of competition. Furthermore, the introduction of selective feeders, where access to
food is determined by the identity of the individual, would allow the manipulation

of group size and composition as an avenue for further research.

Foraging behaviour in the context of social networks

In this thesis, | demonstrated links between individual foraging patterns and the
social organisation that occurs at feeders among great tits. Foraging strategy
predicted the strength of an individual’s social associations, with grazers having
stronger social bonds. Individuals were also positively assorted in the social
network by foraging strategy; that is, binge-eaters associated more with other
binge-eaters and grazers more with grazers. However, since the level of binge-
eating was related to degree centrality, and the social network was also (and more
strongly) assorted by degree, it remains to be tested whether there is any
assortment by foraging pattern in addition to the strong assortment by degree. The
same issue holds for a similar study on the links between personality and social
organisation (Aplin et al. 2013). Despite this uncertainty about the causes of
network assortment, |1 have established links between foraging strategies and
association patterns. This suggests that such individual-level differences in
behaviour can have emergent properties at the social level, both in social

behaviour and in population structure itself.

| further explored the similarity of foraging patterns (level of binge-eating)
between pairs of great tits that bred together in the subsequent spring. These pairs

did follow a foraging strategy more like their partner than their non-partners, but

209



Chapter 6

only on dates when they were recorded at the same feeding station. | assumed that
most instances when pair members were observed at different sites happened
before partnership formation, given that prior knowledge of this system suggests
that pairs remain very closely associated after they have formed (Hinde 1952;
Colquhoun 1942; Culina 2014). | then showed that pair members did not binge-
eat more like their future partners than other potential partners. These results
suggest that when great tits form pair bonds, their feeding patterns converge to
become more similar. Furthermore, there was no evidence of foraging strategy
compatibility limiting mate choice. The convergence of foraging strategies in
partners indicates that social bonds can feed back to influence foraging behaviour
(also see Firth et al. 2015). Yet the estimate of pre-partnership dates is quite crude
in this study. An improvement would be to track the association rates of
subsequent pairs over the winter and identify either the point in time at which
association rates increase (pair formation) or to define a threshold value of

association rates, above which a pair can be assumed to be partnered.

While it would be better to quantify social interactions in an independent context
(i.e. not at feeders) for comparison with feeding patterns, a recent study has
demonstrated that co-occurrences at feeders also predict social associations in
non-feeding contexts (Firth & Sheldon 2015). In a similar vein, this study could
be extended to investigate foraging strategies in a different context, such as
provisioning behaviour during the breeding season. Even if winter foraging
strategies do not relate to provisioning routines, there could be carry over effects
of winter strategy for subsequent fitness. For example, if females that binge-eat
more in late winter can maintain better body conditions going into the breeding
season, they may have better reproductive success. This question remains to be

investigated by future research.

Concluding remarks

Recent advances in tagging and automated tracking technology have allowed
detailed and continuous monitoring of large numbers of individuals foraging in
the wild. This further allows for a detailed examination of fine-scale patterns at

different temporal scales. In this thesis | establish a novel measure of individual-
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level temporal patterns in the foraging behaviour of wild birds. The clustering of
feeding behaviour within a day captured a large amount of previously
unquantified individual variation, revealing alternative foraging strategies that
differed at a fine temporal scale. I demonstrated that social dominance, territory
location, environmental conditions, and interference competition all explain some

of this variation, both between- and within-individuals.

By incorporating a social network approach, | further investigate the links
between individual foraging strategies, patterns of social association, social
structure and pair bonds. While this work suggests that foraging behaviour has
implications for social organisation, it also shows that social bonds can feed back

to influence behaviour.
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