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Abstract

Many vertebrates and a few invertebrates are kndwnshow individual-specific
consistency in their behaviour across time andasdns, sometimes in ways that can be
paralleled with human personality. Despite theitatreely small brains, bees show
remarkable cognitive abilities. It is therefore noireasonable to speculate that, as other
animals with such cognitive abilities, they too Wwbbe able to show some form of animal
personality.

The first three chapters of this work are theoett@nd discuss relevant concepts and
controversies in the field of animal personalityhaPter 4 explored the possibility of
individual bees differing in their ability to leamo associate stimuli with reward. While
some bees learned to differentiate between twousitimith a high degree of accuracy,
others made frequent mistakes, independently ofitbéality or dimension of the stimuli
considered. Bees therefore appeared to differ iddally in their ability to discriminate
between stimuli. Chapter 5 of this work aimed asvegring the question of whether
individual bees consistently differ in their belaw, which is a prerequisite to establishing
the existence of personality in any animal. Indidbbees’ response to novelty (neophobia-
neophilia) was found to be relatively predictablghvm a short time scale but not on the
long term. Neophobia-neophilia is therefore an @glits personality trait. Chapter 6 was
concerned with individual responses to a simulgtestiation threat. Individual bees were
found to vary widely, both qualitatively and quaatively. These responses were consistent
through time and so were other features of theagmg behaviours.

Taken together, my findings provide an insight imtalividual variations in foraging
behaviour in the bumblebeBombus terrestrisand represent good evidence for the
existence of individual consistency, thus paving tway for further research into

personality traits in this species.
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Chapter 1: Introduction

Individual variation in behaviour is commonly obged by behavioural biologists or
behavioural ecologists in their subjects of studyl @here is a general consensus that
individual variation plays a key role in evolutiga.g. see Darwin, 1859). Despite this,
consistent individual variation in behaviour, ip&rsonality, has long been under-studied in
non-human animals. Genetic and physiological studmave shed light on some
mechanisms which are at the origin of individualiatons in behaviour, but genetics and
physiology cannot alone explain all the variationserved (Dingemanse et al., 2009).
Traditionally, individual variation in behaviour waseen as noise surrounding the mean
optimal behaviour (Chittka and Dornhaus, 1999; Teomand Chittka, 2001; Bergmduller
and Taborsky, 2010). Stochastic processes may agelbunt for some of the variation;
however, they are unlikely to account for all tleenaining variation observed, especially
when the behaviour appears to be repeatable aditiadele (Sih et al., 2004; Réale et al.,
2007) or even detrimental to the individual’s fasgJohnson and Sih, 2007). The existence
of such repeatable/predictable and sometimes apacketrimental behaviours raise many
guestions, which can be summarised along thres:lihy do individuals consistently
vary in their behaviour? Why are individuals lintiten their behavioural range? Why do

individuals repeat themselves in their behaviour?

In the past few decades, the emerging field of ahpersonality research has developed an
evolutionary framework in order to answer thesestjoas. Because of their widespread
use as models in cognition and behaviour studiess lnake an ideal model on which to

investigate the existence and consequences of qaityoin a social insect. The present



work will attempt to shed some light on the quastiof the existence of personality traits
in Bombus terrestriand whether these traits could be linked with vittlial cognitive

ability.

Before examining the case of bumblebees, it is mapd to discuss and clarify the various
concepts and controversies of the field relevarthie work so that the terminology and
concept developed in the experimental chaptersheilunderstood. Hence, the first three
chapters are dedicated to important terminologyamteptual issues in the field of animal

personality and the application of animal persapa&loncepts to eusocial insects.

The present chapter (Chapter 1), is a generaldattion to the field of animal personality.
It includes the definitions of the terms used tlgloaut this work. Chapter 2 is concerned
with a discussion of the controversies arising frapplying human terms and concepts to
non-human animals as well as an overview of theeatirresearch in the evolution and
maintenance of personalities in both human andmonan animals. Chapter 3 comprises a
brief introduction to task specialisation in eusbcinsects and its relationship to
personality. The next three chapters are experahestiapters. Chapter 4 investigates
individual differences in bumblebees’ ability tawediscriminating tasks and whether the
individual’s response to novelty has bearings airtabilities andvice versaChapter 5 is
concerned with measuring individual responses twelty and assessing whether
bumblebees neophilia-neophobia can be considered pessonality trait. Chapter 6 will
deal with another potential personality trait: ftaking (in a predation context). And
finally, Chapter 7 is a general discussion of hé# findings from Chapter 4, 5 and 6 and

how these findings relate to the issues raisechapter 2 and 3.
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1.1 What is Animal Personality?

The word ‘personality’ and ‘person’ originated frofime Latin persona ‘Persona were

masks used in the theatre to represent a particharacter in a play. The word
‘personality’ may take different meaning. For exdenpersonality in common usage might
refer to an individual’'s charisma or assertivenésg. ‘this candidate has a strong
personality’). In psychology, there is no consermughe definition of personality and this
term might refer to observable phenotypic traitet{d, 2006a) as well as affective and
cognitive features of human subjects, includingidigl motives, life histories and

intellectual characters (Anestis, 2005; Aiken, 1999

Terms associated with human personality have loagnbapplied to the individual
behaviour of some animals: apes, cats, dogs arsgfiare commonly referred to as ‘bold’,
‘fearful’, ‘aggressive’, ‘curious’, ‘sociable’ orven ‘laid back’ and ‘restless’ (Careau et al.,
2008). The use of such terms, which are recogrésetponents of personality in humans,
is typically justified by the similarities with huem behaviour. One could therefore argue
that the use of the term ‘personality’ for non-hunaamimals is also justified. However, the
use of this term remains controversial. The medmasiand evolutionary processes behind
animal and human personalities might differ (Dingase et al., 2009): more work needs to
be done on the mechanisms and functions of thdsavimral traits in both humans and
animals before this issue can be resolved. Iteseflore prudent to refrain from claiming
continuity between animal and human personalityweiger, one can argue that in as much
as a ‘wing’ can refer to a bat or an ostrich’s fionbs or to an insect’s appendages, the term
personality and terms applying to personality sraibuld be used to describe behaviours

found in non-human animals.
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As some of the behaviours studied are very evoeaifvthe ones observed in humans, |
believe their use is justified. However, when digignthe meaning of the term used, one

should stress that there no implied continuity vittman psychological processes.

The use of the term personality in the biologid@rature implies that two conditions are
fulfilled (Biro and Stamps, 2008; Réale et al., 20CGareau et al., 2008; Dingemanse et al.,
2010b):
1) Individuals vary from one another in the behavsothey express. This means
that an individual does not express the full ranfiebehaviour available in the
population (Dingemanse et al.,, 2009) and that thserved inter-individual
variation is significantly greater than the meament error.
These personality traits can vary qualitativelyjaantitatively between individuals.
Individuals might differ in the nature of their pesses (or strategy; Nettle, 2006a)
to environmental stimuli (e.g.: one individual eddly responds to a new object by
investigating it whereas another individual avoigsor they might differ in the
degree of their response (e.g. one individual cestly flees 2m away from a

predator whereas another individual reliably fléesaway).

2) Personality also implies that the individual igdon (i.e. personality trait)
observed is consistent across time and situatioeswithin a given context; see
below). This means that the variation in behavigoserved within an individual is
lower than the variation in behaviour between iminals of the population.
Consistency is usually assessed statistically lmypasing the within- and between-
individual variance or by comparing the ranks afiuduals relative to one another.

An individual’'s behaviour is consistent if it isgsificantly repeatable (time

12



consistency) and predictable (situation consister®ging consistent does not mean
that the behaviour will remain unchanged throughetior across situations.
Individual consistency is always assessed in wlato the behaviour of other
individuals. For example, in a fictional populatioii all individuals greatly
increased their aggressivity level (say following @crease in temperature),
consistency would still be found where the indiatiukeep the same relative rank
within the population. Personality can be dynammzl aherefore might change
through an individual’s lifetime. It is thereforenportant, when assessing the
consistency of behavioural traits through timechoose an appropriate time scale
relevant to the animal’s life history (see Sinnakt 2008a and section 1.3 and
chapter 5). The terms context and situation arenoftsed interchangeably in this
definition (e.g. Biro and Stamps, 2008) althougbelieve they refer to different
concepts. Generally, a context is ‘a functionalawébural category’ (Sinn et al.,
2010) consisting of different situations. Contexian be social (e.g. care for
offspring, competition for food), linked to the li@b (e.g. predation risk),
phenological (e.g. seasonal) and physiological . (ehgrmonal, metabolic;
Dingemanse et al., 2009). Each personality traassociated with one context (Sinn
et al., 2010; Réale et al., 2007) although perstyrtahits might be correlated to one
another (cross contexts correlations) as behavieyradromes (see section 1.2). |
believe it is inaccurate to define personality amsistent individual behaviour
across contexts in the sense that an individua@tsgnality will indeed cover many
contexts but each of the traits composing the palgyg affects only one context
(though several situations within a context) unlesme traits are correlated with

each other (but this is not compulsory).
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Personality traits can be innater result from experience. Hence personality isatyic

and might change throughout an individual’s lifdeTinnate components of personality are
sometimes referred to as ‘temperament’ and treadeal separate concept. | share Réale et
al. (2007)'s view that justifications for such dgttion do not however withstand critical
examination and both terms should be consideredyasnymous. Behavioural style
(Anestis, 2005) and behavioural profile (Groothaimsl Carere, 2005) have also been used

as synonyms for personality.

Idiosyncrasies, motivational states (such as hyrgyed ability traits are not considered as
personality traits (Réale et al., 2007). Nevertbglehey are likely to impact personality:
they certainly play an important role in determmiman individual’'s behaviour (e.g.

individuals with a higher hunger threshold couldddo be more aggressive in order to
acquire more food through predation or competitiddging unobservable, motivational
states and ability traits cannot be considerededsmviours and therefore do not fulfil the
requirements for personality traits. Idiosyncrastesing found in a single individual, are

difficult to study and therefore will not be deve&nl here.

1.2 Behavioural syndrome

The present work will not be concerned with behasabsyndromes. However, there will
be many references to behavioural syndromes stutiresighout this work and it is
important to disentangle the two concepts. Unligespnality, a behavioural syndrome is a

property of a population, not of an individual (8iat al., 2010; Bell, 2007b; Réale et al.,

! Here a flexible behaviour is not meant as the sppe@f an innate behaviour but rather as thetgtii
change behaviour in responses to changes in theament (or situation).
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2007), although individuals can be classified byhdwoural types. A behavioural
syndrome is a correlated suite of behaviours (®inal., 2010; Bell, 2007b; Réale et al.,
2007). For example, Johnson and Sih (2007) foubdldness syndrome’ in female fishing
spidersDolomedes tritonrisk-proneness in presence of a predator wasiyelyicorrelated
with aggression as females with an aggressive lelna/ type tended to be more risk-
prone than less aggressive females (correlationsaccontexts). Importantly, a given
behavioural syndrome might only be found in a dpecpopulation as different
environmental conditions in different populationsght lead to different behavioural
syndromes (as exemplified by Sinn et al.’s stud¥oprymna tasmanicaquids; Sinn et

al., 2010).

As pointed out by Logue et al. (2009), the defamtiof behavioural syndrome does not
require the demonstration of repeatability for toastituent behaviours. Johnson and Sih,
(2007)’s study of juvenile spiders highlighted tigsue: a behavioural syndrome might be
stable but this does not imply that individualshheioural types remain stable through
time (e.g. all individual may change behaviourgbety over time but all the different

behavioural types are still present in the popoigti

Several behavioural syndromes studies did not @Xglidemonstrate repeatability of

behaviour across time (Logue et al., 2009) and usecaf this, these studies run the risk of
finding spurious or ephemeral correlations whichuldahen be extrapolated to the species
or population (Sinn et al., 2010). In order to gatie this caveat, behavioural syndromes
studies often include retesting of individuals (e¥htechnically makes them equivalent to
personality studies, e.g. Wilson and Godin, 2009 apulation measurements repeated in

time (Sinn et al., 2010).
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The concepts of personality and behavioural syndsoare often regarded as equivalent
(Hollander et al., 2008; Careau et al., 2008; Dingese et al., 2009; van Dongen et al.,
2010 and Wolf et al., 2007). Dingemanse et al. @2@f/en argued that the existence of
personalities implies that interindividual corréais between contexts exist, and therefore
that behavioural syndromes are an obligatory corapbof personalities. | disagree with
this view. A personality type can be common to mamyividuals (a group within a
population for example) and therefore be treateda dsehavioural type. However, the
existence of behavioural constraints within induats (personalities) does not necessarily
result in correlations across individuals (behaxabisyndrome) and vice versa (see Fig.
1.1a and 1.1b). Work by Sinn and his team showatliththe dumpling squi€uprymna
tasmanica individualsdid appear to be consistent (i.e. they had pergmsalSinn et al.,
2006) but they failed to find any meaningful beloaval syndrome linking these

personality traits (Sinn et al., 2010).

Nevertheless, personality and behavioural syndroomeepts are intimately linked. The
study of personality is frequently the first stepvards the study of behavioural syndromes.
Personality studies tend to be descriptive and thsed in a behavioural syndrome
framework which will explore potential causal linkstween personality traits (resulting in
behavioural types) and/or between personalitystiaitd fithness or physiology (e.g.: coping
style studies). The study of behavioural syndroosestherefore be considered as the study
of personality in a broad sense (Réale et al., RGlthough, throughout this work,

personality will refer to the more restrictive (&xgve of behavioural syndromes) meaning.
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Context A Context B Context C
Individual / Time Tl T2 T1 T2 T1 T2 .

1 A A BB cc AV
2 a a B B C c a . "
3 a a b b c ¢ >
.
4 A A b b c cC B
5 A A b b ¢c C
6 A A B B c ¢ b | ~—
7 a a B B C c X ’
8 a a B B c c C
9 a a b b C c %
10 A A bb cc .,
11 a a B B c ¢ Time
12 a a b b C ¢
Population 1.

Personality study:

All individuals are consistent across time for fraits A and B but only 5 individuals are
congsistent for trait C. Traits A and B can be considered as personality traits (Biro and
Stamps 2008). Individuals are too incongistent in trait C for it to be considered as a
personality trait. There are two personality types: Ab and aB.

Behavioural syndrome study:

There is no correlation between A and B and therefore no behavioural syndrome in this
population (Sinn et al.2010).

Figure 1.1a. A fictional study of a population of individualsopulation 1) analysed through both
personality and behavioural syndromes approachdsys t highlighting each approaches’

limitations.
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Context A Context B Context C A L

Individual / Time T1 T2 T1 T2 Tl T2 ><

1 A a b B c C a .

2 a A B b C c I

3 a A b B c C 2 ><

4 A a B b c c b

5 A a b B c C . >

6 A a b B c C C

7 a A B b C c EE

8 a A B b [ ¢ —

9 a A b B C c i

10 A a b B ¢ C 1

11 a A B b [ B

12 a A b B C b
izrs“:::;i]tl;zs.tudy: a a

All individuals changed behaviour between the first and the second measurement. Only 5
individuals are congistent across time. Individuals are too inconsistent in traits A, B and C
for them to be personality traits. There are no personality types.

Behavioural syndrome study:

There is a correlation between traits A and B at both time 1 and time 2. There is a “A-B’
behavioural syndrome in this population, which includes two behavioural types: Ab and aB
(Sinn et al. 2010).

Figure 1.1b. A fictional study of a population of individuglsopulation 2) analysed through both
personality and behavioural syndromes approachéste: it could be argued that the individuals
here do have a personality in the sense that thisiesatically adopt the opposite behaviour from
T1 to T2 for traits A and B. However, this exampl&mited to only to measurements in time (T1

and T2). If more measurements were taken it woalddgparent that the change is not systematic.
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1.3 Consistency - Plasticity

Behavioural consistency is a key concept in anipssonality and will be of paramount
importance in chapter 5. It is therefore importemtlarify the meaning of consistency in
animal personality studies and how it translatesterms of individual behaviour.
Appropriate behavioural response to changes irettvronment assumes great flexibility.
One would expect individuals to tune their behawitu the current situation they are
experiencing. However, it is often found that induals lack flexibility. For examples,
aggressive female fishing spiders (Johnson and28ibi7) are very successful predators in
as much as they will readily attack prey and kikm. These aggressive females however
do not experience the same success when it conmeatiog as they also tend to attack and
kill potential mates. This ‘spill-over’ of aggreggy is counterintuitive in as much as one
would expect females to adapt their behaviour te fituation in which they find
themselves. Similarly, individuals which are bamncaptivity may still show variation in
their tendency to spend time in exposed habitaientiie risk of predation is naught
(Sneddon 2003). Clearly these and many other exan(gkee Bergmiiller and Taborsky,
2010; Biro and Stamps, 2010; Wolf et al., 2008)etfa lack of behavioural flexibility as

well as the existence of variability between indivals, which is the basis for personality.

Consistent individual behaviour has now been foara wide range of species (Wolf et al.,
2007) and is paramount to the concept of persgndilie term consistency can be rather
confusing as an individual’s behaviour can be deedras consistent and plastic at the
same time (Biro and Stamps, 2008; Dingemanse et2809), which implies some

flexibility within the consistency. One has to caes that the term consistency is applied

to describe the behaviour both across time andsacsituations. Consistency across time
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refers to repeatability (Biro and Stamps, 2010)stability (Bergmuller and Taborsky,

2010) of behaviour, implying that there is littlmeaxplained (i.e. stochastic) variation
between two measurements of the behaviour in tinee ssituation at different times.
Consistency across situations has a different mgamiross situation consistency in
behaviour means that one can predict the behawioan individual in situation B from its

behaviour in situation A. Responses to the twoedght situations maybe very similar
gualitatively and/or quantitatively. For example;paedation-risk averse’ fish would not
only be expected to seek refuge when confronted svidlummy predatory fish but also to

act similarly when a bird-like shape (another pt&tmpredator) flies over it.

The fact that individuals show consistency acrasssons rather than plasticity appears to
be suboptimal in terms of fithess. By being comsist an individual risks responding
inappropriately to some situations (as in the fspier’ case of the aggressive females of
the fishing spider; Johnson and Sih, 2007). Onatier hand, obtaining up-to-date and
accurate information about one’s environment idlgd8riffa et al., 2008; McElreath and
Strimling, 2006), which could restrict the pladiycof an individuals’ behaviour. In a social
context, consistency in behaviour is also thoughbé¢ advantageous: consistency might
diminish conflicts amongst conspecifics (Bergmulard Taborsky, 2010). Predictable
behaviour is necessary to the establishment ofestabrarchy and cooperation (Dall et al.,
2004). On a proximate level, consistency can belagxgd by physiological or
sensory/cognitive limitations (e.g. pollen foragiagd sucrose sensitivity in honeybees
(Apis melliferg; Page and Scheiner, 2006; emotional responsigeaesl aggressive
behaviour in rodents David et al., 2004). Metaboli@iro and Stamps, 2010; McElreath
and Strimling, 2006) and hormonal regulation of &ebur (Cavigelli, 2005) are both

known to constrain an individual’'s behavioural nepiee. Conversely, plasticity might also

20



be selected for: one could imagine that flexibldividuals would get an edge on more
consistent individuals in a changing environmenil$@ et al., 1994; Pronk et al., 2010)
and there is evidence for the existence of gendiation in the degree of plasticity
(Dingemanse et al., 2009). Due to the simultanexistence of consistency and plasticity
for the same behavioural trait, assessing an iddalis consistency for the purpose of
studying its personality can be arduous. Howevssessing individual consistency is
essential to establishing the existence of perggrtghits (see section 1.1). The following
section will introduce some of the difficulties euntered when attempting to do so, and

these difficulties will be further discussed in ptex 5.

1.3.1 How to quantify consistency and plasticity

Checking for individual consistency in behaviouy pgradoxically, often overlooked in

studies of animal personality or behavioural syna¥s (Kurvers et al., 2009; Logue et al.,
2009). As Sinn et al. (2010) points out: “Most waddkdate has been taken from limited
‘snapshots’ in space and time, with the implicéwaption that a behavioural syndrome is
an invariant property, fixed by evolutionary coastts or adaptations”. Assessing
consistency requires that repeated measures ofidiidis’ behaviour are taken. Ideally,

this would be done by measuring an individual'sehatur several times both within each
situation and across situations. However, thisaigly done, mainly because collecting
repeated measurements is very time consuming andtsoes impractical (as is often true
for studies of animals in the wild). Some studiezwdconclusions about personality from
measuring individual’'s behaviour once for eacht ffaig. Dochtermann and Jenkins, 2007;
Hollander et al., 2008; Minvielle et al., 2002; lumyet al., 2009 and see many more

examples in Gabriel and Black, 2010). As highlightey Sinn et al. (2010), assessing
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consistency is essential and such incomplete studan lead to spurious results. In
addition, careful consideration has to be giveth®time intervals between two measures

when assessing time consistency (see Chapter 5).

Consistency has traditionally been assessed threagbus statistical tools such as intra-
individual correlation between repeated measuresafparticular individual (Bergmduller
and Taborsky, 2010) and comparison of within- ametdwken-individual variance (e.g.
Kurvers et al.,, 2009; Dingemanse et al., 2009; Magen and Bunnefeld, 2010). The
usefulness of the latter approach is debatableeasdriance is a property of the population
and therefore comparing two variances together Btiles about individual repeatability
(Bell et al., 2009). Alternative methods are usaedhsas Kendall's W (Biro and Stamps,

2008; Wilson et al., 1994) or the consistency mdhilller et al., 2010).

The degree of individual consistency can vary betwiadividuals and classes of behaviour
(e.g. aggression has been found to be highly repksain several species; Bell et al., 2009).
Measuring consistency can be difficult, especidlbyne considers all the factors which can
potentially bias or affect its measurement. Forngxa, the experimental settings (i.e.

laboratory versus field; Bell et al., 2009) in wiithe study is conducted can impact on the
measurement of consistency. Measurement errors tnmighkrfere with estimates of

consistency (Bell et al., 2009) and learning (Wilsasnd Godin, 2009; Sinn et al., 2008a) is

also thought to influence consistency measures.
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1.3.2 When is it plasticity or a new personality tr  ait?

The question of whether one or two personalitysraiere measured will arise in chapter 6.
Readers should therefore be warned of the pitfdtich might lie in studies where several
behavioural traits are evaluated as potential pei#y traits. A recurrent issue with the
study of personality is to define a cut-off poimtlween personality traits, in the sense that
each personality trait is expressed in a particotartext and that contexts are sometimes
hard to define. Indeed, the necessity for repetind measures in personality studies and
experimental constraints can lead to several ctste&ing thought of as one or of one
context being artificially divided into many. IngHirst scenario (several contexts taken for
one), one could wrongly conclude a lack of conssgein behaviour as the several
personality traits measured might not be correl&deshe another. For example, Boogert et
al.’s (2006) evaluation of an individual’s respomgeiovelty in starlingsSturnus vulgariks
comprised two tests: one involving a novel envirenimand the other involving a novel
object. Although these two tests might appear tsibelar and therefore to belong to one
context (response to novelty), Boogert et al. (3G4l@ not find any relationship between
the results for the two novelty response tests. i it is possible, as Boogert et al.
(2006) suggested, that this finding can be expthimg a low statistical power, one could
also consider the possibility that the novel enwinent test included a ‘risk-taking’
component (in terms of predation) as well as nebgh(t was the first time the individuals
was isolated from its social group and thereforaight have felt vulnerable as in predatory
context), which would make of the novel environmegt an unreliable way to evaluate
response to novelty. In the second scenario (ongexbatrtificially split into several), the
conclusion will be that the two personality traéiee correlated while they are in fact the

same trait measured twice. For example, the phenomef ‘carry-over’ (Sih et al., 2003),
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i.e. correlation between behaviours from seemimtffierent contexts, could be explained
in this way. Johnson and Sih (2007)’s ‘bold’ femgpeders (i.e. a female eating both prey
and potential mates) would simply fail to detea teproductive opportunity, mistaking it
for a foraging opportunity (possibly due to a heggted ability to detect potential prey,
leaving too little time to the males to initiateuctship). One way of disentangling the two
contexts (foraging and mating) would be to make shat all females are satiated prior to

introducing the courting male.

| would argue that the debate of context-dependanation within a personality trait, such
as the one surrounding the ‘shy-bold continuum’l§da and Godin, 2009; and section 1.4)
stems from the incorrect perception that personaldits exist across contexts, while in
fact, each personality trait corresponds to ondexdrand personality traits are consistent
acrosssituations It is true that personality traits might be ctated to one another (as
found in personality-behavioural syndromes studeeg; Wilson and Godin, 2009), thus
resulting in ‘cross-context personality traits’.believe this view to be inaccurate and
confusing. Because of such inaccuracies, the edectltraits are often referred to using a
single ‘umbrella’ term (e.g. shy-bold see sectiod).1This can be rather confusing,
especially if this term is the same as the onariefgto one of the constituting personality
traits. ‘Bold’ can refer to a single personalitgitror to the entire behavioural type (see
section 1.4). | believe it would be more rigoroagefer to such assemblages of personality
traits as personality ‘groups’. The ‘shy-bold growpould therefore refer to several
correlated personality traits (each correspondm@ tdifferent context such as foraging,

social or reproductive).
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1.4 Boldness, neophobia and exploration

As discussed in chapter 2, the use of terms uswiylied to human behaviour is
controversial. However, and in accordance withrttzgority of preceding studies, some of
such terms will be used in the present work. Ithisrefore important to define them as
accurately as possible. This section aims to dasswell as resolving other controversies
surrounding the misuse of terms within the fieldaofmal personality and to justify the use

of alternative terms in the present work.

Human personality traits are commonly consideref@ltanto five categories: extraversion,
agreeableness, conscientiousness, neuroticism aedness (Nettle, 2006b). Human
personality traits routinely refer to emotions orcbncepts related to consciousness. Using
the same terminology for animal personality trarsuld be highly controversial and often
unjustifiable (as some traits cannot yet be asdessthout direct questioning). Animal
personality researchers tend to use their own dategories. For example, Réale et al.
(2007) refers to: shyness-boldness, explorationdavee, activity, aggressiveness and

sociability. I will develop below the three cateigsrrelevant to this work.

Shyness-boldness is commonly used to refer to appfavoidance behavioural responses
with regards to a predator and/or a novel objedi@mno a novel environment (Sinn et al.,
2008a). However, these three responses are pdientieery different in
functional/evolutionary terms. A stimulus identdi@s a predator represents an immediate
threat to the individual. The individual’'s resportseit is therefore likely to have a high
impact on its fitness. While the response to a gh@dis necessarily one eliciting

avoidance/defensive behaviours, the response tel dyects and environments can elicit
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avoidance as well as attraction behaviours. Indeedelty is not necessarily dangerous to
the individual and might even be beneficial (e.gvel food sources). Not only are ‘bold’
and ‘shy’ used to refer to these different funcéibcontexts, but they are also used to refer
to groups of behaviours covarying with one anotmater the name of ‘shyness-boldness
syndromes’ (Sinn et al., 2008a; Wilson and GodD0O® Ward et al., 2004, Briffa et al.,
2008). Such syndromes usually cover responses dewanedators as well as responses

towards novelty.

| believe that the attribution of the label ‘boldr ‘shy’ to various behaviours is
problematic. As discussed above, these terms maitompass functionally and
evolutionarily different behaviours, and this fastoften ignored when comparisons are
made across studies. For example, Wilson and G@00) state that “Individual variation
in boldness has been documented for a varietyxaf, iacluding birds, mammals, reptiles,
fishes, insects, and cephalopods”. A closer lodthatreferences cited for each taxonomic
group reveals that some of these references wereenwed with responses to predatory
threats, others with responses to novelty and seitte whole behavioural syndromes.
Given that the same term is used to refer to diffeprocesses and phenomenon, extra care
should be taken when comparing different studieshé following sections, | will attempt
to produce working definitions for each of the taspects generally gathered under the

label ‘boldness’, namely risk-taking and respormsedvelty (neophilia-neophobia).

1.4.1 Risk-proneness and risk-aversion

An individual can be categorised as risk-proneisk averse depending on its propensity to

take risks when confronted by a predator or predaies. ‘Risk-taking’ in the non-human
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literature can also be meant as the propensityxpo# unreliable food sources in a
foraging context (e.g. Cartar and Dill, 1990), etre, | will only refer to risk-taking in
relation to predators or predator cues (see chajter Risk-prone individuals tend to
increase, as a result of their behaviour, theilloeld of predator-encounter or of dying as a
result of predation. Following this definition, kisaking is a synonym for boldness-shyness
in the following studies: Smith and Blumstein (2D1@bhnson and Sih (2007), Sinn et al.
(2008a), Sinn et al. (2010), Biro and Stamps (20B&ple et al. (2007), Wolf et al. (2007),
Dochtermann and Jenkins (2007), Dingemanse e2@0.7) and Magnhagen and Bunnefeld
(2010). Predation-risk-aversion is also regardedsbyne authors as a synonym for

‘fearfulness’ (Hedrick, 2000), ‘docility’ and ‘tamess’ (Réale et al., 2007).

Risk-taking (in terms of predation) may appeaaighitforward to test experimentally but
for the potential confounding factor of environnmadmovelty. As mentioned previously,
novel situations or objects can be perceived dweat (i.e. potential predators of hiding
places for predators) as well as potential food@su If a naive individual is exposed to a
novel stimuli and responds by avoiding it, thermitl be classified it as risk-averse,
whereas if the individual perceives novelty as poédly rewarding, it will be classified as
risk-prone. When testing for risk-taking, it isetefore paramount that the individual
associate the stimulus with a predation threateratise risk-prone individuals could

simply be individuals which fail to perceive theki

1.4.2 Neophilia-neophobia and exploration

Neophilia is commonly defined as attraction to riyvevhereas neophobia is repulsion

from novelty (see chapter 5). Neophilia and neophalbe sometimes regarded as part of
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‘exploration’ (Réale et al., 2007; Brown and NemeX)08; Heinrich, 1995) and
‘exploration’ has also been used as a general ¥anen no distinction was made between
attraction and repulsion behaviours (e.g. Smith Bhomstein, 2010; Gabriel and Black,
2010; Dingemanse et al., 2004). In my opinion awitbiving the principle of similarities
with human psychology as described above, exptoratan be regarded as a synonym for

neophilia (as in Mettke-Hofmann et al., 2002).

In neophilia, the individual investigates the neljeat/environment by approaching it, in
order to acquire sensory information about it. @ophobia, the individual ‘fears’ the new
object/environment which is reflected by the indival avoiding proximity with it or

seeking a refuge. Neophobia is therefore anothenendor risk-avoidance whereas
neophilia appears to stem from a different procBsswn and Nemes (2008) argued that
neophilia and neophobia should be considered a®tthogonal factors rather than the two
extremes of a continuum. However, | would argué thes view confuses processes and
outcomes. The behaviour that is classified as naaplor neophilic is the product of both
fear and propensity to investigate a new objectfenment. An individual categorised as
neophilic could be seen as lacking any fear towardsvel object or as displaying so much
investigative behaviour that fear cannot be detedBonversely, a ‘neophobic’ individual

could be deprived of any investigative motivatiagrbe fearful of the novel situation. In this
view, neophobia and neophilia are the productswad tlifferent responses: fear and
investigative motivation. Because of the composiggure of neophilia and neophobia
(Dingemanse et al., 2004), and because it is diffio isolate the fearful and investigative
behaviour composing them experimentally, it makease to consider neophilia and
neophobia as two extremes of the same continuurngalvhich the amount of fear and

investigative behaviour may vary in an uncorrelat®dnner. In the present work,
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neophilia/neophobia will refer to the behaviouttrgdtion/repulsion) observed in response

to novel (non-predatory) stimuli (Miller et al., T).

As stressed by Réale et al. (2007), greater canddlve taken when designing experiments
assessing ‘boldness’ (i.e. predation-risk-takingpleration or neophilia-neophobia). The

conclusion that the measured behaviours are ctecelaight be due to the fact that the
same behaviour was measured in different ways atedpreted wrongly as representing
different traits, or that the measure used mighéce another behavioural feature such as

general locomotor activity (Brown and Nemes, 2008).

Now that the terms to be used have been define@nldiscuss in the following two

chapters the controversies arising from applyinmdw terminology and concepts to non-
human animals, as well as provide an overview efdirrent research in the evolution and
maintenance of personalities and a brief introductio task specialisation in eusocial
insects and its relationship to personality. Thelsapters shall highlight the main issues
surrounding the study of animal personality in biehbes and will introduce the empirical
part of this thesis. The empirical work will be cemned with three main questions: (1) do
individual bees vary consistently in abilities? @29 individual bees vary consistently in
their behaviour (i.e. do bees have personalitiég)@ (3) Is there a relationship between
consistent individual variation in ability and befaur? The findings from this work will

then be drawn together to examine their potentigllications for the study of personality

in social insects.
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Chapter 2: Controversy, challenges and evolution

As highlighted in the previous chapter, the studyaaimal personality poses many
conceptual and experimental challenges. Extra mwas therefore be taken in defining the
terms used and in designing the experiments inra@enswer the question asked. In
addition to these ‘practical’ challenges, biologistudying animal personality must take
great care when using terms and paradigms usugfiijed to humans, as highlighted in

this chapter.

2.1 Can animal personality be compared to human per  sonality?

Most dog or horse owners would not feel uncomfdetalwith the use of the word
‘personality’ to describe the behaviour of thesarats. However, many psychologists are
still reluctant (if not averse) to use it for noorhan animals, especially if the animals
concerned are not mammals. This reluctance caratily @ccounted for by the fact that
definitions of personality in human-psychology i terms like ‘thoughts’, ‘emotions’,
‘beliefs’, ‘motives’, ‘intentions’ and ‘expectatieh (Funder, 2001; Anestis, 2005; Cervone,
2005), which can only be assessed indirectly in-maman animals (emotions are
frequently assessed through self-reports in pspgyl Alvergne et al., 2010; Nettle,
2006a). Indeed, the attribution of emotions andugiinds to non-human animal is a much
debated topic and would only fuel controversy i@ study of animal personality as well as
claims of anthropomorphism. Many animal personatggearchers distance themselves
from making any comparison with human personaliigr example Dingemanse et al.
(2009) stresses that “The term ‘animal personality] does not imply a link with human

personality”.
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Nevertheless, there have been ingressions of hoalbgapproaches into domains
traditionally reserved to human personality ancgewersa and psychologists and biologists
appear to converge on some aspects of human/apersbnality. For example, biological
methods were applied to the study of human perggr@.g. Chapple, 1940 and Nettle,
2006b) and psychological methods to the study amah personality (e.g. Capitanio,
1999). A major problem with many psychology studmshuman personality is the
subjectivity of the measurements obtained (Cavig20D05; Funder, 2001). Indeed, the
subjects of the study often rate themselves thraygFstionnaires. The use of biological
methods to assess personality could help to makemdasurements more objective (as
done by Chapple, 1940) and Funder (2001) strebstdhere is a need for greater control
over experimental conditions in human personalityies as well as for more descriptive
studies. Reciprocally, the use of more ‘psycholaljimethods to assess personality in
animals would be helpful to compare human and ngndn personality (see Capitanio,

1999).

There are various examples of convergence betweelogltal and psychological

approaches. On conceptual grounds, human persodaiinitions frequently emphasise
the importance of individual differences and cotesisy: Cervone (2005) states that “a
basic goal for a personality theory is to explain] [enduring tendencies in experience and
action” and Funder (2001) refers to individual-sfiec“patterns” and “stable and

distinctive qualities”. Both non-human and humamspgality research strives to describe
and explain personality (Funder, 2001) although dnumesearch for fithess-related traits is
hampered by the ethical concerns with experimartginethods to estimate the impact of
various factors on fitness are more limited thannon-humans as experimentation is

prohibited) and by the possibility that the postadgraphic transition environments (i.e.
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the western culture where the vast majority of igsithave been conducted; see Alvergne et
al., 2010) no longer reflects the selection presswuvhich gave rise to human personality

(Alvergne et al., 2010).

In some cases, the findings of personality studheboth domains are comparable. For
example, the repeatability of personality traitsisilar between human and non-human
studies (correlation coefficients of 0.4 to 0.6 fwth, see Nettle, 2006a; Funder, 2001,
Cavigelli, 2005; Bell et al., 2009) and the perdiipdraits studied in animals are often
strikingly reminiscent of the ones found in hum#&ag. Careau et al., 2008 and Cavigelli,

2005).

Funder (2001) highlights that a great proportionpefsonality psychology is concerned
with pathological psychology. Though this is séilldomain dominated by psychologists,
biologists are encroaching on it with the developtred animal models for psychological

traits (e.g. vulnerability to stress; Koolhaas, 999

The discovery of convergences or synapomorphiesdast human and non-human animals
is very valuable, but to ensure that the field oiiveal personality retains its credibility,
comparisons between human and non-human person@itg the use of common

terminology) must be done with great care.

2.2 Evolution and maintenance of personality

Personality is defined as a consistent individualiation in behaviour across time and

situations (see section 1.1). Behavioural consistemplies that individuals might be
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unable to adjust their behaviour to respond optirtala particular situation. For example,
a neophobic individual will avoid proximity with meobjects: such new objects might well
turn out to be good hiding places for predatorstbey could also be valuable food sources.
At first sight, behavioural consistency appear¢oteer an individual’s fithess by limiting
its behavioural range. So how did the diversitypefsonalities evolve and how are these

personalities maintained?

To account for the maintenance of the diversitp@fsonalities, one can invoke the action
of frequency-dependent selection (Hawk-Dove straggegtc; Dall et al., 2004; Bergmdller
and Taborsky, 2010; Wolf et al., 2008), differendesindividual states (e.g.: hunger,
reproductive status, age), spatial/temporal vamatin the environment (e.g. predation
levels: Réale and Festa-Bianchet, 2003; O' Steah,&002; Mettke-Hofmann et al., 2002;
Smith and Blumstein, 2010) or resource availab{idyngemanse et al., 2004; Boon et al.,
2007), tradeoffs (e.g. Johnson and Sih, 2007 shigéory (Wolf et al., 2007; Boon et al.,
2008), multiplicity of fitness peaks on the fitndssidscape (Dochtermann and Jenkins,
2007) and constraints (e.g. genetic and physio&bginn et al., 2008a; Bergmduller and

Taborsky, 2010; Biro and Stamps, 2010; Miller ahdt&a, 2008).

It is important to keep in mind that any behavidurait can be both target and agent of
selection (there is now ample evidence suggestirg personality traits influence an
individual’s fitness in both human (Alvergne et, &010) and non-human animals (e.qg.
Boon et al., 2008; Réale et al., 2007; Sinn et28l08a; Logue et al., 2009; Dingemanse et
al., 2004; Cavigelli, 2005) but also that any stretit might be adaptive or non-adaptive

(e.g. due to pleiotropic selection; van Oers et24l11).
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While studying the ultimate mechanisms underlyingrspnality, the prevalence of
proximate mechanism should not be underestimat@theJersonality traits are known to
have a heritable component (e.g. Dingemanse 2(02; Sinn et al., 2006; Drent and Van
Noordwijk, 1997; Bolivar and Flaherty, 2004) but ldsttle (2006b) points out, “stable
individual differences are by no means wholly btitable to genetic polymorphisms”.
Indeed, as for any phenotypical trait, the influ=io€ the environment during key stages of
an individual's development may have a determimisthpact on its behaviour (e.qg.

Capitanio, 1999; Kurvers et al., 2009; Roulin et2010).

2.2.1 Maintenance of behavioural strategies in the honeybee

As discussed previously, one of the major challsrigeresearch on the individuality of
animals, from insects to humans, is understandm@daptive significance (Raine et al.,
2006a; Nettle, 2006a). How can multiple ‘persoresit persist, side-by-side, in the same
environment, when one might expect that one pdaticaonfiguration of traits might
outperform all others, and should therefore be dfia®@d by selection? One possibility is that
variation is selectively neutral (Raine et al., @8)) but in many cases, spatial and temporal
heterogeneity in the environment might play impattaoles in maintaining diversity
(Nettle, 2006a). Chittka et al. (2003)’s study desteated a trade-off at the individual level
between foraging accuracy (proportion of correatiobs in a colour discrimination task)
and foraging speed (interflower interval). Such radé-off cannot be regarded as
personalitysensu strictoindividuals are consistent in both accuracy ancdBeross two
situations (i.e. no reward vs punishment) but themnsistency across time was not assessed

(which is a prerequisite of personality see seclid) and these traits can be thought of as
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ability traits (see section 1.1). It is nonethelessthwhile to examine it in the light of the

maintenance of consistent individual variation @naviour in a population.

In Chittka et al. (2003)’s experiment, the foragarguracy and speed of honeybee workers
(Apis mellifera was assessed individually in two situations withi foraging context: in
situation 1, unrewarding flowers contained only avatvhereas in situation 2, the
unrewarding flowers contained a quinine hemisulptsatt solution that is aversive to bees
(i.e. incorrect choices were punished). Individnaés fell along a continuum from slow-

accurate to fast-inaccurate strategies.

Moreover, Burns and Dyer (2008) discovered in as#p experiment that fast-inaccurate
bees would have collected slightly more nectar tslaw-accurate bees when there was a
low cost associated with making mistakes. Convegrsghen the accumulating cost of
mistakes was higher, slow-accurate bees would rdwarly out-competed the fast-
inaccurate bees (Fig. 2.1). Therefore, these fgglisupport a differential advantage for
each behavioural type: when discrimination is difft (flowers were of similar colours in
this experiment), but costs of errors are lows ihdvantageous (or at least, not detrimental)
to be fast and inaccurate. If such individual spaeclracy strategies were found to be
maintained over a longer time-span, then this wandke of this speed-accuracy tradeoff
true personality trait, with important repercussidor our understanding of the persistence

of multiple personalities within a population.
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Figure 2.1. Different strategies prevail in different foragiegvironments.
Burns and Dyer (2008) tested individual foragersitificial flower meadows where one ‘species’
of artificial flower contained sucrose rewards (icated here by $ symbols) and the other, similarly
coloured species did not. The two test situatioifferéd in the percentage of unrewarding and
rewarding flowers — in one condition there were alyuas many (A,B), whereas in the other
condition, there were twice as many unrewardingvfics as those that contained sugar solution
(C,D). The colour red exemplifies the strategy otareful’, slow and accurate forager, and the
colour blue corresponds to the performance of & fasccurate ‘impulsive’ forager. In conditions
with fewer unrewarding flowers (A, B), a slow arateful strategy does not pay off: the temporal
costs of correct decisions are too high, whereas tdmporal costs of erroneous probing of
unrewarding flowers are low. Therefore, under sudnditions the foraging rate of a careful
forager does not exceed that of a ‘sloppy’ foragB). Conversely, under conditions where
rewarding flowers are scarcer, a careful strategg\ails (D).
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Burns and Dyer (2008) propose that such intra-gobegriability would be essential to
colony survival in that it would enable the colotoy respond flexibly to environmental
variation. Indeed, the array of available floweeaps will vary with season and, within a
flower species, the availability of nectar variesogs time (Real, 1981; Seeley, 1994;
Waddington, 2001). During the foraging season, uleed in meadows simultaneously
available within a hive’s flight range, a colonylileely to encounter conditions resulting in

selection pressure maintaining the behaviouralgype

Burns and Dyer’s (2008) findings open up severahpsing avenues for future research.
For example, it would be interesting to investigdite proximate mechanisms resulting in
the observed trade-off. Additionally, one could wenif these interindividual differences
in foraging speed and accuracy have repercusswrtier aspects of the bee’s behaviour,
such as predator avoidance (risk-aversion) or sparse to novel flower stimuli? One
could indeed conceive that slow-accurate bees rsight down even more in the presence
of a predator (see chapter 6) or that they wouldb®oattracted to potential new food
sources as it might take them longer to learn axthem. This, however, remains to be

tested empirically.
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Chapter 3: Sociality and personality

The impact of personality on social behaviour igipalarly salient in our species. In non-
human species, personality has been shown to aff@&cy aspects of an animal’s behaviour
and ecology, including its susceptibility to predat(Réale and Festa-Bianchet, 2003; Bell
and Sih, 2007b) and competition for resources (egtes or food; Dingemanse et al.,
2004). Unsurprisingly, personality has also beeantbto impact non-human animals’
social behaviour (Schuett et al., 2010; Kurverslgt2009) and use of social information
(Kurvers et al., 2010). Studying the impact ofgoerality in eusocial species (the term
‘eusocial’ describes a species in which individuala group show reproductive division of
labour, overlapping generations and cooperative cdryoung (Wilson and Hdlldobler,
2005) therefore appears very promising. The insecieties, e.g., ants, bees and termites,
are arguably some of the most successful organamsss the globe. Their success has
been attributed to labour division, specializatiand the resulting efficiency. Individuals of
many insect colonies are indeed often highly spieedy, so that animals will
predominantly engage in colony defence, nursingakarremoving debris, or foraging only
for particular commodities but not other availabfees. If personality was found to exist in

social insects, then it would surely have an impactask specialisation.

3.1 Task specialisation in social insects

Polyethism (individual specialisation in certairska within the colony) has been well
researched: we know that individuals specialisedrnain tasks because of the food they
were given during their development (Wheeler, 1986)ecause of their genetic (e.g.

patrilines; Hughes et al., 2003) or physiologicalkerup (e.g. Robinson, 2009). However,
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there are still many points requiring investigati@eshers and Fewell, 2001). With the
exception of some extreme morphological castes sischgg-laying ‘queens’ or termite
‘soldiers’, individuals can often fulfil a varietgf task within their caste. Specialists are
often not distinct in morphology and indeed largelypotent in terms of the tasks they can
potentially perform. Indeed, even though sociakatsspecialists might perform the same
routine over and over for extended periods, with shme repetitiveness as assembly line

workers, they can typically switch to other actastshould these become necessary.

3.1.1 Task specialisation and efficiency

Surprisingly, there is relatively little quantite#i research into the question of how
specialization contributes to colony efficiency gséeanson et al., 2008; Trumbo et al.,
1997; Langridge et al., 2008). The proverb that'Jlaek-of-all-trades is an ace of none’ is
perhaps so intuitively appealing that many sci¢htlsave not deemed empirical proof
necessary. Past controversies from ecology (Wdsal,e1996) and psychology (Allport,

1980; Chittka and Thomson, 1997) however, inditia#t the advantages of specialization
can not be assumed a priori, and might depend foadtally on the tasks involved, and
their context. If task specialisation is associatedefficiency, one could expect the
association to be based on the individuals’ vammatn the ability to perform a given task

(e.g. due to experience, learning ability or apild discriminate between stimuli).

In what is perhaps the most comprehensive exptoratf this question to date, (Dornhaus,

2008) marked 114Zemnothorax albipenniants from 11 colonies with paint dots (Fig.

3.1), so that she could identify individuals andaswee their performance in four different
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tasks that became necessary as a result of vagimesgencies that required immediate

attention.

Figure 3.1. A laboratory colony of Temnothorax albipennis an®hile workers are not
morphologically specialized for the various tasksjuired by the colony, individual paint marks
reveal that many workers are specialists (repeatedirforming only certain activities) while others
are generalists, often sequentially performing Iplét tasks. This side-by-side existence of
individuals that vary in their level of specializat makes it feasible to test whether specialists a
more efficient than generalists. Photo by Anna Daus, with permission.

In the first treatment, the roof of the colony wasoved, so forcing the entire colony to
migrate to a new nest, and carrying the helplesedalong in the process. In the second
treatment, ants were offered diluted honey and digasla small distance away from the
colony after a period of starvation. Finally, therit wall of the ants’ dwelling was

removed, so that they had to scramble to obtaildimgi material (small stones; Fig. 3.2).
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Figure 3.2. Are multi-taskers less efficient than specialist @orkers? In a recent study testing the

adaptiveness of task specialization in Temnothathipennis ants (Dornhaus, 2008), each colony
was subjected to three treatments. (A) The glagsraof the artificial nest was removed, exposing
the ants and brood. At the same time, another wiktglass cover was placed 10 cm away from
the original nest. The workers had to move the drisom the unsuitable, uncovered, nest toward
the new, covered, nest. (B) The front wall of thstnvas removed and a pile of small stones was
left at the ants’ disposal in the foraging area.eTWworkers could carry the stones to their nest
entrance so as to build a wall with a smaller openi(C) The colonies were starved for two weeks
and then provided with diluted honey solution arddiDrosophila flies in the foraging area. There

was no significant difference in performance betwspecialists (performing only one task) and

generalists (performing two, three or even all feasks), for any of the tasks tested.
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For each individual ant, performance was quantibgdveraging the duration of the first
two successive trips. Performance was evaluatedf@asction of that individual’s degree of
specialization (its propensity to focus activity @mly one task, or two or more).
Unexpectedly, specialists did not outperform gdistsafor any of the tasks. Also, an
individual’s readiness to engage in a task (as tifieshby the time taken to first embark on
it after the start of the experiment) did not cstesitly predict its performance. These
results are provocative, and a healthy reminderweashould not assume that biological
complexity is automatically adaptive in any sitoati However, the specialization of
workers in social insects must surely be adaptivesame situations, and studies as
comprehensive as the one by Dornhaus should berpesdl to identify these conditions.
Perhaps the emergency situations that were in forcéis study meant that as many
individuals as possible (independently of previospecialization, experience and
efficiency) needed to engage, resulting in recraittrof many suboptimal performers into a
task they would not otherwise perform. It mightoalse informative to test colonies in
emergency-free situations, where they are givehaice between multiple activities that
can be performed concurrently. Much research omakatsect specialization has been
concerned with the stimuli by which workers ideptifie need for a task to be performed,
and the sensory thresholds at which individualpaed to these stimuli (Gordon, 1996;
Beshers and Fewell, 2001; Spaethe et al., 2007h&Vat al., 2006). Ideally, the readiness
with which an individual engages in a task shoutdrespond to its innate ability (or
‘talent’) at performing the task (Trumbo et al. 9¥9. Although such a correlation has been
found in some tasks (Trumbo et al., 1997), theltesd Dornhaus’ (2008) study show that
it should not be assumed to be general. Howevarrralation between response thresholds
and efficiency might be generated over an indiiduéifetime, since the thresholds

themselves might become gradually lower with exgere (Weidenmduller, 2004), but also
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because, as a result of a lower threshold, an ammght perform the task more often,

allowing it to polish its skills over time.

3.1.2 Task specialisation and learning

As for personality, some decisive factors that rhighnerate task specialization could
relate to learning and memory (see chapter 4). dmbaus’ (2008) study, ‘all hands on
deck’ were needed; thus individuals might have litdd chance to familiarize themselves
with a task and improve performance over time. brerday-to-day situations, experience
might often be the single best predictor of perfance. Learning has been shown to play a
fundamental role in efficiency of many everydaykg&a# social insects’ lives, including
food handling techniques (where performance carane with experience by an order of
magnitude (Laverty and Plowright, 1988; Raine amitt€a, 2007; Chittka and Thomson,
1997), information about the locations and idecsifion of food sources (Srinivasan, 2006;
Collett and Zeil, 1997; Saleh and Chittka, 2007;nlkkd and Giurfa, 2001; Chittka and
Raine, 2006), nest repair (Downing, 1992), nestmat®gnition (Sheehan and Tibbetts,
2008; Chaline et al., 2005) comb building (Oelsed &ademacher, 1979), strategies in
handling prey (Corbara and Dejean, 2000) and riesate control (Weidenmiuiller, 2004);
but not, for example, in corpse removal in honeybaenies (Trumbo et al., 1997). For
complex tasks such as natural foraging at longadests from the nest, efficiency can
increase with experience over a substantial pomiban insect’s lifetime (Dukas, 1995;
Peat and Goulson, 2005). Just like in human lalseutieere can be substantial interference
if insects switch from one task to another (Chitdkadl Thomson, 1997; Dukas, 1995)—in
one study on butterflies, feeding on a new plargceEs resulted in almost complete

forgetting of the handling procedures for a preslgwisited flower species (Lewis, 1986).
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In other studies, individuals seemed comfortablguggling two tasks (Weiss and Papaj,
2003). If interference occurs, then the very meidms that make it preferable for an
individual to work efficiently may lead to a certanertia in switching tasks (Chittka et al.,
1999). In some cases, the transition from one tasknother may be orchestrated by
fundamental alterations in brain structure, neurgnang pattern and protein synthesis, in
part to generate the hardware to facilitate le@ymctivities that come with the new tasks,
but the changes can also be directly induced by exqwerience (Gronenberg et al., 1996;
Fahrbach et al., 2003; Robinson et al., 2008; kai&fet al., 2008). These changes have
been examined primarily in the mushroom bodiesooidybees at the major transition from
within-nest activities to foraging, and there mighe less pronounced alterations of
circuitry when switching between activities which dot involve a near-complete change
of life-style. Nonetheless, this research suggtsis costs of task switching can extend
substantially beyond those of temporal inefficieratya new task. Transfer is likewise
important—in some cases, there might be similaritia two tasks that facilitate
performance on a new job (Chittka and Thomson, 1®8ikas, 1995). For example, in
Dornhaus’ (2008) study, all tasks involved locoraotiorientation within the (presumably
familiar) surroundings of the nest, and three afrftasks involved carrying items with the
mandibles— thus skills at these tasks would haen b@rgely transferable, whereas more
specialized activities (such as wall-building Alekset al., 2007) or handling live prey
(Corbara and Dejean, 2000) might involve learnibgcguse the precise nature of the
substrate is not predictable on an evolutionaryegchut skills obtained at either of these
activities might not be transferable to the respeabther one. The extent to which transfer
and interference exist for many of the within-naskks of social insect colonies remains to
be shown on a case-by-case basis, but they coulddrse important in determining an

individual’s efficiency at any given task than ti@sponse threshold that causes it to engage
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with the task in the first place. The reason ig #imost any motor task, however simple,
will require some fine-tuning, i.e., adjusting acis to desired outcomes, even if it is based
on genetically pre-programmed templates (Laverty Rlowright, 1988; Wolf et al., 1992).
Even in basic locomotion, ‘robotic’, fully hard ved motor routines would fail when load
is redistributed along the body (such as when & ftesn is carried) or when alterations
occur to body structure (such as in insect flighiew asymmetric wing wear occurs with

ageing; Higginson and Barnard, 2004).

Over a social insect’s lifetime, it might come im@ontact with a large variety of tasks, and
have a go at several of them. What are the feedlmags that ensure that individuals
perform the tasks that they are good at? In humidwese is self-assessment (as well as
feedback from others) of talent and the steepne#isedearning curve. In insects, there is
likely no feedback from others, but Ravary et 20(Q7) showed that individual experience
in deciding in which task an individual specialize@éght be decisive: previously naive
Cerapachys biroiants repeatedly explored their environment for feamly for some
individuals, the experimenters had made sure tleemfound any. Such ants gradually
decreased their efforts, and in the end, stayedlynaghe confines of the nest and became
specialist brood carers, whereas their more suttdestatives happily continued to forage
in the outside world (Fig. 3.3). In this case, tleperience of success and failure
determined specialization. Along with the influerafandividual experience, other factors
such as wing-wear (Foster and Cartar, 2010) or ibndiear (Schofield et al., 2011) are
known to affect individuals’ efficiency and taskegalisation in social insects. | therefore
suspect that the biggest missing piece of the pumzbur understanding of labour division
in animal societies relates to the extent thatviddial experience and abilities contribute to
efficiency.
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Figure 3.3. Early success or failure determines task spedttin in Cerapachys biroi ants
(Ravary et al., 2007). Age matched cohorts of aiitis very low genetic diversity were subdivided
into two groups that differed in terms of theirdging success in early adult life. One group was
regularly rewarded when exploring the nest’s surrding, whereas the other never found any food.
Weeks later, individuals that had been successfploeers in early life showed a much higher
propensity to continue exploring, whereas theirumtessful sisters showed a stronger tendency to

care for brood inside the nest. Data approximatgjrawn from (Ravary et al., 2007).

3.2 Task specialisation and personality

Task specialisation and personality are conceptuadry similar. Task specialisation
implies that each worker restricts its behavioungeto a subset of the complete repertoire
of tasks available and that this subset variessacindividual workers in the colony
(Beshers and Fewell, 2001). Personality equallylisaprestriction in the behavioural
repertoire as well as inter-individual variatiorask specialization even appears to fulfil the
strict requirement for individual consistency toaliy as ‘personality’ (and it sometimes
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regarded as such, e.g. Mather and Logue, in prasggsk specialization tends to last for
extended periods of the individual's life. Howevemere a personality might comprise
several personality traits (e.g. a predation-riskae, neophilic and aggressive individual),
an individual specialized in a particular task widften be restricted to a single
situation/context (e.g. nest defence) and theredatebit mainly one personality trait (say
aggressiveness). Task specialization thereforeictssthe behaviour of an individual to a
small number of specific situations/contexts. Whsreestriction in range of behaviour in
the definition of personality refers to the fult ©& behavioursithin each situation, in task
specialization it is meant at another level: thénawsour repertoire of individuals is
restrictedacrosssituations/contexts. Put another way, the indialds less likely to express
behaviours outside of the situations/context(sylch it specialises. To illustrate this, one
can consider the following example: a particulauigel has been repeatedly observed
foraging in the vicinity of potential predators aisdfrequently found roaming outside its
main territory. Compared to other squirrels, thastigular individual would be described as
‘predation-risk-prone’ and ‘exploratory’. Now if wiake the case of a particular ant in a
colony, one might also say that she is ‘predatisk-prone’ (foraging incurs the risk of
encountering potential predators) and ‘exploratqigaving the nest) compared to other
workers (nurses, guards, etc). However, some args rfest-guards) might never leave the
nest due to the task they perform and so theirpiskeness or exploratory tendencies
could never be assessed. Do we then have to centtad individuals in a colony show
only ‘partial’ personalities? Not necessarily. butdd simply be that one particular ant
became a forager because her personality predpmseto. By analogy, humans tend to
take employment that reflects some aspects of etgopality, but one’s job does not by
any means represent one’s personality as a whole.personality of an individual in a

social insect colony would therefore determine ¢he-threshold required for performing
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the task and the likelihood of performing it (Weiddlller, 2004; Beshers and Fewell,

2001).

3.3 Could bees have personalities?

Individuality in behaviour has been documentedrnnertebrates and as far as eusocial
invertebrates are concerned, bumblebees are afs@nkto show consistent specialisation
in foraging (Chittka et al., 1999; Heinrich, 1978)d honeybees vary individually in their
foraging efficiency (amount of forage brought bdokthe hive and duration of foraging

trips; Dukas, 1994).

Bees are a model of choice for cognition and behavwexperiments in invertebrates: bees
are capable of learning complex stimuli requirirggious learning mechanisms (see Giurfa,
2007 for examples). Past research has also shkt dig the genetic architecture and
physiology underlying individual differences (Paged Scheiner, 2006). The idea that
bumblebees (and more specificalBpmbus terrestrjscould show personalities appears
realistic if one considers that, contrary to otbecial insects, the workers of this species are
totipotent: they are able to switch between taskgasponse to colony requirements
(Weidenmdller, 2004; Cartar, 1992), there are dmg castes (reproductives and non-
reproductives, i.e. queens, males and workersyeth® no strong evidence for age
polyethism in this species (Jansen et al., 200€) different patrilines cannot account for
the task specialisation observeBofnbus terrestrisqueens are singly mated; Schmid-
Hempel and Schmid-Hempel, 2000). Moreover, there seports of individualised
consistent behaviour as well as individual diffexes in terms of cognitive abilities in

bumblebees. In fact, individual bumblebees are knaowovuse traplining (e.g. individual
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bees follow particular, repeatable circuits whenitiig flowers; Thomson and Chittka,
2001) and to show flower constancy (foraging onrefgred flower species; Heinrich,
1976; Heinrich, 1979). In terms of cognitive al@g (Chittka et al., 2003) showed that
individuals differ in the time they allocate to neaghoices (some bees are ‘fast and sloppy’
while others are ‘slow and accurate’; Chittka et 2003). Could traits identified as part of
personalities in other non-pollinator species hantbin bumblebees? For example, could
individual bumblebees be described as predatidapiene or neophobic? Are some bees
more fearful than others? Do bees differ in théifitg to solve cognitive tasks? These are

the questions the present work aims to answer.

In studying individual behaviour - and potentiallpersonality in a social insect, one might
advance our understanding of the way a colony ofaéinsect functions, especially in the
field of task division. Colonies of social insedse commonly considered as ‘super-
organisms’ in which sub-groups of individuals penfio complementary tasks. Often,
individuals specialise in a certain task, sometifioegheir entire life. Are individuals pre-
programmed to be flexible only over a limited rargfeconditions or are they originally

totipotent and then later in their development &eqgpreferences for certain tasks?
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Chapter 4. Consistent inter-individual differences in
discrimination performance by bumblebees in colour,
shape and odour learning tasks

Learning can be defined as a modification of betv@avbased on experience (see Lachman,
1997 for a full discussion of the definition of taang) and it is thought to enable an
organism to modify its phenotype rapidly in respois shifting environmental conditions
(Raine and Chittka, 2009; Johnston, 1982). Mostmaits, from the roundworm
Caenorhabditis elegangRankin et al., 1990) to humans, are capable afeséorm of
learning. The influence of learning on an organsnibehaviour is ubiquitous and
undeniable: even innate behaviours can be modulstéelarned components (e.g. bees are
innately attracted to blue flowers but they canre@® prefer other colours or even avoid

blue flowers altogether; Giurfa, 2007; Ings et 2009).

4.1 Learning and personality

Given the importance of learning for the survivalaeproduction of an individual, it is
surprising that so few studies have investigatedpibtential links between personality and
learning (e.g. Boogert et al., 2006; Benus et1#87) showed that there is a link between
learning ability and aggressivity in mice and rats)s likely that the learning type of an
individual will have an impact on its personalitypé and vice-versa. For example,
neophilic individuals are more likely to encounteew stimuli and therefore learn from
them (Sinn et al.,, 2008b). Similarly, risk-takingdividuals would be more exposed to

predator cues and therefore would be more likelgaon to avoid predator efficiently.
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4.2 General introduction to learning in bees

Bees are proficient learners: in order to extrasttar and pollen from their environment,
bees may learn to associate landmarks, coloursuredshapes, textures, patterns,
orientation (Worden et al., 2005; Colborn et a@99) and even temperature (Whitney et
al., 2008) with rewarding flower species (and wtieir nest location) and they may also
learn to handle each flower species efficiently @doard and Laverty, 1992). Bee
foragers are thought to spend a substantial amolutime and energy learning, which
enable them to achieve increasing rates of foakentvith experience (Ohashi et al., 2008;
Dukas, 1994). Whereas learning is known to prowigay benefits to organisms such as
increased efficiency and behavioural plasticitarieng might also entail significant costs.
For example, naive individuals may suffer an ihileek of efficiency, greater predation
risks (Dukas, 1994; Dukas, 1995; Johnston, 198%) the risk to develop maladaptive
instead of adaptive behaviour patterns (Johnst®82)L Even experienced individuals may
face costs, such as potential costs related toniatenance and operation of the nervous
system (Raine and Chittka, 2009) as well as dewedopal (Mery and Kawecki, 2003),

reproductive (Mery and Kawecki, 2004) and ecololdicade-offs (Araujo, 2007).

There is evidence that, in bees, variations imiegrabilities can impact fitness e.g.: Dukas
and Bernays, 2000; Ohashi et al., 2008; Raine dntlk@, 2008; Snell-Rood et al., 2011)
and studies in other groups of animals showed itidividuals of a species may vary
greatly in their learning abilities (e.g. Dukas,080 Kolata et al., 2005; Kotrschal and
Taborsky, 2010).

In the antCerapachys biroi(Ravary et al., 2007), differences in individuaiperience

generated division of labour (i.e. individuals whifound food while foraging remained
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foragers whereas unsuccessful individuals speedhiis other tasks). If learning is found to
play a role in division of labour for other taskadasocial species, it is potentially
influencing what is thought to be a pillar of sdd¢resects’ success (Hoélldobler and Wilson,

1990).

In honeybees, Page and Scheiner (2006) reportetheanandividual basis for task
specialisation: individual difference in sensitwib sucrose concentration. They found that
a bee’s sensitivity to sucrose is not only likayirtfluence the nature of the tasks a bee will
perform (i.e. pollen or nectar foraging; Page actefer, 2006), but also it significantly
correlated to her learning performance (learningegpand highest learning asymptote)
during an olfactory task. This and the fact tharéhare anecdotal reports of individual bees
failing to learn in experimental settings (e.g.ivmduals which were excluded from an
experiment as they did not reach a learning cat€d.g. Worden et al., 2005) suggests that,
as in other animal groups, bees may vary indivigualtheir ability to learn. In honeybee,
this individual variation might itself vary acrosme as it is modulated by the individual’s

caste (Ben-Shahar et al., 2000).

Additionally, it is known (Page and Scheiner, 200&tsensorythresholds are correlated
with each other across modalities (gustatory, tdigcand visual) but it is not known
whether an individual’'s performance at one learrtiagk can predict its performance at
another learning task. Most of the previous obg@mwma highlighting variation within bee
species involved specialised groups of bees (elierpversus nectar foragers or especially
established breeding lines; Chandra et al., 206@eRnd Scheiner, 2006; Brandes et al.,

1988; Brandes, 1991). Learning was quantified aslyst of group behaviour: individual
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learning performance was not typically quantifiew andividual consistency across task

was not investigated.

4.3 Experiment

4.3.1 Introduction

For bumblebees, one of the model organisms in tilndy <0f the evolutionary ecology of
learning, inter-individual differences in learniqpgrformance have been measured in a
variety of tasks (Chittka and Thomson, 1997; Chigk al., 2003), but it is not known if the
learning performances are correlated with eachraotiteoss modalities. Often (but see
Chittka et al., 2003), individual learning performca at task 1 was used to select
individuals participating in task 2, so potentiabrrelations between individual
performances at both tasks were not investigateordéh et al., 2005). Raine and Chittka
(2008) found that learning speed in a colour diseration task correlated with fitness as
assessed by foraging performance in the wild. Taogg the generality of this correlation,
it is essential to demonstrate that better learaersot limited to superior performance in a
single task, but that performance is individualbnsistent across tasks. The ability to learn
to discriminate between two stimuli within a pamter dimension/modality might reflect a
more general ability to learn (Boogert et al., 20%ith and Bell, 2008), independently of
the dimension or modality consideredlternatively, it is conceivable that there are
tradeoffs between performance levels across taskihiat superior performance in one task
comes at the expense of poor performance in an(theny et al., 2007; Papaj and Snell-

Rood, 2007; Sih and Bell, 2008; Worden et al., 2005
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This study therefore aimed at exploring whethenvigdial discriminatory abilities are

consistent across and within sensory modalitiesadfoeve this, | used simple differential
conditioning based on a foraging paradigm in whicbuld vary the type of cues which the
bees had to learn. | tested each individual beleeoability to differentiate between pairs of

stimuli belonging to a given modality (visual ofaatory) or dimension (shape or colour).

4.3.2 Material and Methods

Two colonies ofBombus terrestriscontaining approximately 40 workers each were
obtained from Syngenta Bioline (Weert, Netherland¥)eens of this species mate only
once in their life; therefore all the foragers witla colony are full sisters (Schmid-Hempel
and Schmid-Hempel, 2000). Upon delivery, coloniesentransferred into bipartite wooden
nest boxes (28x16x11 cm). All tested bees werevidhaally tagged with coloured dots or
Opalith number tags (Christian Graze KG, Germahyhenever new workers emerged
from the pupae, identification tags were appliethini 48 hours, enabling us to determine
their age at the time of experiment (age availdbte7 bees from colony A and 11 bees

from colony B).

The nest box in which the colony was housed was@cted through a plastic tube to a
foragingflight arena (120x100x35 cm) covered with a UV-sparent Plexiglas lid (Fig.
4.1a). Bees could be allowed one at a time in®dhena using a system of shutters built in
the connecting tube. The room in which the colomese kept had an average ambient
temperature of 21°C. Controlled illumination fobdamatory experiments was provided by
high-frequency fluorescent lighting (TMS 24F lampih 4.3 kHz ballasts; Philips, The

Netherlands) fitted with Activa daylight tubes (@sr, Germany) to simulate natural
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daylight, and equipped with special ballasts faghhirequency lighting above the bee
flicker fusion frequency (Dyer and Chittka, 200Bpragers were initially allowed to collect
50% (w/w) sucrose solution from translucent gravégdersVon Frisch, 1967, pl9, Fig.

18) which provided unlimited supplies for two days.

Thereafter, sucrose solution was provided througdttar pumps’ connected via flexible
plastic tubing to artificial flowers. Each ‘floweconsisted of a cut-out shape of laminated
coloured paper (‘corolla’) mounted on a grey plastylinder (height: 6cm, diameter:
3.1cm). The ‘corolla’ part of the flower was piedce its centre to allow space for a small
plastic cup containing the sucrose. The cup wasedox into the plastic cylinder so that
the amount of nectar available in it could not bersby the bee. The cup was connected to
a pump (Fig. 4.1b) delivering 40% sucrose (w/w)otlyh the tubing at a rate of
0.363ml.K*. The ‘corolla’ part of each flower was cleaned hwit0% ethanol between
foraging bouts so as to ensure there were no stariis left from previous visits by the bee
(Saleh et al., 2007). The position of the flowenstloe arena was shuffled between foraging
bouts using computer-generated random spatialrpatten a 6x5 square grid (with 14 cm
between positions). This shuffling of the positiminthe flowers was necessary to prevent

the bees from associating location with reward.
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Figure. 4.1 Experimental set-up (a.) and nectar-pump (b.) atirduli (c.). The bees were released
one at a time in the arena containing the artifidl@wers distributed in a random pattern. The

sides of the arena were made of wood whereas fhdidowvas UV-transmitting Plexiglas. The

position of the flowers was changed after everadorg bout. Each ‘flower’ was connected to a
nectar-pump (Leadbeater and Chittka, 2008). A puwopsisted of a glass syringe the plunger of
which was connected to a lead screw. This screwshkasly rotated by a mains-operated motor
(500rpm with gearbox set for 1rev/12hours; RS, lamdJK), causing the plunger to continuously
squeeze minute amounts of 40% (w/w) sucrose solatib of the syringe into the tubing and out
into the cup of the flower. c. shows the diffenaaits of stimuli used (the dashed circle in scent
stimuli represents the limits of the inner disc vehthe paper was left uncovered to absorb the

liquid scent solution). Drawing of the pump by SaBlackburn.
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Bees were pre-trained collectively to obtain suerfsem the artificial flowers without any
paper ‘corolla’. The grey cylinders supporting thg and tubing were achromatic and pre-
training to achromatic stimuli has been shown rwtaffect colour preference during
subsequent exposures to coloured stimuli (Giurfa.etl995; Raine et al., 2006a; Raine et
al., 2006b). A focal bee was then allowed alone the arena with ‘corolla’-less flowers

for one foraging bout prior to the experiment itsel

Each focal bee was subjected to three tasks, wftmh she was removed from the colony.
Two tasks were visual (learning to differentiatéween colour and shape respectively) and
one task was olfactory. During the ‘shape’ tasklividual bees were presented with six
cross-shaped flowers (4x4cm; 4 arms, each 2cm veidd)six octagon-shaped flowers (4
cm across, sides of 1.7 cm). Both shapes of ‘t@ralere cut from green-coloured paper
(khaki, Maya coloured card; Clairefontaine, Ottrhaisn, France; Fig. 4.1c) and were
covered with transparent plastic film (Frisk CowaisFilm Rolls; Artcoe, Manchester, UK)

for easy cleaning. Each of the octagon-shaped fiowas linked to a sucrose pump which
delivered 40% sucrose (reward) whereas the cragseshflowers contained saturated
qguinine hemisulfate salt (Sigma, UK) solution (miment). In the ‘colour’ task, bees were
presented with 12 flowers bearing ‘corolla’ (papkscs: diameter: 5cm) of two different

colours: six were ivory-white and six were barlelite (Daler Canford Card; Daler-

Rowney, Bracknel, England; Fig. 4.1c), covered nansparent film. In the olfactory

discrimination task, the ‘corolla’ of the flowersrtsisted of discs (diameter: 5cm) of green
coloured paper, covered in transparent film exéepa small central area (disc diameter:
1.8cm), where the paper was left uncovered so asnéble absorption of the scented
solution. Five microlitres of scented solution (383L solution of peppermint or anise star

essential oil; Essential Oils Direct, Oldham, UKg.H4.1c) were deposited on the paper

57



surface of each flower before each foraging boher& were six anise-star-scented flowers,
connected to the nectar-pumps and six peppermamtsd flowers, containing quinine
solution. The flowers containing quinine were niokéd to pumps. Unconnected tubing
was used to mimic the appearance of the rewardingefs. | varied the order in which the
bees were subjected to the tasks to control foeroeffects (colony A contributed 21 bees
in total and colony B contributed 17 bees in totalerl: shape-colour-scentdynya= 11
and Noionyg= 10; order2: colour-scent-shapgobhysa= 5 and Ngionyg= 3; order3: scent-
shape-colour Nionya= 5 and Noionys= 4).

Each task presented the bee with two differenti@di flower types. For each individual
bee, | recorded the first 50 choices, a ‘choicdhpalefined as a landing on a flower.
Landing on the rewarded stimulus (sucrose solutiea3 considered as a correct choice
whereas landing on the stimulus associated withispament (quinine solution) was
considered as incorrect. Individual bees’ perforogawas measured in the saturation
phase of their learning curve (choices 31-50). ®lisaspection of the bees’ learning curves
revealed that at this stage, performance improeeinher (see Fig. 4.2).

I measured the maximum thorax width three timesipdividual bee and took the average
as an estimate of the bee’s size (thorax widthesmiost common measure of body size for
bumblebees; Spaethe and Weidenmiller, 2002; Spaatite Chittka, 2003). This
information is essential since sensory performanceome tasks can be correlated with
body size; for example the visual-spatial resolutdd the eye is superior in larger workers

(Spaethe and Chittka, 2003).
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Figure. 4.2. Learning curves for each task. Each point is theam+ SE for all bees for the

preceding 20 choices.

Data Analysis

| used Kendall's W (also known as Kendall's coeéfit of concordance) to assess the
consistency of the bee’s performance across &st&endall’'s W quantifies the agreement
between ranks of two or more variables and has beed to assess the consistency of
behavioural traits (e.g. Briffa et al., 2008). Kaild W ranges from 0 (no agreement) to 1

(complete agreement).

In order to test for the effect of various fact@tee nature of the task, the order of the task
and the colony from which the bees originated), epdadted Measures General Linear
Model (SPSS 16.0) was built, using the number ofexb choices out of 20 for choices 31-

50. All tests were two-tailed and the alpha levalswset to 0.05. | used task as within-

subject factor with three levels, correspondingh® three tasks (shape, colour and scent
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discrimination). | included two between-subjectstéas: colony and the order in which the
tasks were performed in a full-factorial model.

Initially, age and size were also included in theded as covariates. However, neither
covariates had a significant effect (size:#0.620,P=0.451; age: F= 1.099,P = 0.322)
which is consistent with findings by Raine et @0@6b). The number of bees for which age
and size were available limited the total numbereés included in the model to 17.
Therefore the covariates were removed in the analysis (increasing our effective sample
size to N = 40). A potential correlation betwe&esand discrimination performances was

investigated using Spearman’s rank correlationfment.

4.3.3 Results

Individual scores for discrimination performanceass tasks were significantly concordant
(Kendall's Wsg= 0.530,P < 0.0001, see Fig. 4.3), meaning that the rank gifean bee for
one task was consistent with her rank for the twhelotasks. There was a significant
within-subjects effect of task §f+~ 32.89,P < 0.001), demonstrating that tasks differed
significantly from one another. There was a sigaifit between-subjects effect of colony
(F1, 3= 9.00,P = 0.005), suggesting that the two colonies differedtheir mean for
discrimination performance. There was no signifidagtween-subject effect of task order
(F1, 3= 1.88,P = 0.16) and no significant interaction between ngland task order
(F2, 3= 0.92,P = 0.406). There were no significant correlationsween size and the
discrimination performance for any task (Spearmametation coefficients: all |r| < 0.27 all

P> 0.14).
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Figure. 4.3. Pairwise correlation for discrimination performamcin scent, colour and shape
learning (percentage of correct choices between3that to the 50th choice). Spearman's rho for
each pair: a. Colour versus sceng=0.33, P = 0.04; b. shape vs. coloug= 0.31, P = 0.057; c.
shape vs. scentgr 0.43, P < 0.01. Circles represent bees from cglédnand triangles represent

bees from colony B.

A significant interaction effect between task antbay suggests that bees originating from
different colonies have different learning abibtié 35= 11.7, P < 0.0001), with bees from
colony A scoring higher on average (mean: 37.lamdsrds error: 6.7s) than bees from
colony B ((mean: 34.5s; standards error: 4.5s). él@r, bees from colony A were older
(age range: 41-71 days) than bees from colony B fagge: 6-10 days). This could result
in colony and age being confounding factors. |éadi that age is unlikely to influence
discrimination performance as previous studies umibebees found no correlation

between learning abilities and age (Raine et @D6B; Raine and Chittka, 2008).
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4.3.4 Discussion

| showed that there is consistent variation in misimation performance in colour, shape
and scent learning tasks between individual fomderother words, bees which made the
highest number of correct choices during theit tiassk were also the ones which made the
most correct choices during the second and thskl tais tempting to speculate that these
findings support the view that learning is domaémgral (Chiappe and MacDonald, 2005)
and adding support to the theory that evolutios aat‘generalized learning processes’ (i.e.
learning a across a wide range of tasks differingnature) rather than independent
‘cognitive modules’ (Kawecki, 2010). However, thieserved discrimination abilities could
be the result of differences in sensory performaatger than learning. Scheiner and Erber
(2009) showed in honeybee that sensory threshadelate across modalities. The bees
which had a low response threshold to a stimulutiengustatory modality also had a low
threshold response to stimuli in the olfactory aisdial modalities and (Scheiner and Erber,
2009) claim that “to date, there has been no uwegal experimental evidence for a
stimulus-specific tuning of thresholds” (but seeuBgel et al., 2009). In our study, not only
could bees vary in their response threshold to/itigal and olfactory stimuli, but also, they
could vary in their response threshold to both sy stimuli (sucrose and quinine). It is
therefore possible that some of the individual ataon in discriminating abilities observed
here could be attributable to differences in respothreshold for conditioned as well as

unconditioned stimuli.

Whether the observed individual variation in disgriation abilities can be explained
solely or partially by learning and/or sensory #iv@lds, the ability to discriminate stimuli

in the environment is very likely to affect an imdiual’s foraging performance (Raine and
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Chittka, 2008) and therefore colony fithess. Indeedrning plays a major role in the
development of individual behaviour and in the way individual responds to its
environment (Ravary et al., 2007; Chittka and M{l2009) and learning cannot occur

without some form of discrimination between thenstii available in the environment.

4.4 Implications for task specialisation and colony fithess

Polyethism, the division of tasks among workers,thsught to be the key feature
underlying the ecological success of the eusonsddts (Holldobler and Wilson, 1990). In
social insects, learning and the ability to discniate between stimuli is essential to the
performance of certain tasks, such as foraginthérhoneybed@pis mellifera where age is

a determinant factor in task specialisation, Beafi et al. (2000) found that changes in
learning and memory appeared to occur in assoniaith the change in tasks performed.
Learning and memory are thought to be importardampleting foraging tasks: a forager
has to learn and remember the location and feafistenuli) associated with the food
sources. Other tasks appear to be much less demgamdi terms of learning and
discriminatory ability and may be largely governggdinnate behaviour (e.g. nursing the
brood). Given this difference between tasks and fd#ue that there is no definite age
polyethism in bumblebees, it is natural to postuliiat a bee’s ability to perform a given
task would be related to her ability to learn thekt Indeed, in honeybees, foragers and
nurse bees are known to differ in learning abgit{Ben-Shahar et al., 2000) and in ants,
Ravary et al. (2007) showed that individual expereecan generate task specialisation. It is
premature to conclude that the likelihood to perfar cognitively demanding task is linked
to an individual's cognitive abilities (as suggestey Chittka & Muller 2009), but this

study suggests that this is fruitful area for ferthesearch.
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These findings showed that individual bumblebeessisbently differed in their ability to
learn to discriminate stimuli from the visual anthotory modality. These results open the
door to further research on the potential link kesw sensory/cognitive abilities and
consistent individual behaviour, and more spedificéask specialisation in social insects.
Studies similar to the one described here couldXdpended to include a broader variety of
learning tasks (i.e. not restricted to discrimioafisuch as social learning; Leadbeater and
Chittka, 2007) and other aspects of the learnirargss (e.g. speed-accuracy trade-offs,

Chittka et al., 2003).
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Chapter 5: ‘Personality’ in bumblebees: individual
consistency in responses to novel colours?

Neophilia/neophobia is attraction/repulsion in mse to novel non-predatory stimuli (see
section 1.4.2). As the environment changes ovee tif@.g. new food source, new
competitors, etc), individuals are constantly exgabso new stimuli. Attraction/repulsion
towards these novel stimuli is likely to be pivotalthe individual’s survival: neophobic
individuals might reject a new food source whereai&e neophilic individuals might be
attracted to new predator/parasite cues. Evereatfhfcies level, there is some evidence for
a link between neophilia/neophobia and ecologipaksicity (Heinrich, 1995) as well as

an organism’s ability to invade new environmenta(tih and Fitzgerald, 2005).

5.1 Response to novelty in bumblebees

Bumblebees are often exposed to novel food souncéiseir environment as their floral
food resources are far from reliable. Nectar otgpoproduction by a given flower species
might vary within a day (Goulson, 2003) and seakamailability as well as competition
with other pollinators further complicates the task the foragers. When given the
opportunity, bumblebee foragers tend to speciaisa few flower species (Heinrich, 1979;
Chittka et al., 1999). However, a particular indival's preferred flower species might
decline in profitability over various time scal@saking it necessary for the forager to seek
alternative food sources as more profitable flovgpecies might become available.
Resource assessment (through investigation of uldanfood sources) is presumably

essential to efficient foraging in bees (Heinri@®,79), and inter-individual differences in
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response to novelty could be of considerable relexan bumblebees’ natural foraging

ecology.

In animals, neophilia/neophobia is commonly assks#@ough introducing novel
objects/food in a setting already familiar to thdividual (e.g. Bolivar and Flaherty, 2004;
Logue et al., 2009). Introducing new flower ‘spatiand removing previously exploited
food resources is easily done in the lab usindi@di flowers, and hence provides us with
an ecologically relevant way of assessing individuees’ response to novelty. Previous
works suggest that bumblebees may respond to yoiweltvays similar to vertebrates:
Goulson et al. (2004) reports that bees were iyatstg new landmarks and Forrest and
Thomson (2008) showed that bumblebees preferrefdrage from familiar rather than
unfamiliar flowers and noted that there appeareddoindividual variation in novelty
response. These observations lead to the questiomiodo bees keep track of the changes
in their environment: do individual bees indeedyvan their tendency to investigate
unknown flowers, and if so is this variation genedaby consistent inter-individual

differences rather than chance variation?

Assessing individual consistency is important i€as considering bumblebees’ response to
novelty as potentially equivalent to the phenomenbserved in vertebrate species. In
these species, neophilia/neophobia is recognisachassonality trait, meaning that a given
individual's behaviour will be repeatable acrossuaions and time. Assessment of
consistency is sometimes overlooked in studieseo$gnality traits (e.g. Minvielle et al.,

2002; Dochtermann and Jenkins, 2007 and Hollandal,e2008) as it is almost invariably

assumed that individual consistency exists fortths in question, and that the challenge

for scientists lies in discovering trade-offs ousal links between them and/or with other
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traits. However, research on the species bestestuditerms of personality, human beings,
demonstrates that while some behavioural traitsaierstable over an individual's adult
lifetime in a manner consistent with personalitthess vary with mood, hormonal cycles,
age and other factors not yet identified. Some sanges might be adaptive in line with
developmental stage of an organism or environmeaadext (Sinn et al., 2008a; Roussel
et al., 2009), or their individual experience (Bahd Sih, 2007a), while other changes
might vary more unpredictably or be epiphenomenatloér processes. This emphasises the
necessity to measure behavioural traits repeataalyover various time scales (Sinn et al.,

2008a).

In this work, | adopt the view that in order to Giyaas a personality trait a certain pattern
of behaviour needs to be exhibited in a consisteyt over different situations and over
time, but that this consistent behaviour may vastwieen individuals (Briffa et al., 2008;

Schuett et al., 2010). Based on this notion of isteiscy we introduce a novel statistical
model and develop a new approach for assessirggimdividual consistency. We used our
new model to investigate to which extent individbaks responded consistently to flowers
of novel colours over various time scales. We disdhe implications of the findings from

these experiments for regarding neophilia/neophabia personality trait.

Another hypothesis worth investigating is the pttdreffect of an individual’s abilities on

its personality (see chapter 4). | showed in chragtehat individual bumblebees vary
consistently in their ability to learn to discrirate between pairs of stimuli. Because
learning often involves new stimuli (in the casebamblebees, novel flowers might come
into bloom or restrictions to previously availalitedd source might constrain the bees to

look for novel patches/locations), neophobia magyph great role in its initial stages:

67



learning that a new flower species delivers necaanot occur if the bee constantly avoids
it. One could therefore predict that individualsiethare less neophobic would be faster
learners than individuals which are more neophdbiteed, this has been shown to be the
case in starlings (Boogert et al., 2006): starlimdgch were fastest to feed in a novel
environment were also fastest in solving a foragtagk. | therefore combined the
neophilia-neophobia experiment with a discriminatlearning paradigm to investigate a
potential link between individual neophilia-neoplelnd ability to discriminate between

colours.

5.2 Material and Methods

5.2.1 Experiment 1: Choice of colours for the consi  stency tests

Since | am interested in the bee’s response tolrmmmleurs, | have to ensure that the bees
are able to distinguish between the colours usededd, a lack of response to a novel
colour could simply mean that the bees do not pescthe colour as differing from the
previous one. To this end, | selected colours tf@kpwing the hexagon model of bee
colour vision (Chittka, 1992; Fig. 5.1), shoulddsesily distinguishable for bees. | used red,
cream and pink artificial ‘flowers’ of the same pkaas those used for pre-training. To
bees, these flower types appeared as UV, blue-greenUV-blue respectively and were
roughly equidistant in a bee’s colour space (Fif).3 then ascertained experimentally that

bees could easily discriminate the colours.

Five colonies (henceforth referred to as coloniet A) of Bombus terrestri€ontaining

approximately 40 workers each were obtained fromg8pta Bioline (Weert, Netherlands)
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between September 2008 and April 2009. Queensi®fspiecies mate only once in their
life; therefore all the foragers within a colonedull sisters (Schmid-Hempel and Schmid-

Hempel, 2000).

UvB BG

UV-blue  hlue-green

+
$

LI

VG

Figure 5.1. Loci of the artificial flower colours in the colothexagon. Loci are calculated
according to the relative stimulation of the thnegeptor types (UV, blue, green) elicited by the
stimulus (Chittka, 1992). The colour hexagon cawatks were obtained using spectrophotometer
readings from 300nm to 700nm (i.e. including théramiolet range). The angular position
(measured from the centre) in this colour spacdacamigs bee-subjective hue, which is in turn
determined by the relative excitations of bees’ blMg and green receptors. A colour locus in the
lower left portion of the colour hexagon indicaesbee-UV’ colour, a colour locus in the ‘up’
direction denotes ‘bee-blue’ and so forth. Distasmbetween colour loci indicate discriminability;
the total distance between the centre and anyeotthners of the colour hexagon equals unity, and
distances above 0.1 are typically well distingulsleaEuclidian distances between the colours used
here are 0.23 between UV and UV-blue, 0.24 betwBétblue and blue-green and 0.19 between
UV and blue-green, and are therefore predictedaonmell distinguishable by bees. B = blue, BG =
blue—green, G = green, UVG = UV-green, UV = UV andB = UV-blue.

Upon delivery, colonies were transferred into hip@mwooden nest boxes (28x16x11 cm).

All tested bees were individually tagged with coll dots or Opalith number tags
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(Christian Graze KG, Germany). The nest box in Whibe colony was housed was
connected through a plastic tube to a foragindnflayena (120x100x35 cm) covered with a
UV-transparent Plexiglas lid. Bees could be alloweé at a time into this arena using a
system of shutters built in the connecting tubee Tdom in which the colonies were kept
had an average ambient temperature of 21°C. Ctedrallumination for laboratory
experiments was provided by high-frequency fluoeastighting (TMS 24F lamps with 4.3
kHz ballasts; Philips, The Netherlands) fitted witttiva daylight tubes (Osram, Germany)
to simulate natural daylight above the bee flickesion frequency (Dyer and Chittka,

2004).

Preparation and pre-training

Colour-naive foragers (i.e. bees that had neveowentered any food-providing coloured
object) were initially allowed to forage from tréumsent gravity feeders (Von Frisch, 1967,
pl9, Fig. 18) which provided unlimited supplies 5% (w/w) sucrose solution for two
days; the same concentration was used in all expets described below. Subsequently,
individual foragers were ‘pre-trained’ in the are(fdg. 5.2) to use an array of eight
translucent artificial ‘flowers’ (Plexiglas squares24x24mm, 4mm thick and with a well
for sucrose solution in its centre, mounted on #.Bigh glass ‘stalks’). In what follows |
refer to the time the bee spent foraging in the@atsetween two unloading trips to the nest
as a ‘foraging bout’. Here and in all experimergtolw, the position of each flower on a 6 x
5 grid (with 14cm between positions) was randomisgdusing a computer random
generator. We used 15 different random spatidep#, varying the pattern between bees
and between two foraging bouts (this shufflinglod position of the flower was necessary
because the bees would otherwise have learnedstriate location with reward). The

artificial flowers were cleaned with soap and wdtetween foraging bouts so as to ensure
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there were no scent marks left from previous vig¢galeh et al., 2007). In order to
encourage the bees to visit all eight flowers m d@nena we adjusted the amount of sucrose
solution available in each flower so that the totalume in all eight flowers matched the
stomach capacity of each individual bee. This wdsesved by decreasing or increasing the
volume of sucrose available in each flower overttitee pre-training foraging bouts, until
the bees visited all eight flowers. The transludkewers are achromatic and pre-training to
achromatic stimuli has been shown not to affecowolpreference during subsequent
exposures to coloured stimuli (Giurfa et al., 19B&jne et al., 2006a). For this reason and
because the first three foraging bouts were sirtyaining to the set up (and adjustment of
the quantity of sucrose per flower), these foradmogits were not included in the data

analysis.
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Figure 5.2. Experimental set up. The bees are released ometiate in the arena containing the

artificial flowers distributed in a random patterfihe sides of the arena are made of wood whereas
the top lid is UV transmitting Plexiglas. The pasitof the flowers is changed after every foraging
bout.
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Training and test

To assess the bees’ ability to discriminate betw#encolours used, 10 foragers from
colonies A, B. C, and 6 from colony D were tesfElde experiment consisted of a training
phase of three foraging bouts followed by a tdsidividuals were first exposed to eight
randomly positioned flowers of the colour A (‘knowoolour) for three consecutive
foraging bouts. During the colour discriminatiorsttethe arena contained 16 randomly
distributed flowers, eight of which were of the saoolour as in the immediately preceding
foraging bout (‘known colour’) and eight of whicheve of the novel colour. These tests
were unrewarded; all flowers containedull@f water to mimic the visual appearance of
sucrose solution. The number of flowers of eacletyfsited was recorded as correct
(landing on the ‘*known’ colour) or incorrect (landion the ‘novel’ colour) and the number
of correct and incorrect choices out of the 1 filevers chosen was used as a measure of
the ability of the bees to discriminate betweerood$. Different individuals were used for

the colour discrimination tests (experiment 1, isech.2.1) and the experiments 2 and 3.

5.2.2 Experiment 2: individual consistency in respo nse to novel colours

The same colonies as the previous section were tesgitovide the foragers for this
experiment and the foragers’ preparation and prefigwas identical to the ones from the

previous section.

Short term consistency test
The main variable measured throughout this experimas the feeding latency of the bee
- that is, the time elapsed between flight inibatand first probing (proboscis extension) of

the well of a flower. Bees were exposed to thredews (which, to bees, appeared UV,
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blue-green and UV-blue, see Fig. 5.1) for threesecontive foraging bouts each (i.e. three
foraging bouts on colour A, then three foragingtsan colour B and finally three foraging
bouts on colour C). Because the bees were colduesn@ach colour appeared to the bee as
‘novel’ at the beginning of the first foraging bo@ver three foraging bouts, bees learned
to associate the colour with a reward (see expetirhe section 5.3.1) and so the colour
could be regarded as familiar at the end of thieseetbouts. At foraging bout number four,
colour B appeared as ‘novel’. The bee then leatneassociate it with reward during the
course of foraging bout numbers 4-6. Colour C ammkas ‘novel’ in foraging bout

number seven with gradual familiarisation until boune.

Just as in the pre-training phase, the arena cmuagight rewarded flowers randomly
positioned on the grid. | varied the order in whibk colours were presented to control for
order effects. Eighty-one foragers were testethfcolonies A (N = 27), B (N =27) and C
(N = 27). For each colony, 15 bees were presenttdtiie order UV — Blue-green - UV-
blue, 6 were given the sequence Blue-green - UW-bllile and 6 were given UV-Blue —

UV - Blue-green.

Video recordings of the beginning of each foragiogt (until the first probing of a flower)

for 28 bees were used to split the feeding latémioytwo variables: the first approach time,
which is the time between initiation of flight angpproach (hovering within two

centimetres) of the first flower by the bee; andhalative investigation time, which is the
time the bee spent hovering within a two centimedtus of individual flowers before the
first landing. Sometimes the bee would approachentioan one flower before landing, so
the sum of the time spent investigating each flopmor to the first landing was used to

produce the cumulative investigation time. Sinosaks interested in the strength of the
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relationships between these variables, Spearmari& correlation coefficients were
calculated between first approach time and feedaigncy and between cumulative

investigation time and feeding latency.

To test for a relationship of body size and respaesnovelty, | measured the maximum
thorax width three times per individual and too& Hverage as an estimate of the bee’s size
(thorax width is the most common measure of bodg $or bumblebees; Goulson et al.,
2002). | measured all tested 27 bees from colonyl Aerformed a Spearman’s rank
correlation test using the maximum thorax width dahd average novelty response as
variables. A bee’s novelty response to a given wolsas calculated by subtracting the
feeding latency of the last foraging bout on thastigular colour from the feeding latency
of the first foraging bout of this colour. The ntiyaesponses for the three colours are then
averaged in order to provide us with a single mesasd individual response to novel

colours, which we refer to as the average noveponse (NR):

NR = [(LFBl — LFB3)+ (LFB4 — LFBG)+ (LFB7 ~ Lego )]
3

whereNR is the average novelty response (4),is the landing latency (s) for a given
foraging bout, andFBn is the foraging bout. By using the difference bestw the first and
last foraging bout, we accounted for putative défeces between bees in terms of overall

flying speed.

In a subset of bees (colony A: N = 7; Colony C: NL5 — total of 22 individuals) the
identification tags were applied within 48 hourseofiergence from the pupae, enabling us

to determine their age at the time of experimenttélt for a potential correlation between
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the response to a novel stimulus and age, a Speamaak correlation test was performed
using the age (days since emergence from the @spa)e variable and the average novelty

response as the other.

Long term consistency test

This experiment aimed at assessing bees’ consisirer several days instead of a few
hours. It followed the same template as the skeorh texperiment with individual, colour-
naive bees being exposed to three colours for floraging bouts each. However, in this
experiment, only one colour per day was presertdde bee. Thus, on day 1, a bee would
be tested for three consecutive foraging bouts wotbur A. On day 2, the same bee would
be tested for three consecutive foraging bouts watlour B and on day 3, she would be
tested with colour C in the same way. As for thersterm experiment, we varied the order
of the colours and each bee was pre-trained wahstucent flowers (meaning that she
would do three foraging bouts with translucent #osvon day 1 before being exposed to
colour A). On subsequent days, each set of thremgifog bouts was preceded by one
foraging bout with translucent flowers so as toueaghe bee resumed foraging. Twenty-

five bees from colony E were used for this expenitne

Consistency Model

A frequent difficulty in demonstrating consistenafybehavioural traits is to demonstrate
consistency statistically, despite the inevitaldeation in nearly all behaviours. Indeed, if
under the given design regardless of the colotin@flower (which can influence the bee’s
behaviour, see results section) the feeding ladésnzi some bee decreased steadily between
the first and third foraging bout, then this midpet explained by some characteristic of the

bee which may be regarded as an aspect of heroipaiy’. Of course, such a regular
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pattern is likely to vary between individual besed Fig. 5.3). Thus it is necessary to
identify those bees showing consistent behavioueims of a stable pattern of feeding
latencies. The procedure | propose amounts to congpditted individual profiles of

feeding latencies with the empirical data and digisg those bees for which the fitted and

actual feeding latencies are in good agreemengiag lzonsistent.

} Eeea| | Eee b
- i i
& X X

. X . X
E.E X by X ~
o 27 X x X |1 Xx Xx
= 5 *| Aow
EE I I I 1 1 I I I I 1 I I I I I I I I
x 2] Beec| Bee d
[:_:.13 - -
+ & X X
= X X 1™ X X .
[0

x » i

] % X x| | % % X x

Col 1 Col 2 Col 3 Col 1 Col 2 Col 3

Figure 5.3. Schematic representation of different patternsféar fictitious bees. ‘col 1', ‘col 2’
and ‘col 3’ are the colours used for each set oééhforaging bout (each cross represents the Box-
Cox transformed feeding latency for one foragingthdee a shows gradual decrease of latencies
to the stimuli, while bee b shows a sharp decréager latency to feed from a ‘new’ stimulus after
just one exposure. Bee ¢ has a strong aversiothéosecond colour. Bee d shows no consistency as

her response to the stimuli varies both within detiveen colours.

To this end, an ANOVA-type general linear mixeceets model was first fitted to the data.
This model takes into account the repeated measmsmstructure of the data and
incorporates several factors likely to have anatfe the response (e.g. the colour of the

flower). Moreover, the model captures the crucigpext of consistent behaviour by
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allowing every bee to have a different pattern e#ding latencies which, for any given
individual, is assumed to stay the same over theettsets of three foraging bouts.
Secondly, a distance measure is used to deterfioineach bee separately, how good the
fitted and actual feeding latencies agree. By $piag a cut-off value it is then possible to
classify all bees for which the discrepancy betw#an fitted profile and the original
observations does not exceed the cut-off as beomgistent. A disadvantage of this
approach is that specifying the threshold necdgsariolves some sort of judgment. One
possibility to circumvent this problem is to look the cumulative distribution function
(CDF) of the distances which for every possible-affitvalue x depicts the proportion of
consistent bees. This is useful for exploring hbwe proportion of consistent bees varies
with the threshold. Furthermore, results from diéfe experiments can easily be compared

by comparing the corresponding CDFs.

As feeding latencies are typically positively skeleprior to fitting the model a
transformation was employed to make the distributsd the data more normal. Here we
use the well-known Box-Cox transformation (Box &k, 1964) which is a kind of power
transformation and depends on a single parametkat can be estimated from the data.

The basic nested mixed model for the transformedifg latencies is then

Y =pta by +C ) +a By, te

where Y represents the response amds the error term. The Greek and Latin letters
represent fixed and random effects respectivelychvare to be interpreted as follows:

w1 overall mean
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a random effect of colony

bi;) random effect for bee j within colony

Cw(iy bee specific random effect for thh set of three foraging bouts per bee

o) fixed overall effect of colour

Pmiy bee specific effect of foraging boot = 1,2,3 within every set of three bouts within
beej in colonyi. These three parameters per bee are the sameefyrset k of three bouts

and define the bee’s response pattern.

This model reflects that sets of three foragingtbowhere each set of three corresponds to
a different colour, are nested within individualebe which in turn are nested within
colonies. The repeated measurements nature of dtee il accounted for by allowing
correlations between (a) the feeding latenciesHerthree foraging bouts per colour within

each bee and (b) the feeding latencies acrossrsolathin each individual bee.

The basic model can be refined to separate, falyemdividual bee, the effect of the first
foraging bout within a set of three, which corresg® to the onset of a new colour, from
the combined effect of the other two bouts for shene colour. Similarly, it is possible to
separate the effect of any of the colours fromdbmbined effect of the other two colours.
These modifications correspond to testing preddfiaghogonal contrasts as part of the

analysis of variance.

A Bonferroni adjustment of the 1% significance llegeadopted in order to account for the
fact that multiple tests are performed. In totagre are k = 5 tests and hence an effect will

only be regarded as being significant if fAevalue is smaller than = 0.01 / k = 0.002.
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This approach is very conservative, but is intentteévoid drawing conclusions which

may not stand up in replication studies.

Using Genstat Release 10.1, this model was figpdrately to the data from the short term
and long term experiments. By fitting the model, éach bee a profile consisting of nine
values is obtained. These are the values which thwdest fit to the transformed feeding
latencies in the three sets of three foraging bdaotsrder to assess how closely the fitted
profiles agree with the data, an appropriately g¢datized version of the usual Euclidean
distance can be computed for each bee separatele 8pecifically, the distance measure
we propose is defined as

RO,

IQR

whereY; andY; are respectively the transformed feeding latenaied fitted values for a
single bee, and IQR is the interquartile rangehefttansformed feeding latencies over all
bees. Dividing the Euclidean distance by the intartjle range is similar to standardizing
the distance by means of the standard deviatioweder, using the IQR makes the
proposed distance measure more robust againstrexwbservations and hence appears to
be preferable. This distance can be regarded assastency index (one per bee) with small
values of d indicating greater consistency. As axgd above, it is a measure of the fit
between the predictions of the model and the (Box-@ansformed) data and therefore

measures the repeatability of a bee’s behaviowsaarolours and foraging bouts.

Additionally, we tested for a potential relationshietween individual consistency and the

level of the response to novelty. Indeed, in thmesavay as the level of expression of a
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personality trait might vary, the level of consmstg of a trait might vary between

individuals of a same population: for example Dimgase et al. (2009) found that very
aggressive mice are very consistent whereas legesgjve mice are more flexible and
more responsive to the environmental conditions. tigefore calculated the Spearman
rank correlation coefficient between the averageehy response (see above) and the

consistency index for the short term experiment.

5.2.3 Experiment 3: Neophilia-neophobia and learnin g

All the bees used in this experiment came fromstm@e colonies A (N = 11), B (N = 10)
and C (N = 10) as for the experiment 2 in sectighXand therefore the rearing conditions
and flight arena were identical to the ones desdrin this section. Preparation and
pretraining was done as for section 5.2.2 and itsethree (training) foraging bouts were
not included in the data analysis. Following therning phase, Bees were exposed to two
colours: first bee-UV and then bee-blue-green @ge5.1) for three consecutive foraging
bouts each (i.e. three foraging bouts on bee-U¥n ttihree foraging bouts on bee-blue-
green). The feeding latency of the bee was recdiategiach foraging bout for each bee.
After the third trial for blue-green, individual && were presented with a colour
discrimination task. Eight blue-green flowers (faam) were filled with saturated quinine
(hemisulfate salt; VWR, UK) solution whereas eigh¥-blue flowers (unfamiliar) were
rewarded with 50% (w/w) sucrose solution. This tass&imilar to a reverse learning task in
that the previously rewarding colour becomes punghThe behaviour of each bee was
then recorded: landing on a UV-blue flower (unfaamtrewarded) was recorded as a
‘correct’ choice whereas landing on a blue-greewdr (familiar-punishing) was recorded

as incorrect.
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The Bee consistency model used in section 5.2.Rigcmt be used here as there were only
two colours tested instead of three. Instead,dutated Spearman’s correlation coefficients

between each measure and the average novelty sesfmrthe two colours (NR):

NR = [(LFBl _ LFBS) + (LFB4 ~ Lees )]
2

whereNR is the average novelty response (4),is the landing latency (s) for a given

foraging bout, anéBn s the foraging bout.

5.3 Results

5.3.1 Experiment 1: Choice of colours for the consi  stency tests

We found that bees are able to discriminate betwhenthree colours we used in our
experiments. Only 5% of the bees tested made ni@e B0% incorrect choices when
having to discriminate between UV and blue-greever@ge percentage of incorrect
choices and standard deviation: 12%+13%) and theesaas true for when bees had to
discriminate between blue-green and UV-blue (averzycentage of incorrect choices and
standard deviation: 8%+13%). All the bees testeddfecrimination abilities between UV

and UV-blue made less than 20% incorrect choice®erége percentage of incorrect
choices and standard deviation: 7%+10%). We folwad the observed number of correct
choices for all colour discrimination tests arengfigantly different from chance (Binomial

test: UV vs Blue-green: p<0.0001; blue-green vs lie: P<0.0001 and UV vs UV-blue:

P <0.0001). This experiment demonstrated that beeslale to discriminate well between

the selected colours after only three foraging out
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5.3.2 Experiment 2: individual consistency in respo nse to novel colours

Short term consistency test

Foragers were found to have greater feeding lagesnehen the colour of the flowers was
unfamiliar than when it was a colour that they Ipaelviously experienced (see Fig. 5.4).
This appeared to be the case independently ofdlloeiicconsidered or of the position of the

colour in the sequence and is confirmed by staeéikinalysis (see below).
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Figure 5.4. Box-plot diagram of the feeding latency of all kens, all colonies, all colour-orders
pooled together. Small squares represent mediange Irectangles are inter-quartile ranges and
whiskers indicate the ranges of largest non-outtibservations. Numbers on the x axis correspond
to the foraging bout of the experiment. The colimuwhich the bee was exposed depended on the
order of colours she was been subjected to. Théameidterquartile range and largest non-outlier
range of the feeding latency were all larger foe tlirst exposure to each colour than for the two
subsequent exposures, suggesting that the beesndexp to novelty by delaying feeding from the

unfamiliar colour.
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There was no significant correlation between thesbsizes and their average response to
novelty (Spearman’s rank correlatiog=0.09, N = 27P = 0.63). The same was true for
the age of the bees and their average responsevédtyr (Spearman rank correlatiog:=r

0.15, N = 22P = 0.50).

Video recordings demonstrate that the observedidsten landing on a novel stimulus is
due to the bees’ reluctance to land on an unkndéewef colour, and not caused by the bee
persisting in searching for the previously rewagdstimulus (which would be indicative of
dietary conservatism). This is demonstrated bykingaup the feeding latencies into first
approach time (time spent flying in the arena keefapproaching the first flower) and
cumulative investigating time (hovering close te tew stimulus). | found a significant
correlation between the feeding latency (all cadouall colonies pooled) and the first
approach time (Spearman’s rank correlatigr: ©.28, N = 28P < 0.001) and between the
feeding latency and the cumulative investigatingeti(Spearman’s rank correlatio:=r
0.77, N = 28P < 0.001). Because the cumulative investigatingt{mean: 9s and standard
deviation: 21.7s) was much more strongly correlatéth the feeding latency (mean: 23s
and standard deviation: 66.0s) than the first aggrdime (mean 4s and standard deviation:
10.7s), we conclude that most of the observed tianian the response to the new colour is
explained by the amount of time the bees spendstigating (hovering close to) the new
colour. The first approach time explains much lekthe feeding latency. If the bee was
merely ignoring the new stimulus while actively sdang for the known stimulus, then we
would expect her to spend most of her feeding tateftying in the arena instead of
hovering close to the new stimulus. We would expketfirst approach time to explain

much more of the feeding latency than the cumuaitvestigation time and we observed
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the opposite phenomenon. This suggests that fedatiegcy is an appropriate measure of a

bees’ response to a novel stimulus.

Resultsfrom the ANOVA analysis:

The maximum likelihood estimate of the paramatef the Box-Cox transformation for the
feeding latencies was found to be equal to -0.4lela.1 shows the analysis of variance for
the transformed data. This accounts for 80.6% @ftriability in the transformed latencies
as measured by the coefficient of determination Residual plots indicate that the

distribution of the residuals is close to normal.

Source d.f. Sum of Mean square F P
squares

Colony level 2 2.42 1.21 4.00 0.02

Bees within colonies level 78 23.61 0.30 3.08 <0.00

Setswithin beeswithin

colonieslevel

Colour 2 3.60 1.80 18.32 <0.001

Sets within bees 16015.72 0.10 1.45 0.003

Unitsleve

Bouts within sets within bees 1626.21 0.29 420 <0.001

Residual 324 22.01 0.07

Total 728 113.56

Table 5.1: Analysis of variance for the short-tesrperiment

By adopting this standard, there is clear evideioceinter-individual variability in the
feeding latencies between bees (see Table 5.1)talihe also shows that there is a strong
overall effect of colour (see Table 5.1). In aduhtiand independently of the effect due to
colour there is a strong intra-individual effecttioé position of the foraging bout within the

three replications of the same colour (see Tallg 5.
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A refined analysis, in which a pre-planned comparir distinguishing between the effect
of the first bout and the combined effect of themaeing two bouts for any set of three
bouts is included, splits the sum of squares aedldgrees of freedom for bouts in table 5.1
into two independent components without changingarthe other rows of the table. The
corresponding test reveals that the already repartiect of the position of the foraging
bout is due to the difference in the feeding latendor the first and the other bouts
(ANOVA: Fgi324= 7.14,P < 0.001), that is the effect is due to the ondet new colour,
irrespective of what that colour is. Thevalues for the other tests in Table 5.1 are also
comparatively small. Although the correspondingeet$ are not regarded as being
significant by these standard, these P-values rontinat colonies and sets within bees

should be included as blocking factors in the asialy

Consistency Modd!:

By fitting the ANOVA model, individual profiles ofine fitted values were obtained for
each bee (Fig. 5.5 and Appendix Fig. 1a, 1b andr@).every individual bee, this profile
was superimposed on her Box-Cox-transformed feedttgncies and the consistency
distance was calculated. For the 81 bees, thestensy distance varied between 0.13 and

2.13 with a mean of 0.78 and standard deviatioh.0.4
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Figure 5.5. Examples of individual profiles generated by thensistent bee model for two
representative bees. Open circles are fitted vaftms the model and crosses are actual Box-Cox
transformed feeding latencies. ‘col 1, ‘col 2’ atwbl 3’ are the colours used for each set of three
foraging bouts (each cross represents the Box-@Gamsformed feeding latency for one foraging
bout). Bee 28 is a good example of a very consiie®. She has a consistency distance of 0.22,
reflecting a very good match between fitted and-B8ox transformed feeding latencies. By
contrast, bee 47 has a consistency distance ofr@flecting a very poor match between fitted and
Box-Cox transformed feeding latencies.

The solid line in Fig. 5.6 represents the cumuétistribution function for the distances.
For every possible cut-off value x on the horizbabas it gives the proportion of bees in
the experiment for which the discrepancy betweenfitted profile and the data is smaller
than or equal to the threshold x and which hencelldvde regarded as behaving
consistently. An advantage of using the CDF is thatsensitivity of the classification can

be easily explored.

For example, adopting a threshold of x = 0.65 fier distances the proportion of consistent
bees as given by Fig. 5.6 is equal to 44% or 3&.bdeor x = 0.60 and x = 0.70 the
proportions from the figure are 36% and 49% comwesing to respectively 29 and 40 bees.

Since the total number of 81 bees in the experismenknown, no information is lost by
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using the CDF and every proportion can be convetak to the underlying number of
bees.
There was no significant correlation (rs = 0.151,=N81, P = 0.179) between the

consistency and response to novelty of individessh
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Figure 5.6. Cumulative distribution function for the distancbstween Box-Cox transformed
feeding latencies and ANOVA-fitted model valueg. gdiid line represents the CDF for the short
term experiment (within a day) whereas the dotied fepresents the CDF for the long term
experiment (between days). Note that while the @DFhe short term experiment is based on 81
bees, the underlying number of bees for the CDEhénlong term experiment is 25. For every
possible cut-off value x on the horizontal axis @@F line gives the proportion of bees in the
experiment for which the discrepancy between titedfiprofile and the data is smaller than or
equal to the threshold x and which hence would dgarded as behaving consistently. As an
example, a threshold of x = 0.65 has been drawowslg that there are 44% of consistent bees in
the short term experiment and 12% in the long texmeriment for this value of threshold. If bees
are considered to behave consistently when theg aalistance value of 0.65 or below, then 44%
or 36 bees (out of 81) are regarded as consistetité short term experiment and 12% or 3 out of

25 bees are consistent in the long term experiment.
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Long term consistency test

The analysis of the long term experiment paralldleat for the short term experiment
except that no test for the colony effect couldpeeformed since all bees were from the
same colony. Here the maximum likelihood estimdtéhe parametek for the Box-Cox
transformation was equal to -0.5. Table 5.2 prese¢hé analysis of variance of the
transformed feeding latencies. The analysis aceoufior 75.7% of the total variation in the
transformed latencies and the distribution of tesiduals as judged by residual plots was
again close to normal. As before, a Bonferroni siiient of the 1% significance level is
carried out; the number of tests is equal to kwith a corresponding = 0.01 / k = 0.0025.
Over the longer time scale inter-individual diffeces between bees cannot be detected
(see Table 5.2). There is however strong evideocdifferences between sets of foraging
bouts (see Table 5.2) and an intra-individual effefcthe position of the foraging bout
within the sets of three bouts under any given wo(gsee Table 5.2). As in the short term
experiment, the refined analysis shows that thitppm effect is due to the onset of a new

colour (see Table 5.2).

Source d.f. Sum of Mean square F P
squares

Bees level 24  3.23 0.13 1.23 0.26

Setswithin beeswithin

colonieslevel

Colour 2 0.28 0.14 1.26 0.29

Sets within bees 48 5.25 0.11 2.18 <0.001

Unitsleve

Bouts within sets within bees 50 6.85 0.14 2.74 0860.

Residual 100 5.00 0.005

Total 224 20.61

Table 5.2: Analysis of variance for the long-temperiment

88



Since sets of foraging bouts were performed orewfit days, the significant effect due to
sets indicates that between-day variation is prightile most important factor governing
the bees’ foraging behaviour. Nonetheless, theetfee to novelty of a colour still prevails
as indicated by the significant result for boutshim sets and the significant position effect

for the first bout within a set.

In order to assess consistency, individual profitdsfitted values and corresponding
distances were obtained as in the short term axpeati Here the distances varied between
0.52 and 2.00 with a mean of 1.05 and a standavthtien of 0.42. The corresponding
cumulative distribution function is shown by thettdd line in Fig. 5.6. As before, by using
the CDF the effect of different threshold valuesan be explored. For example, for a
threshold of x = 0.65 the proportion of consisteeés is equal to 12% or 3 out of 25 bees.
Similarly, for x = 0.60 and x = 0.70 the correspmgdproportions are equal to 8% and 24%

which correspond to respectively 2 and 6 bees.

Exact binomial tests for the threshold values x.600x = 0.65 and x = 0.70 of the null
hypothesis that the proportion of consistent bexes ot exceed 5% gi\values which
are respectively equal = 0.358,P = 0.127 and® = 0.001. In the short term experiment,
exact binomial tests for each of the three threshokject the null hypothesis that the
proportion of consistent bees is smaller than araétp 20% with &-value ofP < 0.001.
Thus while for these values of x the proportionsafsistent bees were clearly greater than
20% in the short term experiment, over longer tetinesproportion can only be shown to

be above 5% for x = 0.70.
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By comparing the CDFs in Fig. 5.6 it is obvioustttee proportion of consistent bees in the
short term experiment is greater than the corredipgnproportion in the long term
experiment regardless of the choice of thresholdalse one raised the question of whether
greater variability between the three coloniehmdhort-term consistency test compared to
the long term consistency test might have affectedfindings, | reanalyzed these data
colony by colony and compared the results with ¢hiosm the long-term consistency test;
see Fig. 5.7. Visual inspection of the individuallonies’ curves in the short term
consistency tests reveals the same pattern (andame difference with the long term
consistency test) as for the pooled colonies; Ffg. Moreover, for each colony from the
short term experiment we tested if the proportibnansistent bees (when using, as above,
a threshold value of x = 0.65 for classifying a laseconsistent) was larger than 10%. For
each of the three colonies we obtainedalues of P <0.004 when testing the null
hypothesis that the proportion was smaller thanequal to 10%. In the long-term
consistency test there was no significant evidehaethe proportion of consistent bees was
at least 5%. This demonstrates that our results fad¢d for each colony in the short term

experiment separately and are not due to greatetigesariability in the combined sample
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Figure 5.7. Cumulative distribution function for the distancbstween Box-Cox transformed
feeding latencies and ANOVA-fitted model values tf@ three colonies of the short term
experiment and the single colony of the long texpeement. The solid lines represent the CDFs
for each colony of the short term experiment (withiday) whereas the dotted line represents the
CDF for the long term experiment (between days).dach of the three colonies in the short term
experiment we fitted exactly the same model afénlang term experiment. Based on these
separate analyses we plotted the cumulative prapmtof bees for each threshold value for each
colony in the short term experiment as in Fig. &6 compared the resulting curve with the one for
the colony in the long term experiment. All thevesrfor the individual colonies in the short term
experiment are shifted to lower distance valuesnttize data from the long term experiment,
indicating greater consistency in every single oglased in the short term experiment compared to
the long term experiment. This indicates that dadifhgs are not caused by greater genetic
heterogeneity in the pooled sample.
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In conclusion, the extent to which bees behaveistamgly within a day is much greater
than it is when tested over several days. Thisirffimdan be corroborated by testing if the
proportions for a given threshold x under the twoditions are equal. A non-parametric
test that can be used for this purpose is Fishet&t test. For example, for the threshold
x = 0.65 the proportions of consistent bees instin@t term and long term experiments are
respectively equal to 36 out of 81 and 3 out of@5which Fisher's exact test givesPa
value of P = 0.004 providing clear evidence that the propodiare different. The same
conclusion is reached when the equality of the @ripns derived from other threshold
values x is tested. For example, for x = 0.60 arel & 70 theP-values are equal tB =

0.010 and® = 0.037.

The reportedP-values increase with x and for larger values efttireshold it is not always
possible to demonstrate that there is a statiticggnificant difference between the
corresponding proportions of consistent bees. Cosges of proportions derived from a
threshold x > 0.70 do not seem to be very meaningfwever, since in view of the narrow
range of the scale on which the distances are medasing the classification of bees on
such a large threshold would appear to be toodlbdtis assessment also seems to be
supported by visual inspection of the profiles d@ne corresponding distances in Fig. 1la

and 1b of the appendix.

5.3.3 Experiment 3: Neophilia-neophobia and learnin g

There was no significant correlation between therage novelty response and the number
of correct choices for choices 31-50 (table 5.3)isTmeans that there was no detectable

association between the way a bee responded td dongmatic stimuli and her ability to
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discriminate between two colours. Similarly, thes@s no significant correlation (table 5.3)
between the average novelty response and the nuwhlooices the bees needed to reach

an 80% correct choices criterion.

N Spearman’s rho P
NR - binl 31 -0.59 <0.001
NR - 1st correct choice 31 0.42 0.02
NR - bin2 16 0.12 0.66
NR - 80%criteria 31 0.11 0.54

Table 5.3: Spearman’s rho correlation coefficieatsl P-values for several variables.

‘NR’: average novelty response (s); ‘binl’: numbafr correct choices for the first 20 choices;
‘bin2’: number of correct choices for choices 31-50% criteria’: number of choices until a bee
made eight correct choices out of her last 10 amic'1st correct choice’: number of choices until

the first correct choice is made

However, there was a significant negative correfat{table 5.3) between the average
novelty response and the number of correct choitasde during the first 20 choices. This
suggests that the bees which most delayed landirg rew stimulus initially made fewer
correct choices. Supporting this, there was a Bogmt positive correlation (table 5.3)
between the average novelty response and the nuoflidroices made before making a

correct choice.

5.4 Discussion

5.4.1 Individual consistency in response to novel ¢ olours

We showed that, as many species of vertebratesieimrich, 1995; Mettke-Hofmann et

al., 2002), bumblebees respond to novel objectgbgstigating them extensively before
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first accepting them as a food source. When cotdbwith a flower of a new colour, the
vast majority of bees spent time hovering closetyuad it, presumably to enable visual
exploration of the novel stimulus. This investigatbehaviour was longest during the first
encounter with the new stimulus and then drasticalecreased during subsequent
encounters. Such behaviour is similar to the respotescribed for many species of
vertebrates (Heinrich, 1995; Mettke-Hofmann et a002) and is commonly quantified
along a spectrum from neophilia (attraction for elostimuli) to neophobia (repulsion for
novel stimuli; Martin and Fitzgerald, 2005). Ouudy therefore confirms anecdotal reports
of ‘novelty response’ (Heinrich, 1976) or neopholffeorrest & Thomson 2008) in
bumblebees. Additionally, our finding that the flemcolour in itself had an effect on the
bee’s response to a novel flower is consistent wahier studies which showed that bees

have innate colour preferences (Lunau et al., 1996)

Sampling new food sources can be risky. While daogforagers might spend valuable
time on unprofitable flower species (e.g. orchidenioking nectar producing flowers;
Jersakova et al., 2006) or risk being attackedrblyush predators lurking on flowers (such
as crab spiders; Ings & Chittka 2008). Followings thiew, ‘neophilic’ bees might take
greater risk in term of predation and might jeopsdheir foraging efficiency more than
‘neophobic’ bees. Nevertheless, the gains from $ampew food sources are potentially
high. As Chittka et al. (1999), Mettke-Hofmann &t (2002) and Martin and Fitzgerald
(2005) pointed out, exploiting known resources myoadvantageous if the foraging
environment changes little over time. Foraging ssnvinents, however, appears to be ever-
changing, across and within days (Goulson, 2003nridé, 2004). Therefore, sampling
new food sources will often be rewarding in thegdarm. By keeping themselves up-to-

date with the resources available in their envirentnbumblebee’s workers run less risk of
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suffering from the depletion of their current fosdurce. It is conceivable that temporally
variable conditions in terms of predation thread &raging conditions could maintain the
variability in terms of the ‘neophilia-neophobia’aglient observed here, or indeed explain a
lack of selection towards behaviour consistencthis dimension. Additionally, variability

in foragers’ response could be beneficial at tHergolevel (Muller and Chittka, 2008). A
‘bet hedging’ strategy has often been invoked iesli® account for intracolony variability
in traits such as foraging speed-accuracy trad€Bffisns and Dyer, 2008) and could well
explain some of the variability in response to rigvebserved here.

Our results suggest that bumblebees’ behaviousploreses towards novel objects are not
consistent enough to formally qualify as a ‘perdiopérait’ in the common use of the term.
Many bees showed reasonable consistency (repeaedpense to novelty) over a few
hours, but very few bees could potentially be dbsdras consistent when the experiment
was repeated over three days. Individual bumblebesefore appear to be inconstant in
their response to novelty over period of time lantdpan a few hours (which is consistent
with Dukas’s findings; Dukas, 1994). The observetrdase in ‘consistent bees’ across
time is unlikely to be explained by a developmemacess (Sinn et al., 2008a), because
the change in response to novel targets was ndigpaele from worker age. It can also not
be explained by an adaptive response to variatioenvironmental context, for example
changes in predation threat or flower profitabjlibecause all these parameters are kept
constant in our experiments. Thus our results rage comparable to the more
unpredictable variation in mood variability in hunsa (although hormonal changes
sometimes predict such variation) or to the restudy by Pronk et al. (2010) which came
to very similar conclusions in the gloomy octop@stopus tetricusPronk et al. (2010)
found that individual octopuses exhibited markgaeegability in response to various visual

stimuli within a day but not between days, and tnthis phenomenon ‘episodic
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personality’. Both our and the results of Pronkle{2010) results emphasise the necessity
to investigate personality traits repeatedly, awially, over various times scales
appropriate to the animals’ life span. Single ‘siags’ of an individual’'s behaviour
responses (or even repeated measurements overtisherscales) might be misread to
indicate individually predictable responses whedegd such responses might fluctuate
over longer time scales. As in our study, suchatem might not have easily identifiable

environmental inducers, or internal contributingtéas such as those correlating with age.

5.4.2 Neophilia-neophobia and learning

The results of this experiment clearly suggest tletphobia does have an impact on the
number of correct choices made by an individualdde@e initial stage of a discrimination
task, with neophobic individuals making fewer cotrehoices than less neophobic
individuals. However, this effect disappeared rpwith habituation to the novel stimulus
(i.e. within the first 50 choices). These resulisreéfore suggest that, except for the very
early stages of the discrimination learning progggthin the first 10 choices), there was
no detectable association between the bees’ respgonsovelty and ability to discriminate

between stimuli.

As with any correlation, it is difficult to ascetawhich variable is influencing the other.
However, | am confident that here there is an ¢féameophilia on the performance of the
bee at the discrimination task and mate versa The reason is that the first neophilia-
neophobia test (i.e. the first novel colour preséhdid not require any learning from the
bee compared to the pretraining. The only diffeeebetween the last pretraining foraging

bout and the first neophilia-neophobia foragingthwas the colour of the flower presented
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changed from translucent flowers to coloured flas)eMoreover, let's imagine that some
bees appeared neophilic because they could nothelitwo colours of the neophilia-
neophobia test apart. One would expect such beegettorm poorly at the colour
discrimination task, which is the effect oppositethe one observed here. It is therefore

unlikely that learning ability had any bearingstba novelty response.

| believe that the likely influence of neophobia learning initiation has implications for
flower constancy and food-source switching in b@dwre are at least two potential costs
to foraging on several species of flowers or switghfrom one species to another: (i)
searching costs, i.e. the bee needs to find théi@aa/new species and (ii) exploitation
costs: the bee needs to learn to exploit the ned smurce, which requires for example to
learn to handle the new flower species and disoatei it from other species (with potential
memory constraints; Worden et al., 2005). Everll ibaes had equal learning abilities (but
see chapter 4), individual variation in neophobiauld still constrain the likelihood for
individuals to switch food sources (Forrest andmblon, 2008) or forage on more than one
flower species. Neophobic bees would tend to forsglely on the species they know (as
described by Hill et al., 1997) whereas less nebghbees would be more ‘adventurous’
and be more likely to broaden their food-sourcegeaand learn to exploit other flower

species.

Further work could investigate potential assocraidetween learning and behavioural
traits other than neophilia/neophobia. More stabieividual behavioural traits

(neophilia/neophobia in bumblebees appears to epeodic personality trait, see section
5.4.1) such as predation-risk-taking would be goaddidates and might reveal complex

interactions between an individual’'s personality angnitive abilities in bees.
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Chapter 6: Foraging behaviour and response to preda  tor
threat: personality traits in the bumblebee Bombus
terrestris?

6.1 Introduction

The way an individual responds to predation threatucial for its survival and hence its
fitness. For this reason, an individual's propgnsit take risks has been a choice trait for
personality studies (e.g. Johnson and Sih, 2007thSand Blumstein, 2010; Hollander et
al., 2008; Gabriel and Black, 2010), sometimesltiegsuin counterintuitive findings (as in
guppies,Poecilia reticulata where males that took more risks survived foglamn Smith
and Blumstein, 2010). This trait is commonly reéerto as shyness/boldness or risk taking
(for reasons discussed in the introduction, sectidnthe term risk-taking will be used here
instead of shyness/boldness and it will be usedanmisks related to predation only) and is
often found to be part of a broader behaviouraldsyme (e.g. Johnson and Sih, 2007;

Hollander et al., 2008).

The fact that individuals vary in the amount ofkriiey may take is likely to reflect
individual trade-offs. For example, an effectiveywaf avoiding predation, i.e. frequent
hiding, may result in an individual catching feweey items whereas an individual which
spends less time hiding might be more successfutatthing prey (as in the spider
Agelenopsis aperteRiechert and Hedrick, 1990). In this way, an wdlial's response to
threat might depend on many factors which incldgeindividual’s physical condition and
past experience (Nicol et al., 2011). Returninght® previous example, the potential costs
of predation might be balanced by potential costseproduction in a starved individual

compared to a well fed one (McNamara and Houst984)L

98



The effect of predation on workers from social spec(such as bumblebees) has
implications for the colony in terms of fithessgeloss of productivity and resources have
to be invested in replacing individuals). One caeréfore expect to find predation-
avoidance strategies in bumblebees. Some of theshetied predators of bumblebees are
the crab spiders (Thomisidae, Ings and Chittka,92@ukas, 2001; Dukas and Morse,
2003; Théry and Casas, 2002), which are sit-andpvatators that ambush pollinators on
flowers (Ings and Chittka, 2009). Ings and Chit(R@09) showed that avoidance of crab
spiders by bumblebees is predominantly a learngabrese (through unsuccessful predation
attempts; Ings and Chittka, 2008).

Ings and Chittka (2008) showed that bumblebees itatwe time to inspect flowers when
the crab spiders are cryptic than when they arsmonous. However, nothing is known
about the responses to predation threat at the ¢tévihe individual. Do individual bees
consistently differ in their response to predatibmeat? And if they do, are these

differences dependent on intrinsic factors (e.gegie factors, size and age)?

6.2 Material and Methods

Four colonies ofBombus terrestriscontaining approximately 40 workers each were
obtained from Syngenta Bioline (Weert, Netherland3)eens of this species mate only
once in their life; therefore all the foragers witla colony are full sisters (Schmid-Hempel
and Schmid-Hempel, 2000). Upon delivery, coloniesentransferred into bipartite wooden
nest boxes (28x16x11 cm). All tested bees werevithglly tagged with Opalith number
tags (Christian Graze KG, Germany). The nest bowhich the colony was housed was

connected through a plastic tube to a foragindnflayena (120x100x35 cm) covered with a
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UV-transparent Plexiglas lid. Bees could be alloweé at a time into this arena using a
system of shutters built in the connecting tubee Tdom in which the colonies were kept
had an average ambient temperature of 21°C. Ctedrallumination for laboratory
experiments was provided by high-frequency fluoeestighting (TMS 24F lamps with 4.3
kHz ballasts; Philips, The Netherlands) fitted witttiva daylight tubes (Osram, Germany)
to simulate natural daylight above the bee flickesion frequency (Dyer and Chittka,
2004). Foragers were initially allowed to collec®% (w/w) sucrose solution from
translucent gravity feeders (Von Frisch, 1967, pE@. 18) which provided unlimited

supplies in the flight arena for two days.

Eight artificial flowers (henceforth ‘flowers’) wervertically presented on the wall of the
arena opposite the nest entrance. Each flower stedsiof a small yellow plastic tube
protruding slightly from the wall, which was covdrén laminated green paper (Frisk
Coverseal Film Rolls; Artcoe, Manchester, UK andalkih Maya coloured card,;
Clairefontaine, Ottmarsheim, France). It was franigdtwo vertical arms covered in
yellow sponge material. Each arm was linked throtinghwall to a forceps-like contraption
which, when pressed, squeezed the two sponge pgetthér (Fig. 6.1). A forager could be
captured and held between the two sponge padsnimiking a failed predatory event
by a crab spider (Ings and Chittka, 2009). As lallvers were identical, there was no cue
indicating the location of the ‘predator’. This wany potential inter-individual differences
in discriminatory or learning abilities were exohgblas potential factors contributing to the
behavioural response. Additionally, since bees coubt learn to detect the simulated
predators, they could not learn to avoid them, engtthat all bees experienced the same

number of simulated predation attempts.
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The flowers were regularly refilled with 50% suaosolution throughout the foraging
bout, by inserting the tip of a micropipette througn aperture in the back of wall (the
guantity of sucrose solution added was adjustedatth bee’s crop content, see below).
Both refilling the flowers and squeezing the spompgels together could be done from
outside the arena, therefore preventing any uretksiisturbance to the bee’s foraging

behaviour.

a. Sponge pads b.

Sucrose dispenser

Figure 6.1: Artificial spider apparatus. a. Showdae’s view of the flower with the two movable
sponge pads and the sucrose dispenser. b. Showesvarem the back of the arena with the two
arms which the experimenter can squeeze to simtitegepredation attempt and the aperture
allowing to refill the sucrose dispenser.

Foragers were collectively trained to use the fl@afer two to three hours. Following this
collective training, a focal bee would be isolatedorage alone in the arena. The quantity
of sucrose solution available in each flower wagistdd to the bee’s crop content so that
she would visit at least eight flowers within aglenforaging bout. The behaviour of the
bee was then recorded using a video camera (CaegnalLFS20) during five consecutive
foraging bouts (no predation simulations). On tixthsforaging bout, upon her second or
third landing on a flower, the bee would be ‘caudlytthe artificial spider for two seconds

and then released. This simulated an unsuccessfdafory attempt, equivalent in nature to
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a situation where a crab spider captures a beenwhanages to break free after a struggle.
The same procedure was repeated for foraging bout®, 9 and 10 (five simulated
predation attempts in total, one per foraging houtpuld therefore compare the foraging
behaviour of the bee during the first five foragimguts, when the bee was predator-naive,
to the last five foraging bouts when the bee wdddsubjected to a predation simulation at
the beginning of each foraging bout. 25 bees westedl in total, three from colony A, nine

from colony B, four from colony C and nine from aoy D.

6.2.1 Analyses

The distributions of all the variables were positiwvskewed. For this reason, the median,
instead of the mean, was chosen as the averagem@ugan is resistant to extreme
observations and therefore is a better descrigttirenodata) and either parametric tests with
transformed data (e.g. Box-Cox transformation) om-parametric tests (e.g. Spearman’s
rank correlation coefficient) were used. All sttial tests were performed using SPSS 16.0
(2007, SPSS Inc) and the Box-Cox transformation per$ormed using R 1.12.2 (2010,

The R Foundation for Statistical Computing).

6.2.2 Interflower flight time

The interflower flight time was the amount of tirfte the nearest 0.1s) a bee spent between
leaving the flower she was feeding from and landamgthe next flower (post-predation
flight time excluded and repeated visits excludss below).

| aimed to ascertain whether interflower flight @nfulfils the requirements for a
personality trait, namely individual difference amdnsistency. In order to test for

individual differences, a Kruskal Wallis test wasrformed using the median interflower
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flight time for each foraging bout for each beecfedee was representing a different
‘sample’). To assess individual consistency, Kersl&l test was computed, also using the
median interflower flight time. Kendall's W test; @oncordance test’ is a hon-parametric
test which quantifies the agreement between rahk&@ or more variables and has been
used in other studies to assess the consistertmyhaivioural traits (e.g. Briffa et al., 2008).
Kendall'sW ranges from O (no agreement, i.e. no consistettcy) (complete agreement,

i.e. perfect consistency: individuals keep the saan& across foraging bouts).

In addition to assessing the potential of interovilight time as a personality trait, the
putative effects of the factors foraging bout, sinel colony on interflower flight time were
investigated. A GLM repeated measure model was abtedp with individual bees as
subjects, foraging bout as a within-subject fa€id levels), size as a covariate and colony
as a between-subject factor. As the data are krtowme positively skewed, they were
transformed using the well-known Box-Cox transfatiora (Box and Cox, 1964) which is a
kind of power transformation and depends on a sipgirametef. that can be estimated

from the data (her@, = -0.74).

Finally, a Wilcoxon test was used to test for tlypdthesis that bees would adjust their
interflower flight time in response to predatiorrelit (N = 5 pairs of data: the median
interflower flight time, all bees pooled, of a npredation-threat foraging bout was paired
with the median interflower flight time for its aesponding predation-threat foraging
bout). Similarly, the same test was computed atrttlizidual level (N = 5 pairs of data: for

a given individual, the median interflower flighine of a non-predation-threat foraging
bout was paired with the median interflower flighthe for its corresponding predation-

threat foraging bout).
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6.2.3 Post-predation flight time

The post-predation flight time was the amount aofeti(to the nearest 0.1s) a bee spent
between the moment she left the flower on which Bhd experienced the predator
simulation and the moment she landed on the nextefl. The same analyses as for
interflower flight time were performed. The Kruskaallis test used the five measures of
post-predation flight time available per bee andd&b Kendall's W test. Bee D5 was
excluded from the analyses as she stopped foragimgdiately after each predation threat
(so no post-predation flight time could be measurédsimilar GLM repeated measures
model was computed with factors identical to thevrus analysis (except for the within-
subject factor foraging bouts which had only 5 Isvimstead of 10). The data were
transformed using the Box-Cox transformatiar=(-0.13). A Spearman’s rank correlation
coefficient was also calculated for the bees’ sarel the difference between median

interflower flight time and median post-predatidight time as variables.

6.2.4 Component behaviours of post-predation flight time and interflower
flight time

For a subset of bees (N = 12), further variablesevextracted from the videos. Within
post-predation flight time, four behaviours wereargled (to the nearest 0.1 s) immediately
after the predation simulation: feeding, still/defve, inspecting and fly-away.
Still/defensive was characterised by the bee remgimotionless after the predation
simulation (sometimes lying on its back with praling sting). Inspecting corresponded to
slow hover-flight within four centimetres of the¥er towards which the bee’s head was
oriented. Fly-away is fast flight further than 4e@way from a flower (or any flight where

the head was not oriented towards the flowers).ortter to determine what changes in
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behaviour resulted from the predator encounters#émee behaviours needed to be recorded
for a landing for which there was no predation datian. Landing, feeding, inspecting and
fly-away behaviours were therefore recorded for llrading immediately preceding the
predation simulation (there were no still/defensbehaviours as there was no simulated
predation event). As this analysis used only allsmamber of bees, correlation
coefficients with other factors (such as size agel) avere not calculated (in order to detect
a correlation with N = 12 at = 0.05 and with a power of 80%, one would haveiiregl a

size effect of 0.72 at least; SISA).

6.2.5 Are interflower flight time and post-predatio n flight time different?

Direct observation of the bees during the experingeiggested that immediately after a
simulated predation attempt, bees tended to takehrtfanger to land on the next flower
than for previous and subsequent flower visits.coofirm this observation, Kolmogorov-
Smirnov tests were used to test whether the digtob of post-predation flight time and
interflower flight time differed. The Kolmogorov-Smov test is a non-parametric test
which can be used to compare the distribution af samples (Ho: the two samples are

drawn from the same distribution).

The distribution of post-predation flight times gomnsed the five post-predation flight time
values for each of the 24 bees, (N = 120), anddtbeibution of interflower flight times
comprised all the interflower flight times availabfor all the bees (total N = 2251).
Additionally, a Spearman’s rank correlation coeéfit was calculated to check for any
correlation between the median interflower fligimeé (one value per bee) and the median

post-predation flight time (one value per bee).
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6.2.6 Size

The bee’s body size was estimated using the maxitmamax width, which is the most
common estimate of body size for bumblebees (Goudal., 2002; Spaethe and Chittka,
2003). The maximum thorax width was measured thim@es per individual and the

average of these three measures was used in tlyses &2 bees measured).

6.2.7 Age

In a subset of bees (N = 15) the identificationstagere applied within 48 hours of
emergence from the pupae, so the age at the tiregp&riment could be determined. As
the number of bees for which age was availablerefasively small, age was not included
as a covariate in the GLM analyses. Instead, Spg@asmank correlation coefficients were
calculated for age and median interflower fligih¢i age and median post-predation flight

time, age and median feeding duration, age anditegevisits and age and size.

6.2.8 Feeding duration

The time spent by the focus bee feeding on eacsteflavas recorded to the nearest 0.1s
using the event-recording software ETHOM (Shih &KyI2000) during video analysis. As
for interflower flight time and post-predation fligtime, individual differences (Kruskal-
Wallis test) and consistency (Kendall's W) were astigated. Wilcoxon tests were
performed to assess whether individual bees maldifieir feeding duration (decreasing it
or increasing it) using the median feeding duraifor each foraging bout (five pairs of
values). To investigate whether the bees which tawvger interflower flight time are bees

which are slow in other behaviours, a Spearmani& rrelation coefficient for feeding
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duration and median interflower flight time was atdated. Finally, a Spearman’s

correlation coefficient was calculated for mediaading duration and size.

6.2.9 Repeated visits

It was observed that some bees tended to landtegjpean the flower they had just fed
from. To determine whether this behaviour couldcbasidered as a personality trait, the
median numbers of repeated visits per individual foeaging bout were subjected to
Kruskal-Wallis and Kendall’'s W tests. As for feegliduration and interflower flight time,
Wilcoxon’s tests were performed for individual beesing pairs of median feeding
durations for corresponding foraging bouts. Speatsnaorrelation coefficients were

calculated for repeated visits and median feedurgtétbn and repeated visits and size.

6.3 Results

6.3.1 Are individual bees consistent with respectt o interflower flight time?

Individual bees significantly differed from eacthet (Kruskal Wallis testy?= 1694.6, d.f.
= 24,P < 0.001; see Fig. 6.2 for individual median landiatencies) and were significantly
consistent in their median interflower flight tinléendall’'s W test: W = 0.78, d.f. = 28,
<0.001; similar results were obtained when foragbmuts without or with predation
simulation only were considered separately). ltaerér flight time therefore appears to
fulfil the requirements for a personality traite(i.individual difference and consistency;

Dingemanse et al., 2009).
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Figure 6.2: Box-plot representing the values of ititerflower flight time for each individual.

Squares are the median, rectangles are the intartie ranges and whiskers are the 5th and 95h
percentiles. The letters in the bees’ names repteake colony from which they originate (colony
A, B, Cor D).

6.3.2 Is interflower flight time affected by factor s other than the individuality
of the bees?

There was a significant effect of foraging bouthiitbees (ANOVA: Fo36s6= 3.22,P =
0.017) and a significant effect of size depending fwraging bout (interaction:
Fs03686= 3.08, P = 0.021), within bees. The significant within-sedyj effect of size,
depending on foraging bout, is characterized bggative correlations between interflower

flight time and size for the first five foraging bs (Fig. 6.3).
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Figure 6.3: Pairwise correlations between the medi@erflower flight time and the size of the bemseach foraging bouts (FB). Corresponding

correlation coefficients (Spearm’s rho) are presented in the tat6.1.

size
(M=22

Spearman’
F walue

FB1
-0.37196
0.058269 0122097 0.0Z7703 0.018413 0.011975| 0.434131

-0.33955

FB2

FB3
-0. 46353

-0.49774

FB4 FBS

-0.52572

FBE

-0.17571

FBY
-0.21051

FB&
-0.270B2
0.34704 0223177 0.636851

FBY
-0. 10655

FB10
-0.10565
0.63574

Table 6.1: Spearman’ rank correlation coefficient fnedian interflower flight time and size for edohaging bout. The Spearman’s rank correlation

coefficients for the first five foraging bouts wergstantially higher than for the last five foragibouts.
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There was no significant effect of colony within between subjects (within subjects:
Fi211686= 1.15,P = 0.337, between subjects; 7= 2.28,P = 0.115) and there was no
effect of size between subjects (= 0.142,P = 0.711). The discrepancy between within-
subjects and between subjects effects for sizedcbal due to the fact that some bees
decreased their median interflower flight time affgedation threat whereas others

increased their median interflower flight time (fetow for more details).

6.3.3 Do bees modify their interflower flight time in response to predation
threat?

There was no significant difference in median ifhbever flight time before and after
predation threat (Wilcoxon test: Z = -1.461, N == 0.144). However, this could be
explained by individual bees responding in oppositg/s to the predation threat (some
with decreasing median interflower flight time armdhers with increasing median

interflower flight time).

At the individual level, the median interflowerdtit time significantly differed before and
after predation simulation for eight bees. Amonthpsise eight bees, five decreased their
interflower flight time (bees B6, B8, C2, D1, an@)land three increased their interflower

flight time after the predation simulation (bees B2 and D6; see Fig. 6.4a, b and c).
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Figure 6.4a: Box-plot representing the median ifieever flight time (small squares), interquartil@arge (rectangles) an&éth and 95t

significantly increase its median interflower fligime (Wilcoxon test: Z=2.02, N=5, p=0.04).
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Figure 6.4b: Boxplot representing the interflower flight time foaah of the ten foragin
bouts for each individual bee (see Fig#).. Bees B6 and B8 were found to significa
decreaseheir median interflower flight time when the fifsze and last five foraging bou
were compared (Wilcoxon test: Z=2.02, N=5, p=0.@4)d B2 was found to significan
increase its median interflower flight time (Wilooxtest: Z=2.02, N=5, p=0.04).
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Figure 6.4c: Boxplot representing the interflower flight time foaah of the ten foraging bot

for each individual bee (see Fig. 4a). Bees D1 BBdvere found to significantly decrease tt

median interflower flight time when the first fiaad lastfive foraging bouts were compar

(Wilcoxon test: Z=2.02, N=5, p=0.04) and D6 wasrduo significantly increase its Medi
Interflower flight time (Wilcoxon test: Z=2.02, N=p=0.04).
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6.3.4 Are individual bees consistent with respectt o post-predation flight
time?

Individual bees significantly differed from eachhet (Kruskal Wallis testy’ = 62.5,
d.f. = 23,P < 0.001, see Fig. 6.5) and were significantly ¢stest in their post-predation
flight time (Kendall’'s W test: W = 0.51, d.f. = 2B,< 0.001). Post-predation flight time

therefore appears to fulfil the requirements fpeesonality trait.
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Figure 6.5: Box-plot representing the values of post-predation flight time for each individual
(squares are the median, rectangles are the intewiije ranges and whiskers are 5th and 95h

percentiles.
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6.3.5 Is post-predation flight time affected by fac  tors other than the
individuality of the bees?

The number of repeated measures (five per sulgect)the number of subjects (N = 24)
were relatively low. This resulted in a very lowt@ging power for the within subject
analysis (maximum observed power for all factors46%), drastically reducing the
probability to detect any potential effect of witksubjects factors. The between-subjects
analysis showed a significant effect of size,g= 5.55,P = 0.03) but no significant effects

of colony (kR 16= 2.01,P = 0.15).

There was no significant correlation between simkthe median post-predation flight time

(Fig. 6.6). However, bees with a thoracic widthoweb.3mm tended to have lower median
post-predation flight time compared to larger beesyther words, these bees were almost
unresponsive (four out of the six smallest bees dalifference of less than 2s between

their median post-predation flight time and medigarflower flight time).
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Figure 6.6: Non significant relationship betweer thedian post-predation flight time and size

(Spearman'’s rank correlation coefficiemt= 0.37, N = 21,P = 0.10).
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6.3.6 Are interflower flight time and post-predatio

different?

If interflower flight time and post-predation fligitime are two different behaviours
(despite being both partly dependent on an indadidulight speed), then 1 would expect

interflower flight time and post-predation flightrte to have different distributions and to

n flight time significantly

be uncorrelated. The Kolmogorov-Smirnov test showet interflower flight time and

post-predation flight time do not come from the saifistribution (Z = 5.29, N = 237P, <

0.0001). However, there was a borderline, non-Baamt, correlation between post-

predation flight time and median interflower fligithe (Fig. 6.7).
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Figure 6.7: Correlation between the median postdaten flight time and the bees’ interflower
flight time (Spearman’s rhas = 0.39, N = 24P = 0.06).
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6.3.7 Age

There were no significant correlations between agd median interflower flight time
(Spearman’s rank correlation coefficieptr0.11, N = 15P = 0.71), age and median post-
predation flight time ¢= 0.42, N = 14P = 0.134), age and median feeding duratiog £ r
0.16, N = 15P = 0.56), age and repeated visits<r0.03, N = 15P = 0.91) and age and

size (£=0.26, N = 14P = 0.37).

6.3.8 Feeding duration

Individual bees significantly differed (Kruskal-Wialtest:y*= 153.5, d.f = 24P < 0.001)
and were significantly consistent (Kendall's W tast= 0.61, d.f. = 24P < 0.001). Only 5
bees out of 25 significantly modified their feedidigrations in the last five foraging bouts
(all Z < -2,P < 0.05) and four out of these five bees incredkedn feeding duration. There
was no significant correlation between the medeeding duration and size (Spearman’s
rho: = -0.06, N = 22P = 0.77). However, there was a significant corietabetween
median feeding duration and median interflowerhfliggme (Spearman’s rhos F 0.62,

N = 25,P < 0.001).

6.3.9 Repeated visits

Individuals bees significantly differed (Kruskal-Weitest:y?= 97.49, d.f. = 23P < 0.001)
and were significantly consistent (Kendall's W tast= 97.5, d.f. = 23P < 0.001). Only 3
bees out of 25 significantly modified their numioérepeated visits and all 3 decreased it
(Wilcoxon test: all Z < 2.02, N = 5 pairs, &< 0.043). There was a significant correlation

between repeated visits and size (Spearman’s Jka0.44, N = 21P = 0.045).
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There was a borderline correlation between mediadihg duration and repeated visits

(Spearman’ rho:si= -0.39, N = 24P = 0.057).

6.4 Discussion

When foraging, individual bumblebees differed frame another in a consistent manner
over the duration of the experiment. Such consigtefividual variation in behaviour has
been described as animal personality traits in rodm@mal species (e.g. Bell, 2007a;
Dingemanse et al., 2010a). | identified two compaseof a foraging personality trait:
interflower flight time and feeding duration. A be@terflower flight times were linked to
her size, with larger bees tending to have shditght durations than smaller bees
(although this trend decreased with experience).

Size did not appear to have any significant effactfeeding duration. However, feeding
duration and the number of repeated visits mada Inge might vary inversely and the
number of repeated visits made by a bee was pelsitoorrelated to its size. Additionally,
feeding duration and interflower flight time werestively correlated. These findings
suggest that there is a trend for larger beesan iy making short but repeated visits to the
same flower until it is emptied with short flyingilts between different flowers, whereas
smaller bees tend to empty a flower in fewer, lorfgeding bouts with longer flying bouts
between different flowers. As there was no sigaificeffect of colony (and all workers
within a colony are sisters), | am unable to comin@na potential influence of genetic

factors on foraging behaviour.

When faced with a predation threat, not only didoil of 25 bees significantly modify at

least one behavioural trait for the remainder &f ¢éxperiment, but also, all bees but one
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presented a short-term response (substantial serea interflower flight time for the
landing immediately following the predation simidef). However, only a few bees
appeared to modify their foraging behaviour (irgerflower flight time, feeding duration
and repeated visits) in a way which could be intely interpreted as part of a predation-
avoidance strategy. For example, one would expeat the presence of a concealed
predator would result in the bees spending more timapecting each flower before landing
(as in Ings et al., 2008), which would result iniacrease in their interflower flight time.
However, this was rarely observed. Out of the eigllividuals who did significantly
modify their interflower flight time when predatiomas simulated, only three increased
their interflower flight time. The remaining fivectally decreased their interflower flight
time. A similar, counter-intuitive, pattern was falfor the feeding duration: amongst the
five individuals which significantly modified thelvehaviour, four increased their feeding
duration, which would potentially result in incredsexposure to an ambushed predator.
In the case of at least three of the five bees (B6and D1, see Fig. 6.4a, b and c) which
appeared to decrease their interflower flight tinteis trend could be explained by
habituation: the decrease in interflower flight éindid not coincide with the onset of
predation simulation, but rather seems to be auglapgrocess which started before the
predation simulation. The bees must have simplyimecmore skilful at landing on the
flowers with experience. However, this explanatdnes not hold for the two remaining
bees (B8 and D3, see Fig. 6.4b and c), as the aeia interflower flight time appears to

coincide with the onset of predation simulation.

As far as ‘feeding duration’ was concerned, thenificant increase observed in some
individuals could be accounted for in another wBwye to the position of the camera

recording the bee’s behaviour, it was impossiblddtermine whether the proboscis of the
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bee was extended or not. The bee was assumedéediag when she was positioned over
the sucrose dispenser. However, it is possible ttieatee might not have been imbibing
sucrose solution. Instead, she might have beemsaamer immediate surrounding for
visual and olfactory cues of a predator, thus érplg the increased ‘feeding’ duration
(this is supported by the fact that the quantitysérose solution available in each flower
remained constant throughout the experiment, scesofrthe ‘feeding’ time must have

been spent in other ways).

If individual interflower flight time and feedingudation sometimes appeared to change in
counterintuitive ways, the post-predation flightiné after each predation simulation
however appeared to match my expectations. As ormedi above, all 25 bees but one
responded to the predation simulation by takingerione to land on a flower immediately
after it. This increase in interflower flight tinie explained by three factors: (1) there was a
slight increase in the time bees spent inspectiveg flowers before landing, but more
importantly, (2) there was a substantial increashe time bees spent flying away from the
flowers and (3) bees displayed a new behaviourstili&efensive behaviour. Unlike what
was claimed in Ings and Chittka (2008)’'s experimembst of the bees did not maintain
higher landing latencies throughout the foragingtboThis could be due to the fact that the
predators in the present case could not be asedaidgth any cues which could be learned
by the bees. The absence of cues could have madaetessary for the bee to invest time
in inspecting further the flowers prior to landirifjthis is true, then it would be consistent
with Ings and Chittka (2008)’s conclusion that therease in inspection time arises from
increased investment in discrimination between gy and non-predatory cues.
Additionally, Ings and Chittka (2008)’s results midpe partially explained by the fact that

they did not separate post-predation flight timanfrinterflower flight time and that they
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used the mean, rather than the median, which isvmare influenced by extreme values.
Extreme ‘interflower flight times’, such as the ppsedation flight time, could have

inflated the average interflower flight time in gt al. (2008) compared to our findings.

In Ings and Chittka (2008)’s experiments with cig@nd non-cryptic spiders, the size of
the bee was not found to have any significant eféecinspection time (a component of
interflower flight time). Here, | found that theweas no correlation between the size of the
bees and their post-predation flight time; howetee, smallest bees appeared to be much
less responsive than larger bees. In other woedge Ibees slowed down proportionally
more when presented with a predation threat thaadlenbees. Goulson et al. (2002) and
Spaethe and Weidenmiller (2002) propose severatthgpes to explain differences in
foraging speed due to the bee’s size. However, castot apply to situations when there
is a risk of predation. Two which can be applieérewappear to contradict the present
findings. Spaethe and Weidenmiiller (2002) propdasetl small bees might be put at a
disadvantage compared to large bees, given that nhight suffer from lower visual
discrimination abilities (Spaethe and Chittka, 208Baethe and Weidenmdller, 2002). This
could account for some of the variation in effidgretween large and small bees in other
experimental and natural settings, but it is ujike explain the variation in interflower
flight time observed here as there was no discamoiry task for the subjects to solve (there
were no cues associated with the simulated predatients) and small bees actually took
less time to land after a predation threat thagelabees. Goulson et al. (2002) argued that
foragers tend to be large because large bees doavet risks from predation by crab
spiders than small bees. If differential predatitsk indeed modulates foraging speed
depending on size, then this could explain theifigchere that small bees have longer

interflower flight times than large bees but it webgertainly contradict the present finding
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that small bees have shorter post-predation flighés than larger bees. How might one
explain this phenomenon? This effect could behatted to a difference in the operation of
the artificial spiders. Here, the ‘spiders’ wereemgied manually, whereas they were
operated mechanically in Ings and Chittka (2008Xperiments. It is possible that larger
bees could have experienced greater pressure asatkimum compressibility of the foam

was reached and this would be consistent with bserwation that small bees had shorter
landing latencies immediately after the predationutation. Moreover, the conclusions

which can be drawn from this experiment are limipgcothe lack of a control for time as a

potential confounding factor. Indeed, the conclaosicould be strengthened or light might
be shone on some hard-to-explain phenomena if ¢hauour of some bees which were
never exposed to predation simulation had beerrdeddor 10 foraging bouts in the same
conditions (control). The behaviour of the congobup could then have been compared to

the behaviour of the bees exposed to predatioatthre

The behavioural response observed immediately tiféeepredation threat was very similar
to fear responses observed in vertebrates (e.glhKas, 1999; Lang et al., 2000) and
spiders; Riechert and Hedrick, 1990; Riechert anedrldk, 1993): the bees were
responding to a threat by fleeing (flying away frétme flowers or avoiding foraging as for
bee D5), fighting (defensive behaviour or, as ie B&, attack of the spider apparatus) or
freezing (‘still’ behaviour). The unusual behaviamfrbees D5 and A2 are unlikely to be
mere idiosyncrasy (which is different from persamyalsee introduction, section 1.1) as
other bees presented intermediate phenotypesh@edd3, B1 and B3 attacked the artificial
spider once each and bee B9 landed on the nestneatprior to resuming foraging after
the simulated predation threat). Such ‘unusual'sbeEre more likely to represent extremes

of other behavioural axes. In accordance withvless, 13 out of 24 bees appeared to show

122



persistent and significant modifications of thedraging behaviour following simulated
predation (responsive bees), meaning that the rengaibees did not modify their
behaviour, or did so in ways which could not beed&td with the methods used here
(less/unresponsive bees). When behavioural chamyeoatur, it must be reflecting a
change in the bee’s perception of the level ofahia her environment, and therefore
possibly represent an attempt at minimizing thedatien risk. The modifications of the
bees’ internal state in anticipation of a negasitimulus could be paralleled to anxiety-like
state, which is a state reflecting anticipation aoffear-triggering stimulus found in

vertebrates (Lang et al., 2000) and honeybees ¢Batet al., 2011).

Hollander et al. (2008) found that in great ti&aus majojJ individuals differed in their

strategies against predators, depending on thesopality type. Here, the personality
spectrum identified had slow foragers (long landaigncies and long feeding durations)
and fast foragers (short landing latencies andtdbeding durations) for extremes. These
personality types responded differently to simugteedation: slow foragers also tended to
be slow at resuming foraging after a predation fatmn whereas fast foragers resumed
foraging quicker. Foragers therefore exhibited atawn in their anti-predator strategies
depending on their foraging personality (which iiskéd to the bees’ size: large bees

tending to be fast foragers and small bees tendihg slow foragers).

The present findings of slow to fast personalitpety corroborates previous work by
Chittka et al. (2003), where bees could be claskifin a fast-and-sloppy to slow-and-
accurate continuum. In addition, the present stleiyjonstrates that the ‘foraging speed’
of the bee is consistent through time (over the liewrs) and situation (no predation threat

versus predation threat) and that it correlatedame intrinsic properties of the bee (i.e.
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size) and to the bees’ response to predation théeafor many other personality traits,
foraging behaviours might not necessarily be fised a bee’s personality might change
with time (see chapter 5) and experience (e.g. eesand D6 became substantially

‘slower’ after experiencing a predation threat).

Why do | observe this positive correlation betwéanaging speed and predation response?
As discussed in Chittka et al. (2009) and Ings @hdtka (2008), the increase in time spent
inspecting flowers resulted in a more accurate dafiete (and avoidance) of the threat.
Slowing down foraging speed is therefore a way byctv bees can decrease the predation
risk they take. Could it be that small bees amgraater risk of falling victim to crab spiders
and thus spend more time inspecting flowers thagetabees (Goulson et al., 2002)? This
seems unlikely given that large bees were propuatip more responsive to predation

threat than small bees.

In conclusion, bumblebees vary individually and sistently in their foraging behaviour
and in their response to predation threat (whiahushes their propensity to take risk), in
qualitative (types of behaviour exhibited) and dguative (frequency/intensity of
occurrence of the behaviour) terms, and this inldigl variation in behaviour is likely to
reflect complex individual tradeoffs which includee and sensory, motor and cognitive

abilities and experience.
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Chapter 7. General discussion and conclusion

The overall aim of this thesis has been to invastighe existence of personality traits in
bumblebees comparable to those found in non-ptdileaand non-eusocial animals and to
test for a potential link between individual betwwri and cognitive abilities. The data
presented here suggest that bumblebees indeeaydigpisonality traits similar to those
found in other animals and that an individual’'sgeeality could interact with its abilities,

affecting further the individual's behaviour.

7.1 Can bumblebee personality be compared to person  ality in
other animals?

Individual bumblebees were found to vary consisyemt their ability to discriminate

between two different stimuli and this individudfeet was maintained across modalities
and dimensions. Learning ability is not, strictlyeaking, a personality trait (see section
1.1) but it is relatively easy to conceive that,aoth human and non-human animals,
consistent individual variation in learning ab#gi could result in consistent individual
variation in behaviour and hence, personality (Het2006a; Chiappe and MacDonald,
2005). | did find that there is a relationship beéw individual bees’ novelty response and
their ability to discriminate between stimuli, i.that there was a negative correlation
between the bees’ response to novelty (i.e. degfereophobia) and their ability to

discriminate between stimuli. This finding is comgdale to findings in starlings (Boogert et
al., 2006) and rats (e.g. Hernadi et al., 1997Axduld be premature to claim that the basis

for vertebrate and insect personality is the sdnms=ct and vertebrate personality might be
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a case of convergence (and so could be the pradulitferent mechanisms), but it would
certainly be worthwhile to investigate it further.

I showed that there are many similarities betwelea personality traits | found in
bumblebees and the personality traits found in rotieimals. As many species of
vertebrates do (Heinrich, 1995; Mettke-Hofmann let 2002), bumblebees responded to
novel objects by investigating them extensivelyobeffirst accepting them as a food source
and individuals could be positioned on a neopmkaphobia continuum (Muller et al.,
2010 and chapter 5). Similarly, the bees’ respaosepredation threat (chapter 6) was very
reminiscent of risk-prone and risk aversive strigegs well as of the fear responses
observed in vertebrates (e.g. Koolhaas, 1999 amg k4 al., 2000), i.e. the characteristic
flee, fight or freeze responses. As discussedatael.1, | believe that this study provides
sufficient support for the use of the terms neomdroieophilia and risk-prone/risk-averse to
describe particular behaviours of bumblebees imsoh as they appear analogous. Again,
| should stress that | do not imply that there astmuity between the bumblebee’s and
human’s behaviour, but rather that these persgniaditts represent convergences between
insect and human behaviour. One needs to keep md thiat nothing is known of the
mechanisms resulting in the observed behaviousabktm bumblebees and that given their
mode of reproduction (i.e. rearing sisters instefdirect offspring) the selective pressures
applying to individuals of the bumblebee species ldeely to differ from the pressures

applying to any other animals in which personakgs studied.

The present work also showed that, for the oné tresasured over several days, i.e.
novelty response (see chapter 5), individual bes® wonsistent within a day but changed
their response between days. A similar phenomenas found in the gloomy octopus

Octopus tetricudy Pronk et al. (2010). Pronk et al. (2010) judgeat such rapid changes
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in behaviour were too unstable for the observedawehral traits to qualify as true
personality traits. Instead, Pronk et al. (2010ned this changing personality ‘episodic
personality’. By definition, personality traits acensistent across time (see section 1.1):
when assessing the consistency of behaviourals ttAitough time, the choice of an
appropriate time scale is left to the experimeifg®me studies of ‘personality traits’ are
even based on a single measure per individual @oghtermann and Jenkins, 2007;
Hollander et al., 2008; Minvielle et al., 2002; Bar and Flaherty, 2004). It is therefore
possible that episodic personalities are more wwieesl than it appears because the time-
scales selected by experimenters were too shohigidight them. In humans, where
personality has been studied extensively, indiMgllare known to change personality
through time (e.g. Asendorpf and van Aken, 199harges in personality were also found
to occur in the dumpling squidcuprymna tasmanicgSinn et al., 2008a), where the
behaviour of some individual changed when theyhredsexual maturity. It is possible that
the observed variation across days in novelty nespgqchapter 5) could in fact reflect
adaptive behavioural plasticity. Individuals in bhdtronk et al. (2010) and the response to
novelty experiment in chapter 5 could have respdridean unidentified environmental or
internal cue (e.g. hormonal factor) and adapted thehaviours accordingly on a daily
basis. As emphasised by Sinn et al. (2008a), tiseaegreat need for more studies on the
variation in personality throughout an individudifetime. Life-long studies would be very
helpful in defining a timeframe for the study ofrg@nality and therefore in determining
whether episodic personality is a special case esgnality and what role episodic

personality is likely to play in an individual’ dé+-history.
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7.2 Bumblebee personality and task division

In social insects, individuals specialise in a a@erttask, sometimes for their entire life.
Bumblebee workers are totipotent (i.e. workersmanorm a variety of tasks such as brood
care, nectar foraging, incubating or fanning; Werdéller, 2004; Cartar, 1992): there is no
strong evidence for age polyethism in this spe¢dzsisen et al., 2009) and different
patrilines cannot account for the task speciatisatibservedBombus terrestrigjueens are
singly mated; Schmid-Hempel and Schmid-Hempel, 2080w then do workers end up
specialising in certain tasks? As discussed iti@ge8.1, specialization might be explained
by developmental and nutrition factors as wellrabvidual variation in response threshold
to an environmental stimulus (Weidenmiller, 2004)addition, recent works have shown
that individual experience (Ravary et al., 2007jt&ka and Muller, 2009) and physical
changes (such as mandible and wing wear; FosteCantar 2010; Schofield et al. 2011)
during an individual's life-time can also affect andividuals’ behaviour and task

specialization.

In the present work, | showed that individuals eliéd in their ability to discriminate
between stimuli in the environment. This abilityviery likely to affect an individual's
foraging performance (Raine and Chittka, 2008). &&® know that in ants, individuals
have been shown to specialise in a task at whiel Were successful and to switch tasks
when they were unsuccessful (Ravary et al., 2007, we know that a honeybee’s ability
to detect sucrose in solution (i.e. sucrose seitgitis related to the task she will specialise
in (e.g. bees very sensitive to sucrose tendedetdilen foragers instead of nectar
foragers; Page and Scheiner, 2006). It is therdilkeby that the ability of an individual bee

to discriminate between potential food sources @dwdve an impact on whether it will
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specialise in a foraging task. Similarly, the fétat individuals appear to vary in their
behaviour with regards to novel objects and predathreat is likely to affect task
specialisation. Predation-risk-averse individuéds,example, might give up foraging and
specialise in within-nest tasks after an encounttr a predator (as did some of the bees in
this study see chapter 6). The extent to whichqmeigy might affect task specialisation,
however, needs to be investigated since we knowth®behavioural trait ‘response to
novelty’ also varies with time within individual€One could imagine that different
individuals will be differently successful depenglion their behavioural response and
environmental conditions at the time of foraginghielhn might result in complex
interactions between episodic personality and spscialisation. It will be interesting to
explore experimentally whether there is a link kedw an individual’s learning ability or its
level of predation-risk-aversion or neophobia asdikelihood to become a forager. Such
an ability-based division of labour relies on tleasonable assumption that labour division
must be efficient. As discussed in section 3.1mipiecal assessment for this assumption is
scarce and recent work demnothorax albipenniants (Dornhaus, 2008) indeed does not
support this view; one should keep in mind thatghesence of division of labour does not

necessarily imply that division of labour is adapt{Jeanson et al., 2008).

If an individual’s personality is indeed found tibe&t its task specialisation, then it will no
doubt have interesting consequences at the cokwgy.|Wray et al. (2011) describes what
they call ‘collective personalities’ in honeybeeslonies. In other words, there appears to
be consistent variation between colonies in a rarigellective behaviours and Wray et al.
(2011) suggest that these consistent variatione Baumpact on the colonies’ fithess (and
the same was true for differences in learning &dslj see Raine et al., 2006b). One could
speculate that the proportions of particular peatipntypes (and the variety of individual
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abilities) within the colony would affect the ‘celitive personality’ of the colony and hence

the (inclusive) fitness of the individuals compagih

7.3 Conclusion and future directions

At the beginning of this study, | set myself thdldaing aims: to assess the existence of
personality traits ilBombus terrestrignd, if personality traits were found, to inveatga
possible link between personality and individudligb | believe that this work established
that Bombus terrestrisvorkers have personalities, even if these perg@salmight be
found on relatively short time-scales. Individuahtblebees appeared to respond to novelty
and predation threat in ways that were very sinmoavertebrates and such responses were
found to be predictable for a particular individggiven its personality type) within a day
(though it was found to change across days). Thigkvalso discussed the relevance of
these findings for task specialisation in eusoriakcts and shed light on what appears to
be a promising area of research: the (episodigopality of bumblebee workers is likely
to have consequences not only at the individual esldny level, but may also have

cascading effects (through their role as pollirgton complex ecological communities.
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