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It is now recognized that many vertebrates and a few invertebrates show individual-specific consistency

in their behaviour across time and context, sometimes in ways that can be paralleled with human
personality. Our work aimed at assessing behavioural consistency in a social insect: the bumblebee
Bombus terrestris. We focused on a behavioural dimension commonly used in personality studies: the
response of an individual to novelty (neophilia/neophobia spectrum). We used a foraging paradigm to
quantify individual bees’ response to novel flower colours and to assess the repeatability of this response
over time. As for vertebrates, most individual bumblebees responded to a novel stimulus by increasing
the time they spent investigating it compared to known stimuli. Using a new statistical approach, the
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The number of publications reporting the existence of animal
‘personality’ has increased dramatically over the past few decades
(Heinrich 1976, 1979; Bolnick et al. 2003; Bell 2007; Réale et al. 2007).
There are now numerous reports of consistent individual differences
in behaviour in species as varied as fishing spiders, Dolomedes triton
(Johnson & Sih 2007), squid, Euprymna tasmanica (Sinn et al. 2008)
and blue tits, Cyanistes caeruleus (Dingemanse et al. 2004). Some of
the best-documented reports of reproducible interindividual differ-
ences have been on social bees (Thomson & Chittka 2001; Burns &
Dyer 2008), where the genetic basis (Page et al. 1998, Page &
Scheiner 2006) and sensory physiology and neurobiology (Spaethe
& Chittka 2003; Weidenmiiller 2004; Roussel et al. 2009) of some
such differences are especially well understood (Thomson & Chittka
2001), explaining, in some cases, the particular specialization of
individuals within the colony ‘superorganism’ (Weidenmiiller 2004).

Research on animal personality almost invariably assumes that
individual consistency indeed exists for the traits in question, and
that the challenge for scientists lies in discovering trade-offs or
causal links between them and/or with other traits. Indeed, studies
often take only a single measurement of an animal’s response to
a particular stimulus configuration (e.g. Minvielle et al. 2002;
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Dochtermann & Jenkins 2007; Hollander et al. 2008). However,
research on the species best studied in terms of personality, human
beings, demonstrates that while some behavioural traits remain
stable over an individual’s adult lifetime in a manner consistent
with personality, others vary with mood, hormonal cycles, age and
other factors not yet identified. Some such changes might be
adaptive in line with developmental stage of an organism or envi-
ronmental context (Sinn et al. 2008; Roussel et al. 2009) or their
individual experience (Bell & Sih 2007), while other changes might
vary more unpredictably or be epiphenomena of other processes.
This emphasizes the necessity to measure behavioural traits
repeatedly and over various timescales (Sinn et al. 2008).

In this paper, we adopt the view that to qualify as a personality
trait a certain pattern of behaviour needs to be exhibited in
a consistent way over different situations and over time, but that this
consistent behaviour may vary between individuals (Briffa et al.
2008; Schuett et al. 2010). Based on this notion of consistency, we
introduce a novel statistical model and develop a new approach for
assessing intraindividual consistency. We focus on a behavioural
dimension commonly used in animal personality research:
neophilia/neophobia. Neophilia is defined as attraction to novel
objects whereas neophobia is repulsion from novel objects (Martin &
Fitzgerald 2005). Interindividual differences on this dimension could
be of considerable relevance in bumblebees’ natural foraging
ecology. Their floral food resources are far from reliable. Nectar or
pollen production by a given flower species might vary across a day
(Goulson 2003; Heinrich 2004) and seasonal availability, as well as
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competition with other pollinators, further complicates the task of
the foragers. When given the opportunity, bumblebee foragers tend
to specialize on a few flower species (Heinrich 1979; Chittka et al.
1999). However, a particular individual’s preferred flower species
might decline in profitability over various timescales, making it
necessary for the forager to seek alternative food sources and more
profitable flower species might become available. This therefore
leads to the question of how bees keep track of the changes in their
environment. Do individual bees vary in their tendency to investi-
gate unknown flowers, and, if so, is this variation generated by
consistent interindividual differences rather than chance variation?

We studied the behaviour of individual bumblebees foraging on
artificial flowers in the laboratory. This controlled environment
allowed us to introduce new flower ‘species’ and remove previously
exploited food sources. We used our new model to investigate to
what extent individual bees responded consistently to flowers of
novel colours over various timescales. We discuss the implications
of the findings from these experiments for regarding neophilia/
neophobia as a personality trait.

METHODS

Five colonies (henceforth referred to as colonies A—E, with colony
D being mentioned only in the Appendix) of Bombus terrestris con-
taining approximately 40 workers each were obtained from Syngenta
Bioline (Weert, Netherlands) between September 2008 and April
2009. Queens of this species mate only once in their life; therefore all
the foragers within a colony are full sisters (Schmid-Hempel &
Schmid-Hempel 2000). Upon delivery, colonies were transferred
into bipartite wooden nestboxes (28 x 16 cm and 11 cm high). All
tested bees were individually tagged with coloured dots or Opalith
number tags (Christian Graze KG, Weinstadt-Endersbach, Germany).
The nestbox in which the colony was housed was connected through
a plastic tube to a foraging flight arena (120 x 100 cm and 35 cm
high) covered with a UV-transparent Plexiglas lid. Bees could be
allowed one at a time into this arena using a system of shutters built
in the connecting tube. The room in which the colonies were kept had
an average ambient temperature of 21 °C. Controlled illumination for
laboratory experiments was provided by high-frequency fluorescent
lighting (TMS 24F lamps with 4.3 kHz ballasts; Philips, Eindhoven,
The Netherlands) fitted with Activa daylight tubes (Osram, Munich,
Germany) to simulate natural daylight above the bee flicker — fusion
frequency (Dyer & Chittka 2004).

Preparation and Pretraining

Colour-naive foragers (i.e. bees that had never encountered any
food-providing coloured object) were initially allowed to forage
from translucent gravity feeders (von Frisch 1967) which provided
unlimited supplies of 50% (w/w) sucrose solution for 2 days; the
same concentration was used in all experiments described below.
Subsequently, individual foragers were ‘pretrained’ in the arena
(Fig. 1) to use an array of eight translucent artificial ‘flowers’
(Plexiglas squares of 24 x 24 mm, 4 mm thick and with a well for
sucrose solution in its centre, mounted on glass ‘stalks’ 4.3 cm high).
In what follows we refer to the time the bee spent foraging in the
arena between two unloading trips to the nest as a ‘foraging bout’.
Here and in all experiments below, the position of each flower on
a 6 x 5 grid (with 14 cm between positions) was randomized by
using a computer random generator. We used 15 different random
spatial patterns, varying the pattern between bees and between two
foraging bouts (this shuffling of the position of the flower was
necessary because the bees would otherwise have learned to
associate location with reward). The artificial flowers were cleaned
with soap and water between foraging bouts to ensure there were
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Figure 1. Experimental set-up. The bees were released one at a time in the arena
containing the artificial flowers distributed in a random pattern. The sides of the arena
were made of wood whereas the top lid was UV-transmitting Plexiglas. The position of
the flowers was changed after every foraging bout.

no scent marks left from previous visits (Saleh et al. 2007). To
encourage the bees to visit all eight flowers in the arena, we
adjusted the amount of sucrose solution available in each flower so
that the total volume in all eight flowers matched the stomach
capacity of each individual bee. This was achieved by decreasing or
increasing the volume of sucrose available in each flower over the
three pretraining foraging bouts, until the bees visited all eight
flowers. The translucent flowers are achromatic and pretraining to
achromatic stimuli has been shown not to affect colour preference
during subsequent exposures to coloured stimuli (Giurfa et al. 1995;
Raine et al. 2006). For this reason, and because the first three
foraging bouts were simply training to the set-up (and adjustment
of the quantity of sucrose per flower), these foraging bouts were not
included in the data analysis.

Short-term Consistency Test

The main variable measured throughout all our experiments was
the feeding latency of the bee, that is, the time elapsed between flight
initiation and first probing (proboscis extension) of the well of
a flower. Bees were exposed to three colours (which, to bees,
appeared UV, blue-green and UV-blue, see Appendix Fig. A1) for
three consecutive foraging bouts each (i.e. three foraging bouts on
colour A, then three foraging bouts on colour B and finally three
foraging bouts on colour C). Because the bees were colour-naive, each
colour appeared to the bee as ‘novel’ at the beginning of the first
foraging bout. Over three foraging bouts, bees learned to associate it
with a reward (see Appendix) and so the colour could be regarded as
familiar at the end of these three bouts. At foraging bout 4, colour B
appeared as ‘novel’. The bee then learned to associate it with reward
during the course of foraging bouts 4—6. Colour C appeared as ‘novel’
in foraging bout 7 with gradual familiarization until bout 9.

Just as in the pretraining phase, the arena contained eight rewarded
flowers randomly positioned on the grid. We varied the order in which
the colours were presented to control for order effects. Twenty-seven
foragers were tested from colonies A, B and C. For each colony, 15 bees
were presented with the order UV—blue-green—UV-blue, six were
given the sequence blue-green—UV—UV-blue and six were given
UV-blue—UV—blue-green (thus a total of 81 bees were used in this
experiment).

Video recordings of the beginning of each foraging bout (until the
first probing of a flower) for 28 bees were used to split the feeding
latency into two variables: the first approach time, which is the time
between initiation of flight and approach (hovering within 2 cm) of
the first flower by the bee; and cumulative investigation time, which
is the time the bee spent hovering within a 2 cm radius of individual
flowers before the first landing. Sometimes the bee would approach
more than one flower before landing, so the sum of the time spent
investigating each flower prior to the first landing was used to
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produce the cumulative investigation time. Since we were interested
in the strength of the relationships between these variables,
Spearman rank correlation coefficients were calculated between first
approach time and feeding latency and between cumulative inves-
tigation time and feeding latency.

To test for a relationship between body size and response to
novelty, we measured the maximum thorax width three times per
individual and took the average as an estimate of the bee’s size
(thorax width is the most common measure of body size for
bumblebees; Goulson et al. 2002). We measured all tested 27 bees
from colony A. We performed a Spearman rank correlation test using
the maximum thorax width and the average novelty response as
variables. A bee’s novelty response to a given colour was calculated by
subtracting the feeding latency of the last foraging bout on this
particular colour from the feeding latency of the first foraging bout of
this colour. The novelty responses for the three colours were then
averaged to provide us with a single measure of individual response
to novel colours, which we refer to as the average novelty response.
By using the difference between the first and last foraging bouts, we
accounted for putative differences between bees in terms of overall
flying speed.

In a subset of bees (colony A: N = 7; colony C: N = 15; total of 22
individuals) the identification tags were applied within 48 h of
emergence from the pupae, enabling us to determine their age at the
time of the experiment. To test for a potential correlation between the
response to a novel stimulus and age, a Spearman rank correlation
test was performed using the age (days since emergence from the
pupa) as one variable and the average novelty response as the other.

Long-term Consistency Test

This experiment aimed at assessing bees’ consistency over
several days instead of a few hours. It followed the same template
as the short-term experiment with individual, colour-naive, bees
being exposed to three colours for three foraging bouts each.
However, in this experiment, only one colour per day was pre-
sented to the bee. Thus, on day 1, a bee would be tested for three
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consecutive foraging bouts with colour A. On day 2, the same bee
would be tested for three consecutive foraging bouts with colour B
and on day 3, she would be tested with colour C in the same way. As
for the short-term experiment, we varied the order of the colours
and each bee was pretrained with translucent flowers (meaning
that she would do three foraging bouts with translucent flowers on
day 1 before being exposed to colour A). On subsequent days, each
set of three foraging bouts was preceded by one foraging bout with
translucent flowers to ensure the bee resumed foraging. Twenty-
five bees from colony E were used for this experiment.

Assessment of Behavioural Consistency: the Consistency Model

A frequent difficulty in demonstrating consistency of behav-
ioural traits is to demonstrate consistency statistically, despite the
inevitable variation in nearly all behaviours. Indeed, if under the
given design, regardless of the colour of the flower (which can
influence the bee’s behaviour, see Results), the feeding latencies
of some bees decreased steadily between the first and third
foraging bouts, then this might be explained by some character-
istic of the bee which may be regarded as an aspect of her
‘personality’. Of course, such a regular pattern is likely to vary
between individual bees (see Fig. 2). Thus, it is necessary to
identify those bees showing consistent behaviour in terms of
a stable pattern of feeding latencies. The procedure we propose
amounts to comparing fitted individual profiles of feeding
latencies with the empirical data and classifying those bees for
which the fitted and actual feeding latencies are in good agree-
ment as being consistent.

To this end, an ANOVA-type general linear mixed-effects model
is first fitted to the data. This model takes into account the repeated
measurements structure of the data and incorporates several
factors likely to affect the response (e.g. the colour of the flower).
Moreover, the model captures the crucial aspect of consistent
behaviour by allowing every bee to have a different pattern of
feeding latencies which, for any given individual, is assumed to stay
the same over the three sets of three foraging bouts.

(a)

(b)

Box—Cox~transformed
feeding latencies
T

Col 1 Col 2 Col 3

Col 1 Col 2 Col 3

Figure 2. Schematic representation of different patterns for four fictitious bees. ‘Col 1, ‘col 2’ and ‘col 3’ are the colours used for each set of three foraging bout (each cross
represents the Box—Cox-transformed feeding latency for one foraging bout). In (a) the bee shows a gradual decrease in latencies to the stimuli, while in (b) she shows a sharp
decrease in her latency to feed from a ‘new’ stimulus after just one exposure. In (c) the bee has a strong aversion for the second colour. In (d) the bee shows no consistency as her

response to the stimuli varies both within and between colours.



1068 H. Muller et al. / Animal Behaviour 80 (2010) 1065—1074

Second, a distance measure is used to determine, for each bee
separately, how good the fitted and actual feeding latencies agree.
By specifying a cutoff value it is then possible to classify all bees for
which the discrepancy between the fitted profile and the original
observations does not exceed the cutoff as being consistent. A
disadvantage of this approach is that specifying the threshold
necessarily involves some sort of judgement. One possibility to
circumvent this problem is to look at the cumulative distribution
function (cdf) of the distances which, for every possible cutoff value
x, depicts the proportion of consistent bees. This is useful for
exploring how the proportion of consistent bees varies with the
threshold. Furthermore, results from different experiments can
easily be compared by comparing the corresponding cdfs.

As feeding latencies are typically positively skewed, prior to
fitting the model a transformation is employed to make the distri-
bution of the data more normal. Here we used the well-known
Box—Cox transformation (Box & Cox 1964) which is a kind of power
transformation and depends on a single parameter A that can be
estimated from the data. The basic nested mixed model for the
transformed feeding latencies is then

Y=p+ a; +bj(i) + Ck(ii) + o + Bm(ji) +e

where Y represents the response and e is the error term. The Greek
and Latin letters represent fixed and random effects, respectively:

w = overall mean,

a; = random effect of colony i,

bj(iy = random effect for bee j within colony i,

ci(jiy = bee-specific random effect for the kth set of three
foraging bouts per bee,

o, = fixed overall effect of colour [,

Bm(jiy = bee-specific effect of foraging bout m = 1, 2, 3 within
every set of three bouts within bee j in colony i. These
three parameters per bee are the same for every set k
of three bouts and define the bee’s response pattern.

This model reflects the fact that sets of three foraging bouts, where
each set of three corresponds to a different colour, are nested
within individual bees, which in turn are nested within colonies.
The repeated measurements nature of the data is accounted for by
allowing correlations between (1) the feeding latencies for the
three foraging bouts per colour within each bee and (2) the feeding
latencies across colours within each individual bee.

The basic model can be refined to separate, for every individual
bee, the effect of the first foraging bout within a set of three, which
corresponds to the onset of a new colour, from the combined effect
of the other two bouts for the same colour. Similarly, it is possible to
separate the effect of any of the colours from the combined effect of
the other two colours. These modifications correspond to testing
predefined orthogonal contrasts as part of the analysis of variance.

Using Genstat Release 10.1 (VSN International Ltd, Hemel
Hempstead, U.K.), we fitted this model separately to the data from
the short-term and long-term experiments. By fitting the model,
we obtained for each bee a profile consisting of nine values. These
are the values that give the best fit to the transformed feeding
latencies in the three sets of three foraging bouts. To assess how
closely the fitted profiles agree with the data, an appropriately
standardized version of the usual Euclidean distance can be
computed for each bee separately. More specifically, the distance
measure we propose is defined as

S (Yi - ?i>2

d = IQR

where Y; and Y; are, respectively, the transformed feeding latencies
and fitted values for a single bee, and IQR is the interquartile range of
the transformed feeding latencies over all bees. Dividing the
Euclidean distance by the interquartile range is similar to stan-
dardizing the distance by means of the standard deviation. However,
using the IQR makes the proposed distance measure more robust
against extreme observations and hence appears to be preferable.

This distance can be regarded as a consistency index (one per
bee) with small values of d indicating greater consistency. As
explained above, it is a measure of the fit between the predictions
of the model and the (Box—Cox-transformed) data and therefore
measures the repeatability of a bee’s behaviour across colours and
foraging bouts.

RESULTS
Short-term Consistency Test

Foragers had longer feeding latencies when the colour of the
flowers was unfamiliar than when it was a colour that they had
previously experienced (Fig. 3). This appeared to be the case
independently of the colour considered or of the position of the
colour in the sequence and is confirmed by statistical analysis (see
below). There was no significant correlation between the bees’ sizes
and their average response to novelty (Spearman rank correlation:
rs=0.09, N =27, P=0.63). The same was true for the age of the
bees and their average response to novelty (Spearman rank corre-
lation: rs = 0.15, N = 22, P = 0.50).

Video recordings demonstrated that the observed latency in
landing on a novel stimulus was due to the bees’ reluctance to land
on an unknown flower colour, and not caused by the bee persisting
in searching for the previously rewarding stimulus (which would be
indicative of dietary conservatism). This is demonstrated by breaking
up the feeding latencies into first approach time (time spent flying in
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Colour 3
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Figure 3. Box plot diagram of the feeding latency of all workers, all colonies and all
colours pooled. Small squares represent medians, large rectangles are interquartile
ranges and whiskers indicate the ranges of the largest nonoutlier observations.
Numbers on the X axis correspond to the foraging bout of the experiment. The colour
to which the bee was exposed depended on the order of colours to which she was been
subjected.
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the arena before approaching the first flower) and cumulative
investigation time (hovering close to the new stimulus). We found
a significant correlation between the feeding latency (all colours, all
colonies pooled) and the first approach time (Spearman rank
correlation: rs = 0.28, N = 28, P < 0.001) and between the feeding
latency and the cumulative investigation time (Spearman rank
correlation: rs = 0.77, N = 28, P < 0.001). Because the mean cumu-
lative investigation time (Xct+ SD =9+ 21.7s) was much more
strongly correlated with the feeding latency (Xg + SD = 23 + 66.0 s)
than the first approach time (Xgy¢ + SD =4 + 10.7 s), we conclude
that most of the observed variation in the response to the new colour
is explained by the amount of time the bees spend investigating
(hovering close to) the new colour. The first approach time explains
much less of the feeding latency. If the bee was merely ignoring the
new stimulus while actively searching for the known stimulus, then
we would expect her to spend most of her feeding latency flying in
the arena instead of hovering close to the new stimulus. We would
expect the first approach time to explain much more of the feeding
latency than the cumulative investigation time and we observed the
opposite phenomenon. This suggests that feeding latency is an
appropriate measure of a bee’s response to a novel stimulus.

ANOVA

The maximum likelihood estimate of the parameter A of the
Box—Cox transformation for the feeding latencies was equal to —0.4.
Table 1 shows the analysis of variance for the transformed data. This
accounts for 80.6% of the variability in the transformed latencies as
measured by the coefficient of determination R?. Residual plots
indicate that the distribution of the residuals is close to normal. We
adopted a Bonferroni adjustment of the 1% significance level to
account for the fact that we performed multiple tests. In total, there
are k =5 tests and hence an effect is regarded as being significant
only if the P value is smaller than o = 0.01/k = 0.002. This approach
is very conservative, but is intended to avoid drawing conclusions
that may not stand up in replication studies.

With this standard, there is clear evidence for interindividual
variability in the feeding latencies between bees (‘bees within colo-
nies level’, Table 1). There is also a strong overall effect of colour, and,
independently of the effect of colour, there is a strong intraindividual
effect of the position of the foraging bout within the three replica-
tions of the same colour (‘bouts within sets within bees’, Table 1).

A refined analysis, which includes a preplanned comparison for
distinguishing between the effect of the first bout and the combined
effect of the remaining two bouts for any set of three bouts, splits the
sum of squares and the degrees of freedom for bouts in Table 1 into
two independent components without changing any of the other
rows of the table. The corresponding test reveals that the already
reported effect of the position of the foraging bout is due to the
difference in the feeding latencies for the first and the other bouts
(ANOVA: Fg1324=7.14, P < 0.001), that is the effect is due to the

Table 1

Analysis of variance for the short-term experiment
Source df Sumof  Mean F p

squares  square
Colony level 2 242 1.21 4.00 0.02
Bees within colonies level 78 23.61 0.30 3.08 <0.001
Sets within bees within
colonies level

Colour 2 3.60 1.80 1832  <0.001
Sets within bees 160 15.72 0.10 1.45 0.003
Units level
Bouts within sets within bees 162 46.21 0.29 420 <0.001
Residual 324 22.01 0.07
Total 728 113.56

onset of a new colour, irrespective of what that colour is. The P values
for the other tests in Table 1 are also comparatively small. Although
the corresponding effects are not regarded as being significant by our
standard, these P values confirm that colonies and sets within bees
should be included as blocking factors in the analysis.

Consistency model

By fitting the ANOVA model, we obtained individual profiles of
nine fitted values for each bee (Fig. 4, Appendix Fig. A2). For every
individual bee, this profile was superimposed on her Box—
Cox-transformed feeding latencies and the consistency distance
was calculated. For the 81 bees, the consistency distance varied
between 0.13 and 2.13 with a mean of 0.78 and SD of 0.41.

The solid line in Fig. 5 represents the cumulative distribution
function for the distances. For every possible cutoff value x on the
horizontal axis it gives the proportion of bees in the experiment for
which the discrepancy between the fitted profile and the data is
smaller than or equal to the threshold x and which hence would be
regarded as behaving consistently. An advantage of using the cdf is
that the sensitivity of the classification can be easily explored. For
example, if we adopt a threshold of x = 0.65 for the distances, the
proportion of consistent bees, as given by Fig. 5, is 0.44 or 36 bees.
For x = 0.60 and x = 0.70, the proportions from the figure are 0.36
and 0.49 corresponding to 29 and 40 bees, respectively. Since the
total number of 81 bees in the experiments is known, no infor-
mation is lost by using the cdf and every proportion can be con-
verted back to the underlying number of bees.

Long-term Consistency Test

The analysis of the long-term experiment paralleled that for the
short-term experiment except that no test for the colony effect
could be performed since all bees were from the same colony. Here
the maximum likelihood estimate of the parameter A for the
Box—Cox transformation was equal to —0.5. Table 2 presents
the analysis of variance of the transformed feeding latencies. The
analysis accounted for 75.7% of the total variation in the trans-
formed latencies and the distribution of the residuals as judged by
residual plots was again close to normal. As before, a Bonferroni
adjustment of the 1% significance level was carried out; the number
of tests is equal to k = 4 with a corresponding o = 0.01/k = 0.0025.

Over the longer timescale, interindividual differences between
bees could not be detected (Table 2). Similarly, there is no signifi-
cant effect of colour (Table 2). There is, however, strong evidence for
differences between sets of foraging bouts and an intraindividual
effect of the position of the foraging bout within the sets of three
bouts under any given colour (Table 2). As in the short-term
experiment, the refined analysis shows that this position effect is
due to the onset of a new colour (ANOVA: F,5190 = 4.51, P < 0.001).

Since sets of foraging bouts were performed on different days,
the significant effect of sets indicates that between-day variation is
probably the most important factor governing the bees’ foraging
behaviour. Notwithstanding, the effect of novelty of a colour still
prevails, as indicated by the significant result for bouts within sets
and the significant position effect for the first bout within a set.

To assess consistency, we obtained individual profiles of fitted
values and corresponding distances, as in the short-term experi-
ment. Here the distances varied between 0.52 and 2.00 with
a mean of 1.05 and SD of 0.42. The corresponding cumulative
distribution function is shown by the dotted line in Fig. 5. As before,
by using the cdf the effect of different threshold values of x can be
explored. For example, for a threshold of x = 0.65 the proportion of
consistent bees is equal to 0.12 or three of 25 bees. Similarly, for
x=0.60 and x = 0.70 the corresponding proportions are 0.8 and
0.24 which correspond to two and six bees, respectively.
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Figure 4. Examples of individual profiles generated by the consistent bee model for two representative bees. Open circles are fitted values from the model and crosses are actual
Box—Cox-transformed feeding latencies. ‘Col 1, ‘col 2’ and ‘col 3’ are the colours used for each set of three foraging bouts (each cross represents the Box—Cox-transformed feeding
latency for one foraging bout). Bee 28 is a good example of a very consistent bee. She has a consistency distance of 0.22, reflecting a good match between fitted and Box—
Cox-transformed feeding latencies. By contrast, bee 47 has a consistency distance of 2.1, reflecting a poor match between fitted and Box—Cox-transformed feeding latencies.

Exact binomial tests for the threshold values x = 0.60, x = 0.65
and x = 0.70 of the null hypothesis that the proportion of consistent
bees does not exceed 0.05 give P values of 0.358, 0.127 and 0.001,
respectively. In the short-term experiment, exact binomial tests for
each of the three thresholds reject the null hypothesis that the
proportion of consistent bees is smaller than or equal to 0.20 with
a Pvalue of <0.001. Thus while for these values of x the proportions
of consistent bees were clearly greater than 0.20 in the short-term
experiment, over longer terms the proportion can only be shown to
be above 0.05 for x = 0.70.

If we compare the cdfs in Fig. 5, it is obvious that the proportion
of consistent bees in the short-term experiment is greater than the
corresponding proportion in the long-term experiment regardless
of the choice of threshold. One of the reviewers of this paper raised

0.8

0.6

0.44
0.4

Cumulative proportion

0.2
0.12

Distance

Figure 5. Cumulative distribution function, cdf, for the distances between Box—
Cox-transformed feeding latencies and ANOVA-fitted model values. The solid line
represents the cdf for the short-term experiment (within a day) whereas the dotted line
represents the cdf for the long-term experiment (between days). The cdf for the short-
term experiment is based on 81 bees, while the cdf in the long-term experiment is based
on 25. For every possible cutoff value x on the horizontal axis the cdf line gives the
proportion of bees in the experiment for which the discrepancy between the fitted profile
and the data is smaller than or equal to the threshold x and which hence would be
regarded as behaving consistently. As an example, at a threshold of x = 0.65, the
proportion of consistent bees is 0.44 in the short-term experiment and 0.12 in the long-
term experiment. If bees are considered to behave consistently when they have a distance
value of 0.65 or below, then 36 of 81 bees (0.44) are regarded as consistent in the short-
term experiment and three of 25 bees (0.12) are consistent in the long-term experiment.

the question of whether greater variability between the three
colonies in the short-term consistency test than in the long-term
consistency test might have affected our findings. We reanalysed
these data colony by colony and compared the results with those
from the long-term consistency test (see Appendix Fig. A3). Visual
inspection of the individual colonies’ curves in the short-term
consistency tests reveals the same pattern (and the same difference
with the long-term consistency test) as for the pooled colonies
(Appendix Fig. A3). Moreover, for each colony from the short-term
experiment we tested whether the proportion of consistent bees
(when using, as above, a threshold value of x = 0.65 for classifying
a bee as consistent) was larger than 0.10. For each of the three
colonies we obtained P values of <0.004 when testing the null
hypothesis that the proportion was smaller than or equal to 0.10. In
the long-term consistency test there was no significant evidence
that the proportion of consistent bees was at least 0.05. This
demonstrates that our results also hold for each colony in the short-
term experiment separately and are not due to greater genetic
variability in the combined sample.

In conclusion, the extent to which bees behaved consistently
within a day was much greater than it was when tested over several
days. This finding can be corroborated by testing whether the
proportions for a given threshold x under the two conditions are
equal. A nonparametric test that can be used for this purpose is
Fisher's exact test. For example, for the threshold x = 0.65 the
proportions of consistent bees in the short-term and long-term
experiments are equal to 36 of 81 and three of 25, respectively, for
which Fisher’s exact test gives a P value of 0.004, providing clear
evidence that the proportions are different. The same conclusion is
reached when the equality of the proportions derived from other
threshold values x is tested. For example, for x = 0.60 and x = 0.70
the P values are 0.010 and 0.037.

Table 2

Analysis of variance for the long-term experiment
Source df Sum of Mean F P

squares square

Bees level 24 3.23 0.13 1.23 0.26
Sets within bees level
Colour 2 0.28 0.14 1.26 0.29
Sets within bees 48 5.25 0.11 2.18 <0.001
Units level
Bouts within sets
Within bees 50 6.85 0.14 2.74 <0.001
Residual 100 5.00 0.05
Total 224 20.61
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The reported P values increase with x and for larger values of the
threshold it is not always possible to demonstrate that there is
a statistically significant difference between the corresponding
proportions of consistent bees. Comparisons of proportions derived
from a threshold x > 0.70 do not seem to be very meaningful,
however, since in view of the narrow range of the scale on which
the distances are measured, basing the classification of bees on
such a large threshold would appear to be too liberal. This assess-
ment also seems to be supported by visual inspection of the profiles
and the corresponding distances in Appendix Fig. A4.

DISCUSSION

We have shown that, like many species of vertebrates, bumblebees
respond to novel objects by investigating them extensively before first
accepting them as a food source. When confronted with a flower of
a new colour, the vast majority of bees spent time hovering closely
around it, presumably to enable visual exploration of the novel stim-
ulus. This investigative behaviour was longest during the first
encounter with the new stimulus and then drastically decreased
during subsequent encounters. Such behaviour is similar to the
response described for many species of vertebrates (Heinrich 1995;
Mettke-Hofmann et al. 2002) and is commonly quantified along
a spectrum from neophilia (attraction for novel stimuli) to neophobia
(repulsion for novel stimuli; Martin & Fitzgerald 2005). Our study
therefore confirms anecdotal reports of ‘novelty response’ (Heinrich
1976) or neophobia (Forrest & Thomson 2008) in bumblebees. Addi-
tionally, our finding that the flower colour in itself had an effect on the
bee’s response to a novel flower is consistent with earlier studies which
showed that bees have innate colour preferences (Lunau et al. 1996).

Sampling new food sources can be risky. While doing so, foragers
might spend valuable time on unprofitable flower species (e.g.
orchids mimicking nectar-producing flowers; Jersakova et al. 2006)
or risk being attacked by ambush predators lurking on flowers (such
as crab spiders; Ings & Chittka 2008). Following this view, ‘neophilic’
bees might take greater risks in terms of both predation and foraging
efficiency than ‘neophobic’ bees. Nevertheless, the gains from
sampling new food sources are potentially high. As Chittka et al.
(1999), Mettke-Hofmann et al. (2002) and Martin & Fitzgerald
(2005) pointed out, exploiting known resources is only advanta-
geous if the foraging environment changes little over time. Bumble-
bees’ foraging environment, however, appears to be ever-changing,
across and within days (Goulson 2003; Heinrich 2004). Therefore,
sampling new food sources will often be rewarding in the long-term.
By keeping themselves up-to-date with the resources available in
their environment, bumblebee workers run less risk of suffering from
the depletion of their current food source. It is conceivable that
temporally variable conditions in terms of predation threat and
foraging conditions could maintain the variability in terms of the
‘neophilia/neophobia’ gradient observed here, or indeed explain
a lack of selection towards behaviour consistency in this dimension.
Additionally, variability in foragers’ response could be beneficial at
the colony level (Muller & Chittka 2008). ‘Bet hedging’ strategy has
often been invoked in bees to account for intracolony variability in
traits such as foraging speed — accuracy trade-offs (Burns & Dyer
2008) and could well explain some of the variability in response to
novelty observed here.

Our results suggest that bumblebees’ behavioural responses
towards novel objects are not consistent enough to qualify formally as
a ‘personality trait’ in the common use of the term. Many bees showed
reasonable consistency (repeatable response to novelty) over a few
hours, but very few bees could potentially be described as consistent
when the experiment was repeated over 3 days. Individual bumble-
bees therefore appear to be inconstant in their response to novelty over
periods longer than a few hours. The observed decrease in ‘consistent

bees’ across time is unlikely to be explained by a developmental
process (Sinn et al. 2008), because the change in response to novel
targets was not predictable from worker age. It can also not be
explained by an adaptive response to variation in environmental
context, for example changes in predation threat or flower profitability,
because all these parameters were kept constant in our experiments.
Thus our results are more comparable to the more unpredictable
variation in mood variability in humans (although hormonal changes
sometimes predict such variation) or to the recent study by Pronk et al.
(2010) which came to similar conclusions in the gloomy octopus,
Octopus tetricus. Pronk et al. (2010) found that individual octopuses
exhibited marked repeatability in response to various visual stimuli
within a day but not between days, and termed this phenomenon
‘episodic personality’. Both our results and those of Pronk et al. (2010)
emphasize the need to investigate personality traits repeatedly and,
ideally, over various timescales appropriate to the animals’ life span.
Single ‘snapshots’ of an individual’s behaviour responses (or even
repeated measurements over short timescales) might be misread to
indicate individually predictable responses when such responses
might fluctuate over longer timescales. As in our study, such variation
might not have easily identifiable environmental inducers, or internal
contributing factors such as those correlating with age.
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APPENDIX
Choice of Colours for the Consistency Tests

Since we are interested in the bee’s response to novel colours,
we have to ensure that the bees are able to distinguish between the
three colours used. Indeed, a lack of response to a novel colour
could simply mean that the bees do not perceive the colour as
differing from the previous one. To this end, we selected colours
that, following the hexagon model of bee colour vision (Chittka
1992; Fig. A1), should be easily distinguishable for bees. We used
red, cream and pink artificial ‘flowers’ of the same shape as those
used for pretraining. To bees, these flower types appeared as UV,
blue-green and UV-blue, respectively, and were roughly equidistant
in a bee’s colour space (Fig. A1). However, we also wished to
ascertain experimentally that bees could easily discriminate the
colours.

To assess the bees’ ability to discriminate between the colours
used, we tested 10 foragers from colonies A, B, C and six from
colony D. The experiment consisted of a training phase of three
foraging bouts followed by a test. Individuals were first exposed to
eight randomly positioned flowers of the colour A (‘known’ colour)

for three consecutive foraging bouts. During the colour discrimi-
nation test, the arena contained 16 randomly distributed flowers,
eight of which were of the same colour as in the immediately
preceding foraging bout (‘known colour’) and eight of which were
of the novel colour. These tests were unrewarded; all flowers
contained 10 pl of water to mimic the visual appearance of sucrose
solution. The number of flowers of each type visited was recorded
as correct (landing on the ‘known’ colour) or incorrect (landing on
the ‘novel’ colour) and the number of correct and incorrect choices
out of the first 10 flowers chosen was used as a measure of the
ability of the bees to discriminate between colours. Different
individuals were used for the colour discrimination tests and the
experiments testing responses to novel colours.

We found that bees are able to discriminate between the three
colours we used in our experiments. Only 5% of the bees tested made
more than 30% incorrect choices when having to discriminate
between UV and blue-green (average percentage of incorrect choic-
es & SD = 12 + 13%) and the same was true for when bees had to
discriminate between blue-green and UV-blue (average percentage
of incorrect choices+SD =8+ 13%). All the bees tested for
discrimination abilities between UV and UV-blue made less than 20%
incorrect choices (average percentage of incorrect choices +
SD = 7 + 10%). We found that the observed number of correct choices
for all colour discrimination tests were significantly different from
chance (binomial test: UV versus blue-green: P < 0.0001; blue-green
versus UV-blue: P < 0.0001; UV versus UV-blue: P < 0.0001). This
demonstrates that bees are able to discriminate well between the
relevant colours after only three foraging bouts.

B
UVB BG
UV-blue blue—green
+
uv
uv G
UvVG

Figure A1. Loci of the artificial flower colours in the colour hexagon. Loci are calculated
according to the relative stimulation of the three receptor types (UV, blue, green) elicited
by the stimulus (Chittka 1992). The colour hexagon coordinates were obtained using
spectrophotometer readings from 300 to 700 nm (i.e. including the ultraviolet, UV,
range). The angular position (measured from the centre) in this colour space indicates
bee-subjective hue, which is in turn determined by the relative excitations of bees’ UV,
blue and green receptors. A colour locus in the lower left portion of the colour hexagon
indicates a ‘bee-UV’ colour, a colour locus in the ‘up’ direction denotes ‘bee-blue’ and so
forth. Distances between colour loci indicate discriminability; the total distance between
the centre and any of the corners of the colour hexagon equals unity, and distances above
0.1 are typically well distinguishable. Euclidian distances between the colours used here
are 0.23 between UV and UV-blue, 0.24 between UV-blue and blue-green and 0.19
between UV and blue-green, and are therefore predicted to be well distinguishable by
bees. B = blue, BG = blue-green, G = green, UVG = UV-green and UVB = UV-blue.
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Figure A2. Individual profiles for 81 bees from the short-term experiment generated using the consistency model. Open circles are fitted values from the model and crosses are
actual Box—Cox-transformed data. The consistency distance values represent the difference between the fitted values and Box—Cox-transformed data. Numbers 1-9 on the
horizontal axis are the foraging bouts and ‘col1’, ‘col2’ and ‘col3’ are the colours used for each set of three foraging bouts.
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Figure A4. Individual profiles for the 25 bees from the long-term experiment generated using the consistency model. Open circles are fitted values from the model and crosses are
actual Box—Cox-transformed data. The consistency distance values represent the difference between the fitted values and Box—Cox-transformed data. Numbers 1-9 on the
horizontal axis are the foraging bouts and ‘col1’, ‘col2’ and ‘col3’ are the colours used for each set of three foraging bouts.
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