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SUMMARY
Mechanisms of spatial attention are used when the amount of gathered information exceeds processing capacity. Such
mechanisms have been proposed in bees, but have not yet been experimentally demonstrated. We provide evidence that selective
attention influences the foraging performance of two social bee species, the honeybee Apis mellifera and the bumblebee Bombus
terrestris. Visual search tasks, originally developed for application in human psychology, were adapted for behavioural
experiments on bees. We examined the impact of distracting visual information on search performance, which we measured as
error rate and decision time. We found that bumblebees were significantly less affected by distracting objects than honeybees.
Based on the results, we conclude that the search mechanism in honeybees is serial like, whereas in bumblebees it shows the
characteristics of a restricted parallel-like search. Furthermore, the bees differed in their strategy to solve the speed-accuracy
trade-off. Whereas bumblebees displayed slow but correct decision-making, honeybees exhibited fast and inaccurate decision-
making. We propose two neuronal mechanisms of visual information processing that account for the different responses between
honeybees and bumblebees, and we correlate species-specific features of the search behaviour to differences in habitat and life

history.
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INTRODUCTION

A bee engaged in visual search in a meadow may encounter several
flowers per second of flight (Chittka et al., 1999) that differ in reward
and various floral features. To maximise foraging efficiency, she
needs to memorise and discriminate between flower species that
provide high nectar and pollen rewards and other co-flowering
species using sensory cues such as floral colour, shape, size and
scent (Chittka and Raine, 2006; Dafni et al., 1996; Giurfa and Lehrer,
2001). In doing so, bees must cope with an immense amount of
information collected by the sensory periphery. Because the amount
of information usually exceeds the capacity that can be processed
by the brain (Dukas, 2004), animals use attentional mechanisms to
focus selectively on different aspects of the information (Chittka
and Raine, 2006).

In particular, small animals with brains of limited size and neuron
number depend on efficient information processing and would
therefore benefit from well-directed filter processes (Mackintosh,
1965). However, research on attention has mainly been focused on
humans and higher vertebrates (Best, 1995; Dukas, 2004;
Mackintosh, 1965). Only recently has the existence of visual
attention been demonstrated in insects such as Drosophila and Apis
mellifera (Giurfa and Menzel, 1997; van Swinderen and Greenspan,
2003). In social bees, attention research primarily focused on
learning mechanisms that underlie visual discrimination (Avargués-
Weber et al., 2011; Giurfa, 2004). For example, honeybees can
discriminate the shapes of cryptic objects using motion contrast but
only after they have successfully completed pretraining (Zhang et

al., 1995). The pretraining is necessary to draw the attention of the
bees towards the appropriate aspect of the stimulus — probably
because processing of the particular information is costly and is
done only when absolutely necessary.

Spatial attention, however, was investigated predominantly in
Drosophila (Greenspan and van Swinderen, 2004; Guo et al., 2010).
It is defined as a process that dynamically highlights one location
of the visual field over others (Maimon, 2011). Drosophila show
spatial attention by focusing on moving objects or inhibiting the
reaction to them, depending on previous experiences (van Swinderen
and Greenspan, 2003). Therefore, flies can direct their attention by
top-down processes. Recently it was also shown that the flies’
attention can be drawn towards an object by an external stimulus
such as a flickering pre-stimulus (Sareen et al., 2011).

Currently, the only study aiming to show the presence of spatial
attention in honeybees used a visual search task, a technique applied
in human psychology (Spaethe et al., 2006). In this task, individual
bees were trained to search for a coloured disc (target) among several
discs of different colour (distractors). The study showed that
searches took longer and more mistakes occurred when the distractor
number was increased (Skorupski et al., 2006; Spaethe et al., 2006).
In humans, a search behaviour with these attributes is defined as a
‘serial search’ and is characterised by sequential processing of all
presented objects by an attentional focus, and thus spatial attention
is required (Treisman and Gelade, 1980; Wolfe, 1998). In contrast,
a ‘parallel search’ allows for parallel processing of all perceived
stimuli in an early, pre-attentive stage of perception (Treisman and
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Gelade, 1980). In this case, search efficiency is unaffected by the
variation of distractor and target number. In a serial search, an
increase in target number leads to a rise in search efficiency, because
the search terminates at the moment when the first target is detected,;
thus, the more targets that are present, the faster and more accurately
the search becomes, as the chance of finding a target earlier in the
search process rises with increasing target number (Holmgren et
al., 1974). So far, behavioural data have suggested that honeybees
use a serial-like search behaviour and therefore possess a kind of
attentional focus (Spaethe et al., 2006). However, whether parallel
processing of visual information, which is frequently found in
humans and other vertebrates, is entirely absent in bees remains an
open question (Spaethe et al., 2006).

Here we expand our previous visual search experiments in
honeybees to accommodate a second social bee species, the
bumblebee Bombus terrestris. Bumblebees differ from honeybees
at both the colony and the individual level. Their annual colonies
are significantly smaller (several hundred versus 10,000 individuals)
(Duchateau and Velthuis, 1988), they show a size-related division
of labour in contrast to an age-related division in honeybees
(Cameron, 1989; Spaethe and Weidenmiiller, 2002), and they do
not communicate spatial information about profitable food sources
to nestmates (Dornhaus and Chittka, 2004a). Thus, foraging
performance is assumed to be primarily optimised at the individual
level whereas in honeybees individual foraging performance might
be sacrificed for fast information transfer and recruitment of other
nestmates (Giurfa, 1996; Nufiez, 1982).

At the individual level, both species differ in the way visual
information is acquired and processed. Bumblebee eyes possess a
higher spatial resolution in both achromatic and chromatic vision
compared with honeybees. In contrast, honeybees have superior
colour discrimination capabilities (Dyer et al., 2008). These species-
specific differences probably reflect adaptations to different habitats
and foraging strategies because the evolutionary lines leading to the
respective species originated in different environments — honeybees
in the tropics and subtropics, and bumblebees in the northern
temperate zone (Dornhaus and Chittka, 1999; Michener, 2007).

However, a common feature of both species is that the survival,
growth and reproduction of a colony strongly depend on the influx
of nectar and pollen into the colony, and thus especially on the
performance and behaviour of individual foragers. Using a
comparative approach, we aim to test whether the species-specific
differences found at the level of foraging behaviour (‘solitary’ versus
‘social’ foragers) and visual information processing (spatial

A C

i —~Decision line

Video
camera

resolution and colour discrimination) are also reflected at the level
of spatial visual attention. In particular, we ask whether: (1) the
impact of distractor/target number on search performance during
flower search differs between honeybees and bumblebees; (2)
background complexity (homogeneous grey versus black-and-white
Julesz pattern) affects target detection; and (3) search performance
is independent of target placing within the visual field or whether
honeybees and/or bumblebees need to focus their attention to
restricted areas of the visual field.

MATERIALS AND METHODS
Animals

Experiments were carried out with honeybees (Apis mellifera
Linnaeus 1758) and bumblebees [Bombus terrestris (Linnaeus
1758)]. The honeybee experiments were conducted between July
and September 2009 on the terraces of the Biozentrum, University
of Vienna, where several hives of A. mellifera were located.
Bumblebee experiments were conducted indoors between January
and November 2009 using five bumblebee colonies. The number
of bees tested from each colony was balanced between the
experimental groups to avoid colony effects. Bumblebee colonies
were purchased from a commercial breeder (Koppert, Berkel en
Rodenrijs, The Netherlands) and placed in a flight room with
constant lighting conditions (12h:12h light:dark cycle provided by
Osram Biolux daylight fluorescent tubes with electronic ballast
providing a frequency of >1kHz; for spectral features, see
supplementary material Fig.S1A). The colonies were housed in
wooden boxes that were connected via a Plexiglas tube to a flight
arena and the experimental box. Bumblebees were allowed to collect
sugar solution at a feeder in the flight arena and pollen was provided
directly into the colony. Specimens of both species were marked
individually on the thorax before training.

Experimental setup
The experimental setup was identical for both species to ensure
comparability. Bees were tested in a wooden box (30X54X40cm)
with a removable cardboard back wall (Fig. 1) (see Spaethe et al.,
2006). The box was covered with a UV-transmitting Plexiglas top
(bumblebees) or a small-mesh-size net (honeybees). Bees could enter
the boxes via a Plexiglas tube at the front wall. Shutters in the tube
allowed controlled access to individual workers. The back wall was
divided into nine fields (three rows by three columns). In the centre
of each field, a small platform (1.5X1.5cm) was attached to serve
as a feeder on which a sucrose solution (rewarded target) or water

Fig. 1. Experimental setup for the visual search
task. (A,B) Examples of possible test situations
with one target (with sucrose solution as reward)

Plexiglas plate and a varying number of distractors (punishment

with quinine solution). Background is either (A) a

Decision line

Distractor

@0

B
@6
/

Distractors Target
- (>15 deg

homogeneous grey colour or (B) a black-and-white
Julesz pattern. (C) The bee enters the flight box
through a Plexiglas tube such that she faces a
particular target/distractor combination presented
on the back wall of the box (e.g. A or B). A
decision for a particular object was counted when

l the bee crossed the decision line in front of the
Tube with object. The bees were observed through a
flight platform Plexiglas cover on the top of the box and recorded

with a video camera.

5cm Flight arena
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Table 1. Bee-specific colour contrast and green contrast of the
tested stimuli

Colour contrast Green contrast

Honeybee
Yellow (3 N) 0.46 0.10
Green (57 N) 0.24 0.13
Bumblebee
Yellow (3 N) 0.35 0.07
Green (57 N) 0.18 0.18

Data for photoreceptor sensitivity spectra for both species were taken from
Peitsch et al. (Peitsch et al., 1992) and contrasts were calculated using
the bee hexagon colour space (Chittka, 1992). Green contrast can reach
values between 0 (same contrast as background) and 0.5 (maximal
difference from background). For more details, see Chittka and Kevan
(Chittka and Kevan, 2005). The denotations in parentheses give the HKS
codes of the corresponding colour.

with 0.1% quinine (punished distractor) could be placed. Quinine
solution of 0.1% was chosen because this concentration has proven
to significantly increase bumblebees’ accuracy (Chittka et al.,
2003) and a recent study using a slightly higher concentration
showed a similar effect in honeybees (Avargues-Weber et al., 2010).
Stimulus discs were cut from coloured paper, which provided
sufficient green and colour contrast to the background and between
colours (yellow: HKS 3 N; green: HKS 57 N; for spectral features,
see Table 1, supplementary material Fig.S1). Discs were made in
two sizes, 9.0cm (large) and 3.6 cm (small) in diameter, and were
placed in the centre of each field. An imaginary decision line 5cm
in front of the back wall was marked by a grid of nine squares made
from white twine (Spaethe et al., 2006). Bee flight paths were
recorded by a digital video camera (DCR-SR55, Sony, Minato,
Tokyo, Japan) positioned directly above the experimental box
(Fig.1C). The back wall covers a visual field of 82deg in the
horizontal and 68 deg in the vertical from the entrance of the box.
Seen from the entrance, the large discs on the back wall subtended
an angle between 17deg (centre) and 15deg (outer edge) on the
bee’s eye, whereas the small discs subtended an angle between
7.3 deg (centre) and 6 deg (outer edge). In the following, we denote
the large stimulus (9.0 cm diameter) as a 15deg disc and the small
one (3.6cm) as a 6deg disc.

We tested two different types of backgrounds. The first was a
homogeneous grey paper (Mi-teintes 122 Gris flanelle, Canson,
Annonay, France) and the second was a black-and-white Julesz
pattern (Julesz, 1960). The Julesz pattern was printed on standard
white copy paper, and consisted of randomly distributed black and
white squares (2X2 cm), which subtended an angle between 3.8 deg
(centre) and 2.8 deg (outer edge) on the bee’s eye.

Training procedure

Individually marked bees were trained to enter the experimental
box and search for the target. The target was first presented near
the entrance and then moved step by step to the back wall. After
the bee managed to find the target on the back wall, we started
recording the bee’s decision time and accuracy. During the training
phase only the target was presented. The position of the target was
changed randomly among the nine positions after each foraging bout.
To avoid the possibility that bees use olfactory cues, the discs and
the feeders were exchanged every third foraging bout.

The experimental phase began when a bee fulfilled the following
two criteria: (1) she chose correctly in five out of six consecutive
foraging bouts, and (2) she performed no ‘turn-back-and-look’
behaviour (Lehrer, 1993) in more than one out of three consecutive
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foraging bouts when the target was shown in the uppermost row.
‘Turn-back-and-look’ behaviour describes the situation when a bee
enters the box, turns around in flight, inspects the entrance and finally
turns around again to search for the target. Especially at the
beginning of the training, both honeybees and bumblebees frequently
performed this behaviour when the target was located in the upper
row. Foraging bouts in which this behaviour was displayed were
excluded from further analysis because it was unclear during which
time period the bee searched the back wall and the entrance area.

Experiments

We conducted five experiments, two with honeybees and three with
bumblebees. The experimental setups were identical for honeybees
and bumblebees in the first four experiments: 15deg discs were
presented either on a homogeneous grey background or on a
background with a black-and-white Julesz pattern. In a fifth
experiment, bumblebees had to search for a 6deg target against a
homogeneous grey background. Bumblebees can use colour vision
for detecting objects subtending an angle as small as 2.3 to 5.7 deg
on the bee’s eye (Dyer et al., 2008), whereas honeybees use colour
vision only for objects subtending an angle of 15 deg or larger (Giurfa
et al., 1996). Therefore, we conducted the last experiment to ensure
that possible species-specific performance differences were not
simply a consequence of differences of the optical system.

For each experiment, 10 to 11 bees were tested. The experimental
procedure was similar to the training procedure. Experiments were
structured into six steps. For each step, six foraging bouts were
recorded. In the first step, only the target was presented. In the next
three steps, the number of distractors was successively increased
(one, three and eight distractors, respectively). In the final two steps,
the total number of stimuli (N=9) remained constant but target
number was multiplied by two or four, respectively.

For both bee species we used a sucrose reward with a
concentration between 25 and 50% (volume %); in general, the
concentration was kept low to prevent recruitment of new foragers
to the experimental box (Efler and Ronacher, 2000).

Data analysis

We determined search efficiency by measuring error rate and
decision time of individual bees (Spaethe et al., 2006). Error rate
is the proportion of incorrect decisions in each experimental step
(six decisions in total). A bee made a correct decision when she
passed the decision line in the field where the target was presented.
We determined the bee’s decision by direct observation. Decision
time is defined as the time the bee requires after entering the
experimental box to cross the decision line (Spaethe et al., 2000).
We analysed the video recordings to determine the decision time
of each foraging flight using video analysing software (Observer
XT, Noldus, Wageningen, The Netherlands). The flight paths of the
bees were traced with the tracking software Skillspector 1.3.0
(Video4coach, Svendborg, Denmark). These data were used to
calculate flight speed and duration of different flight phases (see
below).

Differences in training lengths were tested by means of a
Mann—Whitney U-test and a Kruskal-Wallis H-test. We applied
a three-way mixed ANOVA to test for differences in decision
time and error rate including the factors distractor number (within
factor), species and background (between factors). A second
analysis was performed with target number as the within factor.
To exclude the possibility that performance differences between
both species were caused by species-specific differences in the
optical system, we additionally tested bumblebees with a smaller
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Table 2. Three-way mixed ANOVA summarising the effects of the parameters distractor number (0, 1, 3 or 8 distractors), species
(honeybee or bumblebee) and background (homogeneous grey or Julesz pattern) on bees’ accuracy and decision time in tasks
presenting large stimuli (15deg)

Accuracy Decision time

Parameter d.f. F n2 d.f. F P n?

Within
Distractors 2.42 13.46 <0.001 0.26 3 0.41 0.749 0.01
Distractors X Species 2.42 5.66 <0.01 0.13 3 3.35 <0.01 0.08
Distractors X Background 248 2.26 0.098 0.06 3 2.33 0.078 0.06
Error 92.82 114

Between
Species 1 51.29 <0.001 0.57 1 34.40 <0.001 0.41
Background 1 0.27 0.605 0.01 1 2.25 0.142 0.06
Error 38 38

aGreenhouse—Geisser correction.

1?2, effect size.

object size (6deg). The effect of object size was analysed using Accuracy

a one-way ANOVA. When testing accuracy of the two bee species
separately, we used a non-parametric Friedman’s ANOVA
because the high level of correct choices in bumblebees (94%)
makes it impossible to transform data to achieve a normal
distribution. For comparison of flight speed and flight duration,
flights of the first experimental stage (one target, no distractor)
with a grey background were analysed. Flight speed and duration
were tested with unpaired #-tests and Mann—Whitney U-tests,
respectively.

To examine whether differences in search performance depend
on the target position within the visual field (upper, lower or median
row at the back wall), we analysed the bees’ choice behaviour when
a single target was presented in different rows. Possible differences
in decision time and error rate were tested with a non-parametric
Friedman’s ANOVA. For the subsequent post hoc test, a Bonferroni
correction was applied to account for multiple comparisons. All
statistical tests were performed in SPSS 15.0 (IB, Armonk, NY,
USA).

RESULTS
Training duration
Bumblebees required significantly fewer training flights (mean +
s.d.=16.7+10.0) than honeybees (32.7+21.5) to fulfil the test criteria
(see above) (Mann—Whitney U-test: U=155.00, P=0.003). We
found no significant differences among experiments within species
(Kruskal-Wallis H-test; bumblebees: H,=4.64, P=0.10; honeybees:
U=35.50, P=0.27).

The effect of the three main factors (within factor: object number;
between factors: species and background) on the accuracy of the
bees’ choice was tested under two experimental conditions in which
either distractor number or target number was varied (Tables2, 3).
Honeybees made almost three times more errors than bumblebees
(Fig.2). We found a significant overall effect of distractor number
and target number (both factors: P<0.001; for details, see Tables 2,
3). In particular, an increase in distractor number caused an increase
in error rate (Fig.2A), whereas an increase in target number led to
the opposite effect (Fig. 2B). When comparing the effect of distractor
number and target number between species, bumblebees were
significantly less affected by changing distractor number and target
number than honeybees (distractors X species: F34928=5.60,
P<0.01; targets X species: I} 7635=9.40, P<0.001). Error rate in
honeybees increased from ca. 20% (no distractor) to ca. 55% (eight
distractors), and decreased with increasing target number from ca.
55% to 20% (distractors: *3=26.804, P<0.001; targets: x%=23.014,
P<0.001). In contrast, in bumblebees no significant increase in error
rate was found with increasing distractor number (y%3=7.549,
P=0.056); however, error rate decreased slightly with increasing
target number (x*=8.696, P=0.013; Fig.2B). Background
(homogeneous grey or Julesz pattern) did not affect search accuracy
in either species.

Bumblebees possess a higher visual resolution compared with
honeybees because of superior optics and less convergence of
photoreceptor signals in subsequent processing (Dyer et al., 2008;
Spaethe and Chittka, 2003). To exclude the possibility that the

Table 3. Three-way mixed ANOVA summarising the effects of the parameters target number (1, 2 or 4), species (honeybee or bumblebee)
and background (homogeneous grey or Julesz pattern) on bees’ accuracy and decision time in tasks presenting large stimuli (15deg)

Accuracy Decision time
Parameter d.f. F 12 d.f. F P n?
Within
Targets 1.682 29.211 <0.001 0.44 2 10.65 <0.001 0.22
Targets X Species 1.68?2 9.40 <0.001 0.20 2 1.01 0.368 0.03
Targets X Background 1.682 0.74 0.458 0.02 2 0.85 0.433 0.02
Error 63.80% 76
Between
Species 1 32.13 <0.001 0.46 1 76.55 <0.001 0.69
Background 1 2.29 0.138 0.06 1 0.25 0.624 0.01
Error 38 38

aGreenhouse—Geisser correction.
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Fig. 2. Effect of (A) distractor number and (B) target
number on error rates of honeybees (Hb, grey lines)
and bumblebees (Bb, black lines). Four experiments
(N=10 for each except for bumblebees tested with
the Julesz pattern, where N=11) were conducted with
large (15deg) objects presented to honeybees and
bumblebees on either a grey background (grey) or a
black-and-white Julesz pattern (Julesz). In an
additional experiment, bumblebees had to search for
small (6 deg) targets presented on a grey

—=x background (grey/small; N=10). Values are means +

——e—— Bb/grey

— —e— —- Bb/Julesz
Bb/grey/small
Hb/grey
Hb/Julesz

No. of distractors

differences in performance found in our experiments were caused
by species-specific differences in the peripheral visual system, we
additionally tested bumblebees with small targets (6deg visual
angle). This target size was shown to be at the lower threshold for
colour vision in bumblebees and thus corresponds to the colour
vision limit of a 15 deg visual angle in honeybees (Dyer et al., 2008;
Giurfa et al., 1996). We found performance differences among the
three tested groups: honeybees and bumblebees searching for 15 deg
objects and bumblebees searching for 6deg objects (distractors:
F>117=25.06, P<0.001; targets: F»g7=16.16, P<0.001; Fig.2). The
post hoc Tukey’s test revealed that both bumblebee groups
performed significantly better than the honeybee group (for both
groups: distractors: P<0.001; targets: P<0.001). There was no
difference in accuracy between the two bumblebee groups
(distractors: P=0.067; targets: P=0.904), indicating that differences
in the peripheral visual system cannot explain performance
differences alone.

Decision time

For all experimental groups, we analysed decision time, i.e. the time
a bee needs after entering the experimental box until she crosses
the decision line in front of the back wall (see Materials and
methods). Overall, we found that bumblebees took approximately
30% longer for their decisions than honeybees (731 5=6.95, P<0.001;
Fig.3). Increasing distractor number had no significant effect on
decision time (£3114=0.41, P=0.745; Fig. 3A), whereas an increase
in target number caused a small but significant decrease in decision
time (F376=10.65, P<0.001; Fig.3B). Decision time did not differ
between bumblebees searching for small or large stimuli (distractors:
F75=0.619, P=0.43; targets: F; 53=0.013, P=0.91).

We analysed the flight trajectories to estimate at what position
in time and space honeybees and bumblebees decide to approach
the target. Only flights where the target was placed at the most lateral
positions were analysed because under these circumstances the
strongest effect of deviation from a straight flight line between

4 s.e.m. (for statistics, see Results).

No. of targets

entrance and back wall can be expected (Fig.4A). Bumblebees were
found to fly slower than honeybees during most parts of their flight
(Fig.4B) and decide earlier in space to turn towards the target
(Fig.4A,C,D). Interestingly, although bumblebees decide earlier in
space, they decide later in time compared with honeybees (calculated
for the time point marked with an arrow in Fig.4A: honeybees:
0.61+0.21s; bumblebees: 0.80+£0.165; ¢13=—2.30, P=0.034).

Flight velocity

Both bee species accelerated shortly after departure and slowed down
during the approach of the back wall (Fig.4B); however, bumblebees
were constantly slower than honeybees (F} 99=105.67, P<0.001).
Honeybees speeded up to 8.2+1.2ms™!, whereas bumblebees
reached only a maximum of 5.4+0.6 ms™!. To exclude the possibility
that these differences in flight speed reflect a general species-specific
difference in flight behaviour between honeybees and bumblebees,
we analysed exploration flights. During these flights bees searched
for the target for the first time and thus had still not learned to
associate the position of the target at the back wall with a reward.
In this situation, flight paths could be allocated to three distinct
behavioural categories: flights just after entering the experimental
box, non-directional search flights and flights straight towards an
object (supplementary material Fig.S2). Flight speed among the
three categories differed significantly (£ 30=6.000, P=0.006), but
was not found to be different between the two species (F 30=0.166,
P=0.686; supplementary material Fig.S2A). Thus, the results
suggest that the difference in flight speed between honeybees and
bumblebees observed in our experiments is an active response to
the task to be solved rather than a species-specific limitation.

Target position in the visual field
The performance of honeybees and bumblebees was related to the
target position in the visual field (Figs 5, 6). Error rates were highest
when the target was presented in the upper row and lowest when
it was presented in the bottom row in honeybees (Friedman’s

Fig. 3. Effect of distractor number (A) and target

__._' . gg;g[ﬁ;’sz number (B) on decision times of honeybees (Hb,

—.—0—- Bbigrey/small  grey lines) and bumblebees (Bb, black lines).
Hb/grey Four experiments (N=10 for each except for
Hb/Julesz

bumblebees tested with the Julesz pattern,
where N=11) were conducted with large (15deg)
objects presented to honeybees and bumblebees
on either a grey background (grey) or a black-
and-white Julesz pattern (Julesz). In an
additional experiment, bumblebees had to search
for small (6 deg) targets presented on a grey

187 A 181B
—~ 1.64 1.6
L
)
£ 1.44 1.4 .
§ 1.2 1.2
]
3 1.0 1.0
(]
0.8 0.81
06— ; . . 0.6 .
0 1 3 8 1

No. of distractors

background (grey/small; N=10). Values are

2 4 means + s.e.m. (for statistics, see Results).

No. of targets
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Fig. 4. (A) Mean flight trajectories of correct
approaches to target (yellow) of bumblebees
(Bb) and honeybees (Hb) when the target was
presented at one of the lateral positions
(N=10; note that the figure shows only a
detailed view of the flight box). Blue line,
decision line; arrow, measuring point for flight
time comparison between the species (see
Results); straight lines, mean flight curve;
dashed lines, s.e.m. (Mann—Whitney U-test,
Bonferroni corrected: *P<0.05). (B) Mean flight
velocity of the bees when flying from the box
entrance (0cm) towards the decision line
(25cm). The velocity of each bee within five
consecutive sections (5cm width) was
measured (N=10; independent ttest,
Bonferroni-corrected: *P<0.05, ***P<0.001).
(C,D) Exemplary individual flight paths of two
bumblebees (C) and two honeybees (D),
which were used for the calculation of the
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mean flight trajectories. Each individual is
presented in one half of the figure; therefore
half of the flights are mirrored along the y-axis.
/1 Red dotted lines, decision points. Data are

/1 means + s.e.m.
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ANOVA: %%=17.64, P<0.001) and bumblebees (large targets:
1%=10.98, P=0.004; small targets: x%=18.24, P<0.001; Fig. 5). Also,
decision time was affected by target position in a similar way (Fig. 6).
In both species, decision time was significantly higher in foraging
flights when the target was placed in the upper row compared with
the middle or bottom row (bumblebees large target: %%»=19.78,
P<0.001; bumblebees small target: X22:16.63, P<0.001; honeybees:
¥%=29.32, P<0.001; Fig.6).

In summary, our results show that bumblebees are significantly
more accurate than honeybees, irrespective whether they search for
large or small targets (Fig.2). In contrast, honeybees were found to
be faster in making their decisions than bumblebees (Fig.3),
suggesting a speed—accuracy trade-off (SAT) in target detection with
species-specific strategies. Bumblebees thus seem to sacrifice speed
for accuracy, whereas honeybees attempt to optimise search time.
Furthermore, distractor number has a strong impact on error rate
and decision time in honeybees, which is a behavioural response
that meets the criteria of a serial search. In contrast, this effect is
only weak in bumblebees, suggesting a more parallel-like search.
However, in both species, search performance is significantly
affected by target position in the visual field (Figs S5, 6).

DISCUSSION
The different behavioural responses of honeybees and bumblebees
when searching for a target in a complex environment pose two major
questions: (1) what are the underlying proximate mechanisms of these
species-specific search performances and (2) can these differences
be linked to aspects of the species’ life history and ecology?

Proximate mechanisms
Bumblebees and honeybees show distinct differences in their search
performance when solving target detection tasks in a complex
environment, yet whether they use different information-processing

-5
Deviation from perpendicular line
(entrance — backwall) (cm)

0 5 10 15

mechanisms remains to be established. Regarding choice accuracy,
the performance of honeybees is strongly influenced by distractor
number and can therefore be described as a serial-like search (Fig. 2)
(Spaethe et al., 2006). In contrast, bumblebees’ performance is only
slightly affected by distractor number, which suggests a more
parallel-like search (Fig.2). In the second part of the experiment,
we increased target number while keeping total object number
constant. Both species showed improved search efficiency when
multiple targets were present, although bumblebees were
significantly less affected by target number (Fig.2B). However, it
is not the target number itself that explains the increased efficiency,
but the position of the target (Figs 5, 6). The more targets that are
present, the higher the probability that a target would be located in
the lower two rows. Consequently, error rate and decision time
decrease with an increase in target number because search improves
when targets are located in the ventral visual field. Nevertheless,
this implies that also the attentional mechanism deployed by
bumblebees permits no unlimited capacity for parallel object
processing as defined by Treisman and Gelade (Treisman and
Gelade, 1980). In the following, we propose two possible models
to explain our observations.

In our first model, both species possess similar processing
mechanisms. Honeybees and bumblebees sequentially scan the
visual field step by step, starting in the ventral part and moving
dorsally. The observed differences in error rate between species
come from different processing times: the higher flight speed of
honeybees allows only a short time for processing the visual
information, and as a consequence, error rate rises when more objects
must be scanned. Bumblebees, in contrast, fly slower, which allows
them to scan the visual field more thoroughly before they make a
final decision.

The second model assumes that the attentional focus is larger in
bumblebees than in honeybees, and therefore the species differ in
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Fig. 5. Position of the target plotted against the error rate in (A,B) bumblebees and (C) honeybees. The target was placed in the top, middle or bottom row.
In all three experimental conditions there was a significant difference in error rate among the three rows. (A) Bumblebees, 15deg targets (N=21; Friedman’s
ANOVA: P=0.004); (B) bumblebees, 6 deg targets (N=10, Friedman’s ANOVA: P<0.001); (C) honeybees, 15deg targets (N=20, Friedman’s ANOVA:
P<0.001). Asterisks indicate a significant difference between the indicated pairs (Mann-Whitney U-test with Bonferroni correction: *P<0.05; ***P<0.001).

their search mechanisms. The focus of bumblebees covers the entire
visual field but its centre faces the ventral part. We assume that
visual information within an attentional focus is processed in
parallel (Pashler, 1987; Treisman and Gormican, 1988; VanRullen
et al., 2007), and therefore the search in bumblebees allows for
parallel processing. Performance decreases only at the border of the
focus and thus leads to an increase in error probability in the top
row, a phenomenon that is also observed in human psychology
(Eriksen and St James, 1986; Estes, 1972; LaBerge and Brown,
1989). Honeybees, in contrast, have a smaller focus and therefore
show the typical scanning behaviour of a serial search (see the first
model).

As it is still not clear whether the dimension of attentional focus
differs between both species, further experiments are necessary to
determine critical focus size, for instance by gradually reducing the
search area until the search becomes parallel. Furthermore, it is still
uncertain whether the bees can indeed actively move their attentional
focus in a manner similar to humans (Eriksen and St James, 1986;
Theeuwes, 1991). Differences between the ventral and the dorsal
part of the frontal visual field have been described for colour and
pattern processing in the honeybee (Lehrer, 1999; Wehner, 1972),
and segregation is also found in higher neuronal centers such as the
mushroom bodies, where input from both parts of the visual field
are processed in different areas (Ehmer and Gronenberg, 2002).
These data suggest a fixed wiring of spatial information processing
in the bee brain rather than a flexible attentional focus. However,
during the last two decades, a series of experiments have shown
that bees are much more flexible in visual information processing
than previously assumed, and they can solve even complex tasks
when their attention is drawn to the critical features necessary for
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—

25 25
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solving the task (Dyer and Chittka, 2004; Dyer and Neumeyer, 2005;
Dyer, 2012; Giurfa et al., 1999; Giurfa, 2004).

The observed difference in decision time between species
(honeybees exhibited fast decisions but high fault rates; bumblebees
showed increased decision times but high accuracy) points to a SAT.
The difference in decision time derives from a significant difference
in flight speed (Fig.4B). Note that this speed difference is not a
species characteristic because both species fly with similar speed
during initial search behaviour (supplementary material Fig. S2), but
a voluntary choice of the honeybee to fly faster in this particular
situation. The bumblebees’ slowness, in contrast, allows them to
make their decision later in time but earlier in space, and thus at a
larger distance from the target (Fig.4A,C). Our results show that a
detailed analysis of flight parameters such as flight speed and flight
trajectories provides a useful tool to decipher the decision process
of bees during free flight and therefore helps to understand the
attentional processes underlying the different search behaviours. In
general, such analyses are common tools when asking questions
about visual processing in free-flying insects and have already been
used successfully in two of the widely used model species, 4pis
mellifera (Braun et al., 2012) and Drosophila melanogaster (Fry et
al., 2009).

Ecological demands
Both honeybees and bumblebees are confronted with a SAT during
foraging (Burns and Dyer, 2008; Chittka et al., 2003). Each worker
has its own individual strategy to solve the SAT: ‘impulsive’
individuals are fast and error prone, whereas ‘reflective’ individuals
make slow and accurate decisions (Burns, 2005; Chittka et al., 2009).
The adaptive value of the two strategies depends on the specific
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Fkk
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15
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Fig. 6. Position of the target plotted against the median decision time of (A,B) bumblebees and (C) honeybees. The target was placed in the top, middle or
bottom row. In all three experimental conditions there was a significant difference in decision time among the three rows (Friedman’s ANOVA: P<0.001 for
all three). (A) Bumblebees, 15deg targets (N=21); (B) bumblebees, 6 deg targets (N=10); (C) honeybees, 15deg targets (N=20). Asterisks indicate a
significant difference between the indicated pairs (Mann—-Whitney U-test with Bonferroni correction: *P<0.05; **P<0.01; ***P<0.001).
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foraging condition. Impulsive bees have a higher nectar intake rate
when errors are not costly in terms of time, e.g. when flower handling
time is short or the target flowers are numerous (Burns, 2005; Burns
and Dyer, 2008). Reflective bees benefit from conditions in which
blundering is time consuming, e.g. when the target flowers are
sparsely distributed and have to be detected among various
distracting flower types (Burns and Dyer, 2008).

Our results highlight for the first time the difference between the
SAT strategies of two eusocial bees. Although honeybees deploy a
more impulsive search, bumblebees are less risky and very accurate
in their choice. Here we will discuss some possible ultimate causes
for the species-specific search features, which may lay in the
evolutionary history and ecology of the two species.

Most bumblebee species live in the temperate zone, but the genus
Bombus is widely distributed, with species specialised to the
lowland tropics of South America (Michener, 2007). Nevertheless,
in our discussion we will focus on bumblebees of the temperate
zone, because B. terrestris is a typical species of this climate zone
and favours unimproved, flower-rich grasslands (Carvell, 2002). In
such habitats, resources are sparsely and evenly spread (Dornhaus
and Chittka, 2004a) and insects visiting flowers must put significant
effort in individual flower detection and identification. Bumblebees
are solitary foragers, and their decisions depend basically on their
own experience or public information (Kawaguchi et al., 2007;
Leadbeater and Chittka, 2007). They keep their personal foraging
rate high by regularly probing unfamiliar flowers (Heinrich, 1979)
and abandoning food sources shortly after the first signs of a possible
nectar depletion (Townsend-Mehler et al., 2011). The reflective SAT
strategy (slow and careful search) favoured by B. terrestris therefore
helps minimise the risk of missing target flowers, allows for
sufficient information to be collected about the particular foraging
situation and probably enables individual bees to search for several
flower types in parallel. This type of information processing is thus
especially advantageous when foraging on meadows with high
flower diversity, confronting the bees with a patchwork of rewarding
and unrewarding flowers of various sizes, shapes and colours.

Honeybees, however, evolved in the tropics, where food sources
are scarce and highly clustered (Donaldson-Matasci and Dornhaus,
2012; Dornhaus and Chittka, 2004b). They must compete for these
resources (e.g. blooming trees) with other mass-recruiting nectar
foragers, which led to a complex communication and efficient food
collection system (Seeley, 1995). The impulsive SAT strategy (fast
and erroneous search) of honeybees is efficient in such foraging
conditions: accuracy provides no advantage when foraging in the
middle of a tree full of identical blooming flowers. Instead,
honeybees may profit from accurate flower discrimination, because
fine colour differences between flowers on a blooming tree provide
information about the flowers’ age and thus their rewarding status
(Giurfa and Nufiez, 1992; Nuttman et al., 2006; Weiss, 1995). It
has previously been shown that the honeybees’ visual system allows
the perception of colour differences on a fine scale and greatly
outperforms the colour vision system of B. terrestris in this respect
(Dyer et al., 2008). Future studies focusing on comparisons between
temperate and tropical bumblebee species may provide further
evidence for environmental-specific adaptations of the visual
processing system and at the same time avoid the problem of
comparing between different genera.

In summary, honeybees process visual information in a serial-
like search, whereas bumblebees use a (restricted) parallel-like
search. These contrasting search types can probably be explained
best by the different sizes of the attentional focus. Although
honeybees move a small spotlight step by step over the search area,

bumblebees perceive important visual information in parallel
through their enlarged focus size. On the one hand, careful (yet time
consuming) parallel search in bumblebees most likely reflects an
ultimate adaptation to the low frequency of rewarding flowers within
a bulk of sparsely scattered flowers during foraging. On the other
hand, a quickly conducted serial search, as found in honeybees,
enables foragers to compete for rare and clustered food sources.

The species-specific differences identified in our study clearly
show that the ecological context and hence foraging strategy of a
species has a strong impact on the mechanisms of visual information
processing. Bumblebees comprise more than 250 species (Michener,
2007), living in almost all terrestrial habitats from the tropics to the
Arctic, and thus constitute a promising taxon for future studies to
deepen our understanding of the interplay between the visual search
mechanisms and ecological demands of a species.
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