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Summary

The present study used previously developed techniques generated from the performance data, and acuity
to measure resolution acuity in bumblebees Bombus thresholds were interpolated at a performance level of
impatieny. Bees were required to discriminate between 65% correct. When corrected for viewing distance, best
horizontal and vertical gratings in a Y-maze apparatus. angular acuity obtained for horizontal and vertical
The gratings had a mean luminance of 9cdm and a  gratings was 0.35 and 0.36 cyclesdegrée respectively.
Michelson contrast of 84 %. For different bees, either the These results are compared with those of the honeybee and
horizontal or vertical grating was rewarded. Rewarded discussed in the context of the bumblebee’s foraging
gratings were associated with a sucrose and water solution behaviour.

(30% sucrose by volume) and unrewarded gratings with

plain water. Acuity estimates were established at several

different viewing distances over several sessions using a Key words: bumblebee, vision, acuity, resolution, discrimination,
method of constant stimuli. Visual acuity functions were Bombus impatiens.

Introduction

While all insects have compound eyes, their designs vamgrobably useful for foraging on different flower types and for
substantially in ways that may influence visual acuity. Amongeducing the effects of blur when moving through the
other things, the dimensions of the ommatidia, theenvironment (Land, 1989; Land, 1997).
interommatidial angle and the presence and location of a foveal A bee’s natural environment is rich with visual cues that can
region all influence visual resolution (Land, 1997). Dafni andoe exploited for a number of purposes, including the location
Kevan (Dafni and Kevan, 1995; see also Dafni et al., 1997gnd identification of food sources, navigation and mating. On
have suggested that the differential designs of insect eyé#ise basis of the evidence presented above, it is reasonable
might represent adaptations to different kinds of habitat. to argue that the environmental limitations (e.g. photic

The use of an adaptive approach to explain the structure andnditions, mating and foraging requirements) experienced
function of an organism’s visual system has been particularlgy honeybees and bumblebees may have influenced the
informative for many different insect species (Land, 1997)development of their respective visual systems. While many
The evolutionary solution to the relatively poor resolutionsimilarities exist between these pollinators, there are also some
conferred by the design of the compound eye has been tdédferences. For instance, bumblebees and honeybees differ in
development of regions of high acuity or ‘acute zones'their foraging strategies and preference for certain flower
consisting of densely packed ommatidia with larger facets. Atypes. Honeybeeg\pis melliferg prefer radially symmetrical
analogous structure in vertebrates is the fovea. The location fdéwers over bilaterally symmetrical ones (Free, 1970). This
these foveae or acute zones tends to correlate with tlpeeference is reversed for bumblebdgsnibusspp.) (Leppik,
ecological limitations experienced by different insects (Land1953; Leppik, 1972; Lunau, 1991). Bilaterally symmetrical
1997; Land and Eckert, 1985). For example, among sexualfjowers are more complex, with greater visual detail (e.g.
dimorphic species, the anterodorsal acute zone sometimesntour, shape, etc.) than radially symmetrical flowers, and a
observed in males has been implicated in the sexual pursuit wiual system with better resolution may be required to discern
females (Stavenga, 1992; van Praagh et al., 1980; Zeil, 1983is additional detail (Neal et al., 1998). Because these
Among non-dimorphic species, such an acute zone servesparate foraging strategies are thought to influence visual
predation (Sherk, 1978). For fast-moving, foraging insectsabilities, it is possible that bumblebees differ from honeybees
such as honeybees and butterflies, the acute zone tends toirbéheir visual acuity.
located anteriorly. This frontal, equator-centred fovea is Although there is a large literature describing different
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aspects of vision in honeybees, few comparative data a Entrance
available for other hymenopteran insects. With respect t
bumblebees, many studies have examined their foragir
strategies (see Heinrich, 1979), but there are no data on th
visual system and visual capacities. We have taken the first st
in rectifying this situation by measuring their resolution acuity.

Estimates of spatial resolution acuity in insects have
been made using a variety of methods. These include (
anatomical, measuring the interommatidial angle and len
diameter to calculate potential acuity (Land, 1997); (ii)
neurophysiological, recording the responses of visual neuron
in the optic lobe and related visual structures to visual targe
(Catton, 1998; Catton, 1999); and (iii) behavioural, using tht |||||

Decision chamber

optomotor reflex or a free-flying discrimination task (Goétz,
1965; Srinivasan and Lehrer, 1988). Although behavioure
estimates of acuity correlate well with physiological ones . o
few studies have used such an approach to measure aCLF|g. 1. Schematic view of the apparatus shown from above.
in insects. Further, while anatomical and physiologica
measurements may provide a theoretical estimate of visuahd 20.5cm long. The tunnel arms were 31.5cm wide and
performance, behavioural measurements provide a#0.5cm high, and their length was determined by the
assessment of the overall capacity of an insect’s visual systeronditions of the experiment. The stimuli were a series of
and the extent to which it may use the information available tblack-and-white square-wave gratings with linear spatial
it. frequencies ranging from 0.286 to 1.42cycleskmThe
Srinivasan and Lehrer (Srinivasan and Lehrer, 1988angular spatial frequency was determined by the distance from
obtained behavioural estimates of visual acuity of honeybedhe entrance to the tunnel arms to the stimuli. In the main part
by exploiting a natural free-flying response that is of practicabf the experiment, the bees were tested at three distances: 20,
significance in foraging. They use® amaze in which the bees 30 and 40cm. The mean luminance of the gratings was
were required to make a visual discrimination between tw® cdnt2, with a Michelson contrast of 84 %. They could be
patterns, horizontal and vertical square-wave gratings. Usingaiented either horizontally or vertically and were mounted in
performance criterion of 65 % correct, they obtained an acuitg black Plexiglas frame that filled the tunnel. A central 19cm
estimate of 0.26 cycles degréeln the present study, we used square aperture directly behind a sheet of transparent
a similar techniqgue to measure resolution acuity irultraviolet-transmitting Plexiglas allowed a view of the
bumblebees. By adopting the procedure of Srinivasan argtatings. In the centre of each display window there was a 5cm
Lehrer (Srinivasan and Lehrer, 1988), we hoped to obtain dasguare ledge. These allowed for the placement of small Petri
that could be compared directly with those on the honeybeedishes that contained either sucrose-water (30% sucrose by
volume) for the positive stimulus or plain water for the
negative stimulus.

Materials and methods
Subjects Procedure

Eight bumblebeesBpombus impatien€resson) maintained During preliminary training, bees entered the decision
in an indoor hive were trained to collect food from anchamber through the wire mesh tubing and simultaneously
experimental apparatus. Foraging bees were marked withewed horizontally and vertically oriented gratings placed at
different colours of the correction fluid Liquid Paper and werdhe entrance to each tunnel. Gratings with the lowest spatial
tested on an individual basis. For this experiment, bees frofrequency, 0.286 cycles chy were used. Initially, bees were
five different hives were used (Biobest & Koppert, Canada). trained to enter the decision chamber by placing a Petri dish

containing sugar-water at the end of the wire mesh tubing. As
Apparatus and stimuli training progressed, bees were transferred to a spatial two-

The apparatus was constructed from transparent, ultravioletternative forced-choice discrimination task. In the horizontal
transmitting Plexiglas to allow illumination across the full condition, four naive bees were rewarded for visiting the
visible spectrum of the bees (Menzel and Backhaus, 1989). librizontally oriented gratings, and in the vertical condition
consisted of ay-maze with two tunnels branching from a four naive bees were rewarded for visiting the vertically
decision chamber (see Fig. 1). Bees entered the decisiamiented gratings. The positions of the positive and negative
chamber through a small aperture 2.5 cm in diameter connectetimuli were randomly changed from trial to trial to prevent the
to the hive by a short length of wire mesh tubing. A gatingstimuli from becoming associated with the left or right maze
system within this tubing allowed us to test bees individuallytunnel. In addition to reducing the usefulness of olfactory cues
The decision chamber was a box 41.5cm wide, 40.5cm higby presenting the positive stimulus an equal number of times
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in each tunnel, the entire apparatus was thoroughly clean $ 100
. . o

between blocks of trials and between sessions. S 9

Once the bees were visiting the appropriate stimuli at th §
tunnel entrances consistently, the stimuli were moved bac = 80
to a distance of 15cm from their respective tunnel entrance § 70
The 0.286 cyclescm gratings were used first, providing an o 60
angular spatial frequency of 0.075 cycles detfieBees were g 50
tested individually by using the gating system described abov o
A trial began once a bee entered the decision chamber. Be & 0
flew through the maze when making their choices. We use 61 2 3 45 6 7 89
several behavioural criteria to record the bees’ choic Training session number

behaviour. The initial choice of the right or left tunnel wasgig > preliminary training: discrimination performance as a
defined as the point at which the bee crossed the demarcatifunction of the number of training sessions for horizontal (open
line between the decision chamber and the tunnel. The trial wsymbols) and vertical (filled symbols) positive conditions. Values are
terminated once the bee landed on one of the Petri dishes, éemeans + Is.e.m. (N=8).
this was termed the final stimulus choice. On some trials, be:
failed to land on the feeder on their initial choice and madsimilar to that of the group, and because there were no
several passes through the maze. Such choice behavior wihfferences between the horizontal and vertical conditions, the
recorded as intermediate tunnel choices. Response biases weata from all the bees in both the horizontal and vertical
dealt with by using a correction procedure in which positiveconditions were averaged. Most of the bees required
stimuli were placed on the non-preferred side until the beapproximately seven sessions to reach criterion.
responded appropriately, typically in 6-10 trials. Correction
trials were excluded from the data analysis. Acuity estimates

The bees were trained at the initial viewing distance for As described in the Materials and methods section, three
20-25 trials per session and were required to reach separate choice measures were recorded: initial tunnel choice,
performance level of 80% or higher over three consecutiveitermediate tunnel entries and final stimulus choice. These
sessions before they advanced to the testing phase. After ealdia were analysed separately. The final stimulus choice
bee had achieved criterion on the training pattern, formashowed uniformly high performance levels regardless of
threshold measurements were begun. The bees were testediawing distance or spatial frequency. This suggests that the
three different viewing distances, 20, 30 and 40cm. The orddérees were obtaining information about the orientation of the
in which they were tested at these viewing distances wagratings during their initial tunnel choices and using that
selected randomly. information to guide their final decision to approach the

A method of constant stimuli was used to obtain thresholdewarded stimulus. This relationship was so strong that, as
estimates. For each of the viewing distances, five spatigé¢sting progressed, bees made very few intermediate tunnel
frequencies were chosen that spanned the ranggoices. For this reason, all subsequent analyses were carried
0.1-0.5cycles degrek It was expected that this would include out using only the initial tunnel choice data.
the threshold value. The order of presentation of these gratingsFor each bee, we plotted the total percentage of correct
was randomized, and the bees were given four trials at eachoices as a function of the grating spatial frequency. Fig. 3
frequency until all five gratings had been presented. Withishows these functions, averaged across bees, for the linear and
each session, bees completed 8-12 trials at each of the fiamgular spatial frequencies and for the horizontal and vertical
spatial frequencies. Testing at each viewing distance continuednditions, plotted separately. Each of the panels shows that
over several sessions until the bee had accumulated a totalpsfrformance declined as the spatial frequency increased,
at least 32 trials for each spatial frequency. leveling off at the chance level of 50%. When the data are
plotted as a function of linear spatial frequency (Fig. 3A,B),
performance on each grating was systematically poorer as the
viewing distance was increased. However, once the correction

Preliminary training had been made for viewing distance, by plotting as a function

All the bees learned the initial discrimination training taskof angular spatial frequency (Fig. 2C,D), the curves
with the 0.286 cycles cm grating efficiently. Fig. 2 shows the overlapped, indicating that the bees’ behaviour was under
percentage of correct visits plotted as a function of the numbstimulus control and that their responses were determined by
of training sessions. The results of a two-way analysis dhe visibility of the gratings.
variance (ANOVA) revealed a significant main effect for To obtain a threshold estimate, best-fitting sigmoidal
sessionsKg 54~33.26,P<0.001). However, the main effect for functions were applied to the data, and thresholds were
orientation of training patterriF{ 54=2.63, not significant) and interpolated as the spatial frequency corresponding to the 65 %
the interaction term Hgs4=0.43, not significant) were not correct level. This value was chosen to provide a direct
significant. Because the performance of individual bees wasomparison with the data of Srinivasan and Lehrer (Srinivasan

Results
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and Lehrer, 1988). The pattern of results was similar for botbn memory to determine their choice following their initial
the horizontal and the vertical conditions. For each of théunnel choice, any effect of memory would tend to enhance the
viewing distances for both the horizontal and verticalacuity estimate. Thus, it is possible that the difference between
conditions, the interpolated thresholds fell between 0.35 anldoneybee and bumblebee acuity might be greater than
0.36 cyclesdegreé. The thresholds calculated for individual suggested here if they were tested under identical conditions.
bees were all very close to the group average, as indicated byif the differences in acuity between the bumblebee and
the small standard errors in Fig. 3. honeybee are valid, then it is appropriate to consider what
factors might account for them. Unfortunately, there are no
available data on the structure of the bumblebee eye, so the
Discussion following account must be considered to be speculative. One
The data suggest that bumblebee resolution is approximatghpssibility is that the acuity differences are a simple
25% better than that of honeybees (Srinivasan and Lehrerpnsequence of size differences between the two species.
1988). This estimate may be a conservative one, howeveRecently, Zollikofer et al. (Zollikofer et al., 1995) examined
Although the general procedures between these two studid®e influence of body size variation on the optical properties of
were similar, there were two differences that may haveonspecificCataglyphisants. They found that, with up to a
influenced the final acuity estimates in each study. First, whilevofold variation in head size, the extent of the visual fields
the luminance contrasts of the stimuli of Srinivasan and Lehreemained constant. This was accomplished by ommatidial
and our stimuli were almost identical (82.7#sus34 %), the  scaling changes. While the larger ants had more ommatidia,
mean luminances were different (e.g. 46.4cémwersus the interommatidial angles were reduced proportionately,
9cdnt?). The effect of decreasing luminance levels is togiving a constant field of view. A direct consequence of this
produce a similar decrease in acuity estimates (Pick argtaling is that the smaller ants have a lower visual acuity than
Buckner, 1979). Thus, the luminance difference between thihe larger ones. Although honeybees and bumblebees are not
two studies would favour higher acuity estimates in theconspecific, their similar ecological limitations suggest broadly
honeybee. As mentioned above, it was clear that thsimilar optical requirements, although the details might differ.
bumblebees were using information from their initial choice tdf their visual fields are similar, then the higher acuity of the
make subsequent tunnel choices, so our choice criterion wasmblebee would follow directly.
the initial tunnel visit. Srinivasan and Lehrer (Srinivasan and Our data are neutral with respect to the presence and location
Lehrer, 1988), however, measured the probability that a bes an acute zone. However, given their performance, it seems
would enter the tunnel containing the correct stimulusreasonable to assume that bumblebees do have a foveal region
Although there is no indication that the honeybees were relyingomparable with that of honeybees. As described above, the
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resolution of a compound eye is increased by establishing guides. Therefore, in the natural setting, an acuity level of
acute zone of densely packed ommatidia (e.g. smallér.35-0.36 cycles degreewill serve bumblebees well when
interommatidial angles) with larger facets and high acuityforaging.

(Land, 1989; Land, 1997). In the honeybee, the

interommatidial angle in this region is 2.1° in the horizontal We thank John Orphan, who assisted in the design and
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same optical organisation, a larger eye is likely to have larger

facets and confer superior optical resolving power (Zollikofer
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