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Bumblebee search time without ultraviolet light
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Summary

Bees often facilitate pollination of important greenhouse the bumblebees rapidly learn to find model flowers with
crops. Individual bumblebees Bombus terrestriswere  equal efficiency in either illumination environment. The
therefore tested in an indoor flight arena to evaluate behavioural results are interpreted in relation to a
whether or not search time to find flowers was influenced colorimetric analysis showing how bumblebees are
by the inclusion or exclusion of ultraviolet radiation. capable of using their visual system to forage efficiently in
Plastic model flowers of similar spectral properties to environments that exclude ultraviolet radiation.
flowers of tomatoLycopersicon esculenturiviill. were used
to evaluate bee search efficiency. The results show that
bumblebees perceive when ultraviolet radiation is either Key words: ultraviolet, vision, foraging efficiency, greenhouse,
removed or added to an illumination source; however, bumblebeeBombus terrestris.

Introduction

BumblebeeBombus terrestrire important pollinators of ultraviolet-transmitting plastic the mean activity of individual
angiosperms and use their colour vision both to detect flowetsimblebeedBombus impatiengvas 4.82+0.37 trips per day,
(Spaethe et al., 2001) and to choose between flowers (Chittkailst in commercial greenhouses that excluded ultraviolet
et al., 1997). Hymenopteran insects including bumblebeesdiation the activity averaged 2.37+0.37 trips per day.
perceive ultraviolet radiation (Kevan et al.,, 2001), whilstincreased activity in greenhouse environments that transmit
human vision is not sensitive to ultraviolet radiation becauseore ultraviolet radiation has also been reported for several
of the absorption of wavelengths shorter than about#®@y  other species of insects (Antignus et al., 1996; Costa and Robb,
ocular filters (Muntz, 1972; Dyer, 2001). The sensitivity 0f1999; Costa et al., 2002). However, in a study using miniature
bees to ultraviolet radiation raises the question of whether greenhouses in a tightly controlled environment Morandin et
not illumination conditions that exclude ultraviolet might al. (2002) did not find that bumblebees were more active under
affect the efficiency with which bees can use their vision tdiigh UV-transmitting coverings.
detect flowers. For example, bumblebees are important To estimate the number of bumblebees required to pollinate
pollinators of commercial crops contained within greenhousegreenhouse crops efficiently it is important to understand the
(Banda and Paxton, 1991; Kevan et al., 1991), and thability of individual bees to operate visually under conditions
ultraviolet transmission characteristics of different materialsvhere ultraviolet radiation is excluded from the foraging
used to cover greenhouses are highly variable (Morandin et abnvironment. Spaethe et al. (2001) showed that search time is
2001c, 2002). an important parameter for the efficiency with which the bees

One important example of a greenhouse crop is the toma#re able to make visits to flowers. For large flowers, search time
Lycopersicon esculentulstill. (Morandin et al., 2001a—c). The correlated well with colour contrast, whilst for small flowers
pollination of tomato plant flowers requires the agitation ofsearch time was more likely to be explained by green receptor
flower anther cones to release pollen (Buchman, 1983) armmbntrast (Spaethe et al., 2001). The spectral signal reflected by
efficient pollination is achieved either by the use of electroni@ flower to a bee’s eye is the product of the spectral properties
vibrating systems (Picken, 1984), or more recently by the usef the flower's pigments and the spectral quality of the
of bumblebees (Banda and Paxton 1991; Kevan et al., 199fdiation source illuminating the flower (Kevan and Backhaus,
van Ravestijn and van der Sande, 1991). 1998). It is thus important that bees are able to discount

There is evidence that bees perceive changes in tledficiently any effects of changes in illumination colour,
ultraviolet content of illumination. For example, Morandin etotherwise the value of having colour vision could be
al. (2001b) found that in commercial greenhouses fitted witkompromised (Dyer, 1998). It has been demonstrated that bees
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have the ability to make a correction for changes ir 10 A
illumination colour (Neumeyer, 1981; Werner et al., 1988), ¢
phenomena termed colour constancy. However, it is likely the
the mechanism(s) of colour constancy is imperfect in bee
(Dyer, 1998, 1999; Dyer and Chittka, 2004), and it is importan
to understand how the bee’s visual system might deal with tt
exclusion of ultraviolet radiation from an illumination source.
This study evaluates bumblebee efficiency at finding mode
tomato flowers in ultraviolet-rich (UV+) and ultraviolet-poor
(UV-) illumination conditions, and the results are interpreted ir
relation to a colorimetric analysis of the experimental variables 200 350 400 450 500 550 600 650 . 700
Most commercial crops are planted with a single species in
greenhouse (e.g. Morandin et al., 2001a) and this study consid:
search efficiency for a single type of flower rather than the abilit
to choose between flowers of different coloration.
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Materials and methods
Foraging environment

Experiments were conducted in a controlled light laboraton
in the Bee Research Station at Wuerzburg Universit
(Germany). BumblebedBombus terrestris. were housed in
a two-chamber wooden nesting box (28x16cmx11cm)
connected with a Plexiglass tube to a flight arene
(120cmx100cmx35cm). Pollen grains were provided directly
into the nest. The flight arena had an ultraviolet transparel
Plexiglass cover. Shutters in the connecting tube controlled b
movement into the arena. To allow familiarization with the
arena the shutters were initially set to an open position and
glass feeder was placed at random coordinates within tf
arena. Bees were captured at the feeder and marked witF
small plastic number on the thorax. =

lNlumination was provided by six Duro-test ¥0 True-Lite Model V) \ — Model V=)
tubes and one Osram 96 Blacklight tube mounted 11&m il
above the arena floor (tube frequency converted to H200
lllumination was diffused by a Rosco 216 white diffusion
(ultraviolet transmitting) screen (Rosco, Germany). For ai E(UV) E@©)
UV+ environment the illumination was not filtered, and for an
UV- environment an Arri 226 (Munich, Germany) ultraviolet-
blocking filter covered the illumination. Spectral irradiance
of these the sources was measured with an Ocean Opti
(Dunedin, FL S2000, Dunedin, FL, USA) spectrometer relative
to a calibrated deuterium/halogen radiation source (DH-200Gig 1. colour stimuli and illumination sources. (A) Spectral
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CAL) (Fig. 1A). irradiance of the UV+ (thin line) and UV— (bold line) illumination
o sources. (B) Spectral reflectance of a tomato plant flower (broken
Flower colour for bumblebee vision line), an artificial model flower (bold line) and the green foraging

Spectral reflectance of a freshly opened tomato flower webackground (thin line). (C) Colour loci of stimuli in a colour
measured using the Ocean Optics spectrometer IBjg.A hexagon assuming adaptation of the visual system to the green
variety of plastic yellow surfaces were also tested to find background colour in the UV+ and UV- illumination conditions. E,
surface that had similar spectral reflectance properties to tlexcitation; B, blue; G, green; UV, ultraviolet.
tomato flower. A plastic yellow flooring tape (Tape Pacific,

NSW, Australia) had similar spectral characteristics to theshaped model flowers with a maximum distance cmg®
yellow tomato flower, including ultraviolet reflectance between the opposing points.

(Fig. 1B), and was used to make model flowers. This was done To represent the colour loci of the tomato and model flower
by attaching the tape to a thin plastic surface and using a punitha colour space for the two illumination conditions a hexagon
to make 15nm diameter model flowers, or hand cutting star-colour space was used (Chittka, 1992).
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The relative amount of light absorbed by each photoreceptteinding on the first flower, and then the search time to find

class is given by: subsequent flowers was measured. To exclude the distance
variability introduced by the random positioning of triangle in
650 the arena, the time it took from leaving the first flower until
P=R S(A)I(A)DA)dA, 1) X ’ g el
300 landing on the second flower was statistically evaluated

. e (Spaethe et al., 2001).
where S(A) is the spectral sensitivity of the bumblebees’

(ultraviolet, blue or green) receptor class (Peitsch, 1909), Experiment 1: 28nm star model flowers

is the spectral reflectance function of the stimulusafiq is Five bees were individually tested to evaluate efficiency at
the spectral distribution of the illuminant when converted Ginding 26mm star model flowers. Each bee was tested in the
relative photon flux. _ o _ UV+ illumination for 10 bouts, and then in the UV-
The variableR is the adaptation coefficient, which assumesjjjymination for ten bouts. To measure search efficiency the
adaptation to the green painted backgrousyj ( flight times between the first and second flower within the
650 equilateral triangle were compared for the UV+ and UV-
R=1/ SA)Is(A)DA)AA, (2)  illumination conditions. Data for search efficiency was
300 analyzed for the last five bouts of each illumination condition,

so that the bees had an opportunity to familiarize themselves
with the condition.
To measure the bees’ perception of illumination change, the
E=P/(P+1). (3) search time to the first flower within the triangle was also
L - valuated. Whilst this introduces a variable of distance, search
Coding is performed by two unspecified colour opponent; , .
. . ime for the first flower tests whether or not the bees perceive
mechanisms and colour distance can be calculated as the . . o o
. : . - a change in flower colour when illumination conditions
Euclidean distance between stimuli loci in colour SPace, - oe
(Chittka, 1992). ge.

Loci were calculated considering that the bees’ Vis“atxperimentz: 1%nm model flowers

system was adapted to the green background sudh éogials In this experiment we used 1dm model flowers to evaluate

0.5 in each photoreceptor (Equati®n The excitation of each the bees’ search efficiency. Ten bees were evaluated and the
photoreceptor can vary between 0 and 1.0, and so the : N - .
. . . sequence order of illumination conditions being tested was
maximum contrast in the green photoreceptor is 0.5 (Spaethe . : . .
: reversed for five of the bees. This tested if bees perceive an
et al., 2001). The colour contrast that a flower makes with th e . .
fb;mmanon change when ultraviolet was either added or
background ranges from 0 at the centre of the hexagon to 1, S ; , .
) i removed from the lighting environment. The bees’ perception
at the corners of the hexagon (Chittka, 1992; Spaethe et al, o > " :
of a change in illumination conditions was evaluated with the
2001). . ) .
_ search time to find the first flower.
Search time To measure search efficiency the flight times between the
To evaluate search time for model flowers we used a simildirst and second flower within the equilateral triangle were
methodology to Spaethe et al. (2001), testing one bee at a tinetempared for the UV+ and UV- illumination conditions. Data
Three model flowers were presented in the arena arrangedfor search efficiency were analyzed for the last five bouts of
the corners of an equilateral triangle shape with a side leng#ach illumination condition, so that the bees had an opportunity
of 30cm. In each foraging bout the triangle position wasto familiarize themselves with the condition.
randomly located on the arena floor, and between each bout
the flowers and floor were washed with 30% alcohol to
eliminate any use of olfactory cues. A {1I5drop of 2mol I-1 :
sucrose solution was placed in the center of each model flower. Colorimetry
A digital timer was used to measure the flight time from when Fig. 1B shows the spectral reflectance of a tomato plant
a bee started foraging until a flower was landed on. Time spefibwer, the painted green background and a model flower. The
on flowers drinking the sucrose solution was excluded. Aftespectral characteristics of the model flowers are similar to
a bee had visited all three flowers it was then fed using tnmato flowers in that both reflectance curves may be classified
micropipette at one of the model flowers until satiated, at whichs reflecting ultraviolet radiation, absorbing blue radiation and
stage it returned to the nest box and the foraging boutflecting green radiation. FigyC shows the loci of tomato and
concluded. model flowers under UV+ and UV- illumination conditions.
Each bee was tested for a total of 20 bouts, ten bouts in ofidere is a shift of 0.08 hexagon units in the loci of the model
illumination condition and ten bouts in the alternativeflower, predicting that the bees’ visual system is not capable
illumination condition. The illumination was changed at theof fully correcting for the illumination change (see Dyer,
completion of the 10th foraging bout when the bee had998). Tablel shows that both the colour contrast and
returned to the nest box. In each bout the search time ftine green contrast remain consistent for the model flower

The transduction of photoreceptor absorptinifto receptor
excitations E) is given by:

Results



1686 A. G. Dyer and L. Chittka

Tablel. Colour contrast and green contrast of tomato and 100
model flowers under ultraviolet rich (UV+) and ultraviolet

poor (UV-) illumination conditions
Colour contrast Green contrast
Tomato Model Tomato Model
Uv+ 0.191 0.106 0.113 0.255
uv- 0.198 0.112 0.112 0.254
Ratio (UV—/UV+) 1.036 1.054 0.988 0.996

when ultraviolet radiation is excluded from the foraging
environment. A similar result is obtained for the tomato flower
and this indicates that the ability of the bees’ visual system t
detect model and tomato flowers is predicted to be independe
of whether or not the plastic covering material on a greenhou:
transmits ultraviolet or not.

=
o
o

90 Uv+ uv-
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Experiment 1: 28nm star model flowers

Five bees were tested for their ability to find flowers in &
UV+ environment, and then in an UV— environment. B#.
shows the search time required to find the first flower in th
equilateral triangle over the course of 20 foraging bouts. Th 0 10 20
bees also made a number of abortive flights (bees approact
a model flower but did not land on it) immediately following
the illumination change. In the five bouts before the
illumination change there were no abortive flights by the five
bees, but in the bout following the illumination change bee
made several abortive flights (meas.e2m. = 3.6+0.3,N=5).
The reaction of the bees clearly shows that the change
illumination was perceived as there is a sevenfold increase
mean search time for the 11th foraging bout. This increase
search time for the 11th bout was likely to be mainly becaus
of flights where bees approached flowers but did not to lan
However, the increase in search time does not remain high f Foraging bout number
subsequent foraging bouts (F&A) and it appears that the

bees quickly learn to find the model flower in the changefFig. 2. Search time for bumblebees to find the first flower in the flight
illumination conditions. arena during a 20-bout evaluation of foraging efficiency.

lllumination conditions were changed just prior to the 11th foraging
bout. Five different bees are used in each of the three test conditions;
values are means &£.M. (A) Mean data for five bees searching for

Search time for first flower (s)
a1
o

To exclude the variability introduced by the random
positioning of the first flower the search times between the 1
and 2nd_fl0we_rs were evaluatgd (Spaethe et al., 2003)' T‘26mm star shaped model flowers initially in UV+ and then UV-
search time in the UV_+ _e_nVIronm_ent (meanswm. = conditions. (B) Mean data for five bees searching fomirb model
3.3+0.2s,N=5) was not significantly different from the search fiowers initially in Uv+ and then UV~ conditions. (C) Mean data for

time in the UV- environment (means£.M. = 3.2+£0.25,N=5)  five bees searching for 1m model flowers initially in UV— and
(paired samplestestN=5, t=0.910, d.f.=4P=0.414). then UV+ conditions.

Experiment 2: 15nm model flowers

Five bees were tested first in a UV+ environment and theso that initial testing was in UV- illumination, followed by
a UV- environment. Fi2ZB shows the bees’ search time for UV+ illumination. Fig.2C shows that the bees also perceive
the first flower in the equilateral triangle over the course of 2this change in illumination conditions as the search time
foraging bouts. There was a 13-fold increase in the meashowed a sevenfold increase in search time for the UV+
search time for the first flower immediately following the environment. As with the results for experiments described
switch from the UV+ to UV-— environment. However, the above, the bees quickly learn to operate in the changed
search time in subsequent bouts shows that the bees quicklymination conditions (Fig2C).
learn to operate in an UV- environment (A8). To compare the efficiency for finding the dbn flowers the

A separate group of five bees was tested in the reverse ordgarch times in a UV+ environment were grouped (mean *
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S.E.M. = 4.3+0.55,N=10) and compared to the search times forare similar in UV+ and UV- conditions (Taklg. A variety of
finding flowers in a UV— environment (mean stem. =  studies have evaluated the merits of using greenhouse
4.6+0.6s, N=10). These results were not statistically coverings that have the ability to transmit ultraviolet radiation.
significantly different (paired samplédestN=10, t=—0.487, For example, Morandin et al. (2002) found that greenhouses
d.f.=9, P=0.638). This is in agreement with the findings ofwith UV+ coverings were less likely to suffer from the loss of
experiment 1 that bumblebee search efficiency is not affectdsimblebees through vents than greenhouses with UV-
by the presence of a UV+ or UV- illumination environment,coverings. This is probably because when UV- coverings are
at least for the stimuli tested here. used the UV+ vents make a higher colour contrast and the bees
may exhibit positive phototaxic behavior towards the UV+
_ _ (Morandin et al., 2002). There is some evidence to suggest that
Discussion in UV+ environments bees are more active (Costa and Robb,
Over the past decade the use of bumblebees has becof899; Morandin et al., 2001b; Costa et al., 2002), although this
important for facilitating the pollination of crops in greenhousesvas not found in the Morandin et al. (2002) study. The
(Banda and Paxton, 1991; Kevan et al., 1991). Several studipessibility that bees might not forage as efficiently in UV—
have observed that insects appear to be less active whenvironments (Morandin et al., 2001b) is likely to be because
greenhouses are covered with a material that reduces thees are attracted to any UV+ conditions, so in large
transmission of ultraviolet radiation relative to other wavebandgreenhouses with UV— coverings bees seek out any UV+
of visible light (Antignus et al., 1996; Morandin et al., 2001b;illumination sources (such as vents). However, when UV is
Costa and Robb, 1999; Costa et al., 2002). Fighows that totally excluded from the foraging environment the ability of
bumblebees perceive a change in colour when the ultravioleees to use their visual system to find flowers is not adversely
content of the illumination source is altered. This finding isaffected.
consistent with studies on the perception of light environments _
that are UV+ or UV- for other ultraviolet-sensitive animals such Conclusion
as avians (Bennett et al., 1996, 1997; Church et al., 2001). ForThe results of the current study show that, whilst
example, Church et al. (2001) report that zebra fincheSumblebees perceive a change when ultraviolet radiation is
Taeniopygia guttatexhibit different foraging behaviour when either included or excluded from an illumination source, the
ultraviolet is excluded from the available illumination and argueefficiency with which bumblebees use their vision to find
that this demonstrates that these birds must not have perféctportant greenhouse crop flowers is not affected by the type
colour constancy. In this current study the bumblebees perceivefl greenhouse covering.
a change in the colour of the model flower when the ultraviolet
content of the illumination was modified (F), suggesting that We are grateful for advice and technical assistance
bumblebees have imperfect colour constancy. There is alggovided by J. Spaethe and K. Volkmann. A.G.D. is grateful
evidence that bumblebees can directly perceive differences io the Alexander-von-Humboldt Foundation for support.
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