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ABSTRACT

The aim of this study was to determine whether a preference by flower-naïve bumblebees could be created or enhanced by manipulating variables relevant to food collection and to defense against predation.   In two experiments, colonies of bumblebees (Bombus impatiens) were deprived of pollen, exposed to CO2, or neither.   Choices of individual workers in a radial arm maze were monitored.  In Experiment 1, both variables lead to a preference for corridors occupied by a conspecific bee.  The effect was specific: no change in preference for corridors occupied by other objects (a coin and a piece of Styrofoam) was detected.    In Experiment 2, radial and concentric patterns were used, both of which were unoccupied.  Only pollen deprivation increased preference for radial stimuli, while CO2 had no discernible effect.  Preferences for visual patterns by bees leaving their colony for the first time are modulated by variables that affect the internal state of the bees in problem-specific ways.  
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Highlights

· For colonies of bumblebees (Bombus impatiens), predation threat was simulated by exposure to CO2 
· Need for food was increased through deprivation of pollen
· Both variables affected choice by flower-naïve bees of visual patterns occupied by another bee 
· Only food deprivation affected choice of unoccupied patterns with a floral resemblance
· Pattern preferences by bumblebees leaving their nest for the first time are context specific

The possibility that foraging bees use the presence of other insects on flowers  to govern their own floral choices has received little if any support in the field.    For instance, one survey of counts of floral visitors found on flower heads of sunflowers (Helianthus annuus L.) and onion flowers (Allium cepa L.) addressed the question of whether there would be attraction or avoidance of inflorescences that were already occupied by one or more individuals.   The distribution of insects, including honeybees (Apis mellifera L.) and bumblebees (Bombus spp Latreille), followed a Poisson distribution (Tepedino & Parker, 1981):  there were neither more nor less flowers with just one forager than would be expected by chance.   The notion that insects forage independently of other insects may, however, have been dismissed prematurely by field biologists.  Recently, an examination of the details of social effects on foraging in the laboratory has revealed that bees use associative learning to take advantage of cues that predict important outcomes such as presence of floral reward (Avarguès-Weber & Chittka, 2014a; Dawson, Avarguès-Weber, Chittka, & Leadbeater, 2013; Leadbeater & Chittka, 2009) and presence of predators (Dawson & Chittka, 2014)—in general, social information is used by insects strategically (Grüter & Leadbeater, 2014).  Moreover,  workers that have just left their colony for the first time also show a significant preference for flowers that are already occupied by another forager (Kawaguchi, Ohashi, & Toquenaga, 2006; Leadbeater & Chittka, 2009), though this effect is most evident when the flowers are rare and the occupiers are large relative to the flowers (Plowright et al., 2013).  Because of the difficulty in obtaining the pre-experimental histories of bees seen foraging in the field, these sorts of effects may have eluded detection in nature. 
	 In this paper, our focus is on the behaviour of “flower-naïve” bumblebee workers:  bees that leave their colony for the first time, and as such, have had no prior experience with flowers.   One view regarding the preferences for occupied flowers by flower-naïve bees is that they may help inexperienced bees to locate sources of food: a pattern with another bee on it is likely to be a flower.   One difficulty with this interpretation is that it is post hoc.  Indeed, the exact opposite argument can be made a priori: a flower that is occupied by a forager is likely to be empty or well on its way to being depleted, and so it ought not to be preferred but avoided.   In other words, other foragers may possibly act as competitors rather than as informers (Baude, Danchin, Mugabo & Dajoz., 2011).  Another view is that the presence of an occupier on a flower has little to do with signalling resource availability.   Field observations have suggested that interactions among bees on a flower are in fact aggressive (Kikuchi, 1963).  Indeed, in the course of a prior study on pattern preferences of flower-naïve bees (Orbán & Plowright, 2013), we captured a few such interactions on film (Videos 1 and 2 in the Supplementary Materials): the behaviours of the bee landing on the flower seemed more directed at the occupier than at the flower, which suggests that the occupier might have been perceived as a predator or a competitor.  
	In two experiments, we manipulated internal states of flower-naïve bees.  To promote food finding behaviours, we manipulated the availability of pollen, which is needed for feeding to larvae.  To promote aggressive or defensive behaviours, we exposed the bees to CO2 to simulate the presence of a mammalian predator.   Predators of bumblebee colonies (Goulson, 2010) include mice (Mus domesticus), badgers (Meles meles L.) in Europe, and skunks (Mephitis mephitis Schreber) North-America.  Bumblebees perceive CO2: they respond to mammalian breath and to currents of air containing 5 or 10% CO2 by hissing, which serves as an inter-specific defence signal (Kirchner & Röschard, 1999).   
If a preference for occupied stimuli is engaged when bees are food searching, then pollen deprivation should create or increase the preference.  If the preference is engaged in situations that trigger aggressive behaviours, then exposure to CO2 should create or increase the preference.  Experiment 1 tested these two predictions.  In addition, by comparing the preference of stimuli occupied by another bee with the preference of stimuli occupied by non-organic objects (a coin, as in Dawson and Chittka (2012), and a piece of Styrofoam), we could begin to address the question of whether any preference for occupied stimuli was indeed social.  
Aggressive tendencies ought to be directed at other individuals and not at flowers themselves.  Heightening an aggressive tendency ought not to increase a preference for a pattern that is more “floral” than another.  To determine whether the effects of our variables were specific to social preferences, Experiment 2 examined their effects on preference of floral patterns with no occupiers.  Given that radial patterns (illustrated in the legend of Figure 3) are, by and large, preferred over concentric patterns (Orbán & Plowright, 2013) as they are thought to resemble flowers in nature (Lehrer, Horridge, Zhang & Gadagkar, 1995), we examined the effect of food deprivation and CO2 exposure on relative choice of these patterns.   Food deprivation ought, if anything, to increase preference for radial patterns, while CO2 should not.   Given that larger bumblebees tend to invest themselves in foraging duties while smaller bees tend to the nest (Goulson, 2010), though task specialization is not as marked as in honeybees, we reasoned that the effect of food deprivation might interact with body mass. 

Methods

Subjects

[bookmark: _GoBack]Three commercial colonies of Bombus impatiens Cresson in plastic nest boxes (19.5 cm X 17.5 cm X 12 cm high) were supplied by Koppert Canada.   The colonies were covered with an opaque lid and so they received little light, as in nature.  In Experiment 1, 48 bees from each of two colonies were used, for a total of 96.  In Experiment 2, 60 bees from the third colony were used.  All bees were tested the first time they left the colony: they had no pre-experimental experience outside of the nest box.   In all conditions, to motivate the bees to exit the colony, the wick that absorbed sugar solution from a plastic bag beneath the nest box was capped for one or two days prior to testing.   

Apparatus 

The 12-corridor maze that we used, modelled on that of Lehrer et al. (1995), is diagrammed in Figure 1.  Photographs are shown in Plowright et al. (2011, Fig.1).   It was constructed of grey Plexiglas® with a clear cover.    From the central area (22 cm wide, 15 cm high), 12 corridors radiated outwards.   The bees entered the maze via a screen tube that connected their colony exit hole to an entrance hole in the center of the floor of the maze.    The exit was stoppered when the colony was not in use during the experiment: bees were not allowed to travel to and from the apparatus prior to testing.  The entrance to the maze was gated during testing sessions: bees were let into the maze individually.   The corridors were 6 cm wide at their entrance from the center of the maze and 15 cm long.  The back walls were 13 cm wide.    
The maze was illuminated from above by high-frequency (> 40 KHz) lighting equipment (three Sylvania Quicktronic T8 QHE4x32T8/112 light ballasts, each with four Sylvania model FO32/841/XP/SS/EC03 fluorescent light bulbs). 

Stimuli

In both experiments, the stimuli were mounted with Velcro® on the back walls of the corridors in the maze, as shown in Figure 1.
 

Experiment 1
Nine corridors in the maze were empty, i.e. “Unoccupied”. The remaining three corridors enclosed a stimulus, so they were “Occupied”.  In one of these three corridors, a dead pinned queen B. impatiens was attached to the back wall (“Occupied-Conspecific”).  Bumblebees are attracted to artificial flowers where a model bee or a dead bee have been pinned in much the same way they are attracted to artificial flowers where other bees are already foraging (Leadbeater & Chittka, 2007), though there is no claim here that motion cues are irrelevant in general (indeed, they are important in defensive behaviour of honeybees (Free, 1961) and in social learning of foraging behaviour by bumblebees (Avarguès-Weber & Chittka, 2014 a&b)).   Accordingly, we used a dead pinned bee: a dead queen bee as in Plowright et al. (2013) to maximize the chances that it would be detected by virtue of its larger size.  In nature, the times at which workers and queens forage within a season overlap and so workers could well encounter other queens.   In another corridor was a Canadian dime (“Occupied-Coin”) and in the third, a piece of white Styrofoam® (“Occupied-Styrofoam”) of the same diameter as the coin (18 mm), which was the colour of steel.
Experiment 2
Two opposing corridors were blocked off and the remaining ten contained circular (6 cm diameter) stimuli:  three radial patterns consisting of four black and four white wedges, and seven concentric patterns consisting of two black and two white circles. The patterns were printed on paper in black and white and then laminated.  

Design

Experiment 1
For each of the following four conditions, 12 bees from each of the two colonies were used: (1) “Baseline”: the colony had ad libitum access to a ball of pollen paste placed beside the cocoons (pollen purchased from an apiarist, crushed and mixed with honey and water), though access to sugar solution was prevented for two days prior to testing so that the bees would be motivated to exit the colony  (2) “Pollen deprivation”: To increase the level of  motivation to forage over and above the level in baseline, not only was there deprivation of sugar solution, but pollen deprivation was superimposed, with the pollen ball being removed for 24 h prior to testing  (3)  “Strong CO2”:  as with baseline, but with the addition of a steady stream into the maze of a mixture of CO2 and O2 (1:3 by volume) for the duration of the time spent in the maze by each bee and (4) “Pure CO2”:  pure carbon dioxide gas (though the maze was not gas tight so there was some dilution).  In the last two conditions, the gas was released directly into the maze through an aperture in the lid so as to ensure that individual bees were under the influence of CO2 as they made their pattern choices.  The rate of gas flow was 1.1 - 1.3 L/min.   For the first colony used, the conditions were run in order 1-4, and for the second colony, the reverse order was used, so that any overall effect of experimental condition could not be attributed to colony aging.  
Three unoccupied corridors separated each of the three occupied corridors.  The positions of the three types of occupied corridors (conspecific, coin and Styrofoam) were counterbalanced so that across 12 bees, they appeared equally often in each of the 12 corridors in the maze.  
Experiment 2
For each of the following three conditions, 20 bees were used: (1) Baseline (2) Pure CO2 and (3) Pollen deprivation.  These conditions, which were run in order, are described above for Experiment 1.  The positions of the patterns were counterbalanced so that across 20 bees in each condition, the three radial patterns appeared six times and the seven concentric patterns appeared fourteen times in each of the ten corridors used.

Procedure

  The procedure was common to both experiments.  Once a worker exited the colony and entered the maze for the first time (where the first time was also the last time), its first 20 choices were recorded as in Plowright et al. (2013).   A choice was defined as making contact with the back wall of the corridor or the stimulus attached to it.   A new choice was only recorded once the bee had crossed the threshold of the corridor and returned to the center of the maze (in other words, ‘dithering’ within a corridor did not count as multiple choices).  Once 20 choices were made, the bee was removed from the apparatus and killed, after which the bees in Experiment 2 were weighted on a Mettler Toledo balance model PB 303-S.   In the Pure CO2 condition, some bees (n = 7 in Experiment 1 and n = 4 in Experiment 2) became inactive for over 15 min. with exposure to CO2 and did not complete 20 choices—they were excluded from the data set.   Testing for each condition took place for 4-8 h per day, over the course of 1-3 days.   
The maze was cleaned with a damp cloth between subjects to minimize any visual evidence of a corridor having been visited.    Though bumblebees can learn whether chemical “footprints” (i.e. scent-marks) predict reward or non-reward (Saleh & Chittka, 2006), in our case all patterns were non-rewarding and so there was no possibility of cued discriminative learning.
 
Statistical analyses

The data were treated as binomial proportions.  Two analyses were undertaken in Experiment 1.  First, the proportion of choices for the corridor occupied by the conspecific was compared across the 4 conditions.  A logistic model, which specifies a binomial error term, was fit to the data using SPSS 21. Subsequently, each of the choice proportions was compared to a theoretical value of chance (1/12) using the replicated goodness-of-fit test (Sokal & Rohlf, 2012).   The replicated goodness-of-fit test yields two G values, which are compared to χ2 values in the tests of significance:  GP (P for Pooled) compares group choice frequency to that expected by chance, and GH (H for Heterogeneity) tests for individual differences.   In Experiment 2, a logistic model was used, with bee weights entered as a covariate.  The G-test was used to determine whether the proportion of choices for the radial pattern differed from a theoretical value of chance (3/10) for each of the 3 conditions.

Results

Experiment 1:  Social preferences

Comparisons across conditions    
Between-colony differences in the overall preference for the Occupied-Conspecific corridor were observed.  Individuals from the second colony chose it 3.5 times out of 20 on average, which was significantly higher than the mean of 2.5 for the first colony (χ2 = 8.98, df = 1, p = .003).   No interaction between colony and experimental condition, however, was detected (χ2 = 1.17, df = 3, p = .76), and so the data from both colonies were pooled.   The effect of condition was significant (χ2 = 32.57, df = 3, p <.0001).  Given that behaviour in the baseline condition was almost indistinguishable from chance (Fig. 2 a & b), the question as to whether both the food restriction and the CO2 manipulations were effective in changing preference is addressed below in a comparison of those conditions with chance.  

Comparisons with theoretical value of chance
The choice proportion for the Occupied-Conspecific corridor that would be expected by chance (Fig. 2a) was 8% (1/12).  The group choice proportion in the Baseline condition was no different from chance (GP = 1.66, 1 df, p = .20), though individual differences were significant (GH = 37.90, df = 23, p = 0.03) with one outlier making 7 out of 20 choices of the Occupied-Conspecific corridor while the rest made 0-4 such choices.  
  In the Pollen deprivation condition (Fig. 2c), the preference of 14% was significantly higher than chance (Gp = 18.01, 1 df, p < .0001).   The same was true of the Strong CO2 condition (Gp =14.59, 1df, p < .0001) shown in Figure 2d.   The strongest effect was observed in the Pure CO2 condition (Gp =94.34, 1 df, p < .0001): Figure 2e shows that the proportion of choices for the Occupied-Conspecific corridor was approximately twice as high as chance and there was a commensurate decrease in the proportion of choices for the Unoccupied corridors.  The increase in preference for occupied corridors was specific to the corridor occupied by the conspecific: little if any change can be seen in the proportion of choices for the corridors occupied by the coin or the Styrofoam.   In all three experimental conditions, there was significant individual variation (GH  ≥ 38.81, df = 23, p < .05).   In the Pure CO2 condition, two bees showed a preference for the Occupied-Conspecific corridors as high as 50:50. 
 
Experiment 2: Preferences for floral patterns

Comparisons across conditions 
 	A significant effect of condition was found on preference for the radial patterns, (χ2 = 7.93, df = 2, p = .019).   Again, because the choice proportions in Baseline were at chance levels, the question of which treatments were effective in modifying behaviour are addressed below in comparisons between group choice proportions and chance levels. Body mass (Mean = .178 g, SD = .03 g), which was entered in the logistic model as a covariate, was not an important explanatory variable (χ2 = 2.20, df = 1, p = .14).   The interaction between body mass and condition was not significant (χ2 = .41, df = 2, p = .81).      

Comparisons with theoretical value of chance
	 In the Baseline condition, the choice proportion for the radial patterns was not significantly different from a chance value of 30% (GP = 0.295, df = 1, p = .59).  Figure 3 shows that a preference emerged in the condition of Pollen deprivation (GP = 13.14, df = 1, p = .0003): the choice proportion rose to 38%.   No such preference, however, was detected in the Pure CO2 condition (GP = .05, df = 1, p = .82).  No individual differences were detected in any of the three conditions (GH ≤ 18.65, df = 19).

Discussion

In general, the results of our experiments show that pattern preferences by bumblebees leaving their nest for the first time are context specific: they are tied to variables relevant to different functions.    As such this work fits well within an ecological approach to learning and motivation (Shettleworth, 2010) whereby specific situations trigger appropriate goal-specific sequences of unlearned and learned behaviour patterns.  Preferences for unrewarding radial patterns over concentric patterns, which have been reported for flower-naïve bumblebees (Simonds & Plowright, 2004; Orbán & Plowright, 2013; Plowright, Simonds & Butler, 2006) are thought to reflect preferences for floral shapes (Lehrer et al., 1995).  Such preferences might help to guide inexperienced bees toward their first floral contact.  If so, the preferences should depend on conditions of food deprivation.  Here, we found no detectable preference when the bees had unlimited access to pollen, but a preference was created when pollen was taken away from the colony (Experiment 2).   Administering CO2, however, led to no discernible change in preference, though the manipulation of CO2 was anything but subtle: the concentration of CO2 could not have been higher.  One caveat is that while there was ample room on the scale of measurement for an increase in preference, there was less room for a decrease, though one might have been envisaged given that exposure to CO2 in honeybees (A. mellifera) leads to a decrease in pollen collection (Ribbands, 1950).  
In colonies of bumblebees, division of labour is related to size variation, with larger workers carrying out a larger share of the foraging duties than smaller workers (Jandt & Dornhaus, 2009) and being more adept these tasks (Spaethe & Weidenmuller, 2002).   Current research on size variation in bumblebees has considered both its proximal causes (Couvillon et al., 2010) and functional significance (Peat, Tucker & Goulson, 2005; Couvillon & Dornhaus, 2010).  Our argument that the preference for radial patterns is linked to food gathering would have been bolstered had larger bees been more affected by the manipulation of food availability than smaller bees, but no interaction of our experimental manipulation with body mass was obtained—with self-selected groups of bees that exited the colony rather than stayed in, the range of weights was presumably restricted.  
If a preference for a pattern occupied by another forager also helps to guide bees toward their first floral contact, then it too should depend on food deprivation.  It did.  Pollen deprivation, however, was not the only variable that affected preference.  CO2 also had an effect, in both concentrations that we used (Experiment 1).  Perhaps the preference for corridors occupied by a conspecific is a general stress response (see Muth, Scampini & Leonard, this issue) to threatening situations that include both lack of food and the presence of predators.  The function of the response to CO2, however, is less clear than the function of a response to food deprivation.   Here we suggested three possibilities: (1) The increase in attraction to an occupied stimulus may be the beginnings of an aggressive response, similar to that of individuals within colonies that hiss and buzz in response to the vibrations and sudden increase in CO2 levels characteristic of disruption by a predator (Kirchner & Röschard, 1999).   One untested assumption underlying this interpretation is that the aggressive motivation triggered by the CO2 was not predator specific and would lead to an increased tendency to attack any organism in the vicinity.  (2)  Alternatively, it may be a response, in the context of danger, to what may be perceived as a signal of safety: an unlearned response analogous to the learned response documented by Dawson and Chittka  (2014).   (3) We can not rule out the possibility that it may even be protective behaviour whereby one bee joins another to defend herself and her sister from a common threat.   What does seem clear is that the response is selective: it was specific to corridors occupied by another insect, and not corridors occupied by a similarly sized coin or piece of Styrofoam.   The specific physical characteristics of the insect that triggered approach behaviour remain to be determined.  Perhaps dark colour is important, since dark cotton balls elicit more stinging in honeybees than white ones (Free, 1961).  Indeed, black ping pong balls are more likely to be attacked by bumblebees (Bombus sonorus Say) than white ping pong balls (Visscher & Vetter, 1995).  Rough texture may also be important (Free, 1961).   
The mechanisms by which our variables exerted their effects on choice remain to be determined.   Pure CO2 is an anesthetic, and indeed a few bees in the pure CO2 condition in Experiment 2 did gradually became immobile and failed to complete 20 choices, perhaps just as much because of the decrease in O2 as the presence of CO2.  The effects in our study, however, were not simply decreases in motor activity, since choice of any corridor required the same approach toward the back wall and we obtained groups of equal size all completing 20 choices.    The effects may be the product of increased attention to the relevant stimuli.  They may reflect memory and decision making—indeed CO2 produces retrograde amnesia in honeybees (Beckmann, 1974) and  individual decision-making in honeybees is influenced by variables, such as being shaken, that mimic predation (Bateson, Desire, Gartside & Wright, 2011).   
Having established both the effect of food deprivation on preference for radial stimuli, and the effects of CO2 exposure and food deprivation on preference for patterns occupied by other bees, future research should harness these variables in more ecologically realistic ways.  In the future, gradations of pollen availability could be used instead of all-or-nothing.   In addition, colonies at various stages of development could be used: the effect of pollen restriction is almost certainly specific to young colonies during periods of rapid colony growth when protein is in high demand for the feeding of larvae (Free, 1955).  The CO2 concentration could also be brought down to levels that would be encountered in nature.  We used concentrations of 25% CO2 as well as 100%, which vastly exceed the concentration in the colony [0.2 - 6% in honeybee hives (Nicolas & Sillans, 1989)], in the atmosphere [385 ppm in 2008 (Hansen et al., 2008)--up from 350 ppm in 1989 (Nicolas & Sillans, 1989)] or in mammalian breath [3.5% for humans (Kirchner & Röschard, 1999)].  In our study, the workers were also exposed to CO2 individually in the maze whereas in nature, the influx of CO2 would not likely be experienced at the foraging site but rather at the site of the colony.  In future research, the two locations could be compared, though prolonged CO2 exposure in the colony can lead to aberrant behaviours such as expelling larvae (Pomeroy & Plowright, 1979) and also can affect the reproductive behaviour of the queen (Mackensen, 1947).
	Following the lead of Gould (1990), today bees are used as a model for understanding cognition (Menzel, 2012; Menzel & Brembs, 2007).  Contemporary research topics in bee-cognition include visual categorization (Benard, Stach & Giurfa, 2006; Dyer, 2012), timing (Boisvert & Sherry, 2006; Craig et al., 2014), spatial cognition (Brown & Demas, 1994; Cheng, 2000), numerical cognition (Pahl, Si & Zhang, 2013), concept learning (Brown & Sayde, 2013; Giurfa et al., 2001; Gould 2002), picture-object correspondence (Thompson & Plowright, 2014) and problem solving (Mirwan & Kevan, 2014).    Particularly relevant here is research on social learning and cognition (reviewed by Sherry & Strang, 2014) which have been neglected until recently (Dukas, 2008).  Much of this cognition, however, is built upon some “pre-functional” behaviour (Hogan, 1994): the building blocks of learning (Tinbergen, 1951).  The behaviour that occurs prior to experience with the goals it is designed to attain remains poorly understood for bees.  Prior research has documented some of the variables regarding the visual appearance of flowers that influence this pre-functional behaviour (reviewed by Orbán & Plowright, 2014), and this paper documents some of the variables that affect the internal state of the bees.   Now that the ‘cognitive revolution’ has become mainstream in bee behaviour, there may be something to be gained by stepping back to consider the details of how bees do what they do when they are met with the world outside their colony for the first time. 
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Video 1.  Film clip of one bumblebee landing on an unrewarding artificial flower that is already occupied by another bee.  The grappling of the two bees together is characteristic of aggressive interactions. 
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Video 2.  Film clip of one bumblebee landing on an unrewarding artificial flower that is already occupied by another bee.  The raising of the leg by the bee that was on the flower first is characteristic of defensive behaviour.

Figure captions

Fig. 1. Radial maze and connected hive box.  Patterns were mounted vertically on the walls of the corridors in the positions marked with a red circle. Reproduced from Plowright et al. (2013), with kind permission from Springer Science and Business Media. 

Fig. 2.  Choice proportions, pooled for two colonies in Experiment 1.  There were 9 Unoccupied corridors and 3 Occupied (with Conspecific, Styrofoam or Coin).  In each condition, 12 bees per colony were given 20 choices each.   (a) Theoretical proportions of chance   (b-e) Observed proportions under four conditions (baseline, pollen deprivation, Strong CO2 and Pure CO2.   
*  The choice proportion for the Occupied-Conspecific corridor was significantly greater than a chance value of 8%.
  
Fig. 3.  Mean choice frequencies of radial and concentric patterns in Experiment 2 with standard error bars.  In each condition, 20 bees were given 20 choices in a maze where 3 corridors contained a radial pattern and 7 contained a concentric pattern. 
* Choice proportion significantly different from a chance value of 30%.
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