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Abstract
This study examines the mechanism underlying one way in which bumblebees are known to develop a preference for symmetric patterns: through prior non-differential reinforcement on simple patterns (black discs and white discs).   In three experiments, bees were given a choice among symmetric and asymmetric black-and-white non-rewarding patterns presented at the ends of corridors in a radial maze.   Experimental groups had prior rewarded non-discrimination training on white patterns and black patterns, while control groups had no pre-test experience outside the colony.   No preference for symmetry was obtained for any of the control groups.   Prior training with circular patterns highlighting a horizontal axis of symmetry led to a specific subsequent preference for horizontal over vertical symmetry, while training with a vertical axis abolished this effect.   Circles highlighting both axes created a general avoidance of asymmetry in favour of symmetric patterns with vertical, horizontal or both axes of symmetry.  Training with plain circles, but not with deformed circles, led to a preference for symmetry:  there was no evidence that the preference emerged just by virtue of having attention drawn away from irrelevant pattern differences.   Our results point to a preference for symmetry developing gradually through first learning to extract an axis of symmetry from simple patterns and subsequently recognizing that axis in new patterns.   They highlight the importance of continued learning through non-differential reinforcement by skilled foragers.   Floral guides can function not only to guide pollinators to the source of reward but also to highlight an axis of symmetry for use in subsequent floral encounters. 
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Introduction
Symmetry in flowers may be a means to manipulate the behaviour of their pollinators (Dafni and Kevan 1996; Ushimaru and Hyodo 2005; Citerne et al. 2010; Culbert and Forrest 2016).  The behaviour of pollinators can, in turn, be seen as a selection pressure on the evolution of floral symmetry (Endress 2001).   This two-way street (see reviews by Neal et al. 1998; Giurfa et al. 1999) has long been a central concern in the area of the “cognitive ecology of pollination” (Chittka and Thomson 2001).   Here, our focus is on the preference for floral symmetry by foraging bees (honeybees: Lehrer et al. 1995; bumblebees: Møller 1995; Møller and Eriksson 1995) and on how that preference develops (see reviews by Goulson 2010; Orbán and Plowright 2014).  
	Prior research has addressed the question of whether the preference is learned or not learned.   The answer is that it is both.   Considering first new foragers that have not yet discovered floral reward, i.e. bees that are “flower-naïve” (Giurfa et al. 1995): they do not necessarily visit symmetric patterns preferentially (West and Laverty 1998; Plowright et al. 2011).  Nonetheless, recent research in computational modelling has begun to delineate the conditions under which these preferences might be expected.    The information processing costs for visual patterns have been quantified (Orbán and Chartier 2015).  With a symmetric pattern, parts of the pattern are repeated, and so only one non-repeating part of the pattern need be encoded and retained.   The computational cost savings of symmetric patterns are particularly important for highly complicated patterns (i.e. patterns with high spatial frequency): the incentive to reduce the computational load by choosing symmetric patterns increases with spatial frequency.  This prediction has been borne out empirically: spatial frequency and symmetry interact, and flower-naïve facing “busy” patterns do indeed favour those that are symmetric (Orbán et al. 2015).   This preference does not at all preclude further learning of symmetry.   Discrimination training, where one pattern type is rewarding but another is not, can create a preference in honeybees for symmetric over asymmetric patterns, or vice-versa (Giurfa et al. 1996).
	Here, we investigate another possible path—a third way—to the preference for symmetry.   When bumblebees are given non-differential reinforcement on plain white discs and black discs that are both rewarded, so there is no explicit training to discriminate between the two, there is a subsequent preference for symmetric over asymmetric black-and-white unrewarding patterns (Rodríguez et al. 2004; Plowright et al. 2011).   Differential conditioning has predominated in studies on bee visual learning and cognition; e.g. learning of pattern configurations (Plowright et al. 2001; Avarguès-Weber et al. 2010; Wu et al. 2013); size discrimination (Ronacher 1998), use of picture cues (Thompson and Plowright 2016), use of social cues (Leadbeater and Chittka 2009) and concept formation (Avarguès-Weber et al. 2011; Brown and Sayde 2013).   Non-differential conditioning, however, is likely important in nature, where experienced bees have acquired the means to avoid at least some non-rewarding flowers and succeed in visiting long sequences of rewarding flowers that vary in their appearance over the course of their foraging bouts.   The non-differential conditioning as described here relies on two or more different alternatives offering equal reward during training (e.g. Giurfa et al. 2003); it differs from "absolute conditioning" (Giurfa et al. 1999, Gumbert 2000; Dyer and Chittka 2004; Giurfa 2004) in which behaviour directed toward a single stimulus type is repeatedly rewarded during training.
	How could a preference for symmetry result from rewarded exposure to white discs and black discs?   The present study is aimed at distinguishing between two possibilities, though they are not mutually exclusive.  The first possibility is that to visit symmetric patterns preferentially, the bees must perceive the symmetry, and to perceive symmetry, a first step might be to focus on a possible axis of symmetry.   Especially with highly complicated patterns, it may not be self- evident whether a pattern is symmetric or not.   Detection of the repetition of elements across an imaginary line might be facilitated if visual search were already restricted to one or more specific imaginary lines in the pattern upon approach of that pattern.   Honeybees are capable of extracting an axis of symmetry from patterns (Horridge 1996) and perhaps non-differential conditioning on plain discs facilitates this process, just as ‘easy-to-hard’ effects or ‘scaffold learning’ in bees have been found in a variety of other contexts such as detection of camouflaged figures (Zhang and Srinivasan 1994a), learning difficult pattern discriminations (Perreault and Plowright 2009) and problem solving (Mirwan and Kevan 2014).   What the black discs and white discs have in common is not only their circular contour: inside, they are both symmetric about every possible axis.   Rewarded experience might serve to focus attention on some of these axes of symmetry and facilitate later symmetry perception; indeed, prior exposure to the discs leads to a subsequent preference of black-and-white patterns that are symmetric about a horizontal axis as well those that are symmetric about a vertical axis (Plowright et al. 2011).   If this interpretation is correct, then focusing attention on a specific axis of symmetry, be it vertical or horizontal, should create a subsequent specific preference for floral patterns that are symmetric along that axis.   
        The second possibility is that non-differential conditioning draws attention away from irrelevant variables, as it does in vertebrates (O’Malley et al. 1969) and in this way enables detection and preference for symmetry.  If both white discs and black discs are rewarding, then perhaps bees learn to ignore pattern differences in brightness.   Learning to ignore floral characteristics might be particularly important if visual search consists of serial attentional processes (Chittka and Raine 2006; Nityananda 2016).  Discarding of irrelevant cues would narrow down the range of floral characteristics that might be subsequently important.   If this interpretation is correct, the training stimuli used prior to choice of symmetric versus asymmetric patterns need not themselves be symmetric: a preference for symmetry should emerge from non-differential training on black figures and white figures even if they themselves are not symmetric.   Using rewarding black patterns and white patterns that are asymmetric should be just as effective as those that are symmetric.
 
Materials and methods

General methods

Colonies

Seven commercial colonies of Bombus impatiens donated by Koppert Canada were used in total.   Bees had no pre-experimental experience outside the colony.   The colonies were fed ad libitum with a paste of frozen pollen that was ground and mixed with honey-water solution.  Sucrose solution (2:1 table sugar to water by volume) was provided directly into the empty honey pots and into two or three plastic wells (5 ml) beside the comb.  To stimulate foraging, prior to training and testing, the wells were allowed to run dry.    Table 1 shows the number of bees used for each experiment. 
  


Training and testing environment  

The colonies were housed in a plastic nest box connected to a wooden walkway that was covered with three square glass plates.  In between these glass plates, we could slide a vinyl rectangle so as to control gated access to the maze.  A tunnel connected the walkway to an opening (1.9 cm diameter) in the centre of the floor of a radial maze (15 cm high) constructed of Plexiglas® (Fig. 1).   Twelve corridors (14.2 cm long) emanated from a central area 24 cm in diameter.    The entryway to each corridor was 3.5 cm wide and the back wall was 13.5 cm wide. 
A feeder trough protruded into the corridor from the centre of the back wall of each corridor.   During training, the feeders placed in the corridors that had training patterns were filled with sugar solution (2:1 sugar to water by volume).  The quantities of sugar solution taken by the bees from the feeders were not rationed.  Empty corridors just had a feeder that was either empty or filled with water.   During testing for preferences of symmetry, all feeders were empty. 
 Three high frequency (> 40 KHz) light ballasts (Sylvania Quicktronic T8 QHE4x32T8/112, each with four fluorescent bulbs Sylvania model FO32/841/XP/SS/EC03) were positioned directly above the maze.  The bulbs, used in households and offices, have negligible UV emissions.

Training and testing patterns 
  
Black and white patterns, 7 cm in diameter, were printed on white paper and laminated.  Though the paper was white to the human eye it may possibly have appeared coloured to the bees.   What is important for our purposes, however, is that the same white appeared in both training and testing stimuli.   They were attached with Velcro® to the ends of the corridors above the feeders.    
During training with rewarding patterns, four corridors were blocked off with a black wall, four corridors contained just a feeder that offered no reward, and four corridors contained two copies of each circular training pattern, each one placed above a feeder containing sugar solution.  Note that there was a possibility of discrimination learning here, but that discrimination was between the empty corridors that included neither pattern nor reward vs the corridors in which patterns as well as reward were presented.   There was no discrimination training on the  the different patterns that we presented: visiting different training patterns, all of which were rewarding, was non-differentially reinforced.  Lines in each pattern made explicit one or two particular axes of symmetry.  The training patterns for Experiment 1 included a single line, which was either horizontal (Fig. 2a) or  vertical (Fig. 2b), while in Experiment 2 they included both lines (Fig. 2c).   The patterns in Figs 2a and 2b are in fact both vertically as well as horizontally symmetric.  The difference is in the symmetry that is emphasized by the line.    The patterns in Fig 2c have four axes of symmetry (vertical, horizontal and two diagonals), only two of which are drawn.  Two versions of each stimulus were created: white lines (4 mm thick) on a black background, or black lines on a white background.   For Experiment 3, white or black discs (heretofore referred to as “circles’) were compared to asymmetric stimuli in which two ‘chunks’ of the circle were cut out from the edge and placed just outside the circle—heretofore referred as “deformed circles” (Fig. 3). The positioning of the stimuli within the maze was changed daily so as to discourage place learning.  
The unrewarding patterns used in testing were created using MATLAB (themathworks.com, Natick, MA).   At the bee’s viewing distance of 13.5 cm, the low-pass filter was set to 0.2 cycles/degree, which is above the resolution threshold of visual acuity for bumblebees (Macuda et al. 2001). The proportion of white to black pixels was held at 50 ± 2.5%.  The total perimeter length (total length of boundaries between light and dark pixels) was 6260 pixels (53 cm) ± 5%.  Asymmetric patterns are shown in Fig. 4a. The three remaining patterns were monosymmetric (i.e. symmetric about one axis) or polysymmetric (i.e. symmetric about more than one axis).   To generate the patterns that were symmetric about one axis (horizontal (Fig. 4b) or vertical (Fig. 4c)), the left half of the stimulus was replaced by the mirror reversal of the right half.  Further details are given by Plowright et al. (2010).   For the patterns that were symmetric about both axes (Fig. 4d), each stimulus had between 45% and 55% white pixels.   The total perimeter was about 7000 pixels (+/- 5%).  During testing, two to four exemplars of each type were used over the course of the experiment, and at least three different arrangements of the patterns within the maze were used.   In Experiments 1 and 3, Asymmetric (AS), Horizontally Symmetric (HS) and Vertically Symmetric patterns (VS) were used (with two different versions of each placed in the maze, so 6 stimuli).   Experiment 2 used those patterns, as well as patterns that were symmetric about both (B) axes (so eight stimuli placed in the maze). 

Procedure   

For all colonies, with the exception of Colony 2 (see details for Experiment 1), a group of untrained bees was tested with the testing stimuli, all of which were unrewarding.    This group would serve as a control for the experimental group of bees from the same colony.    Testing throughout our experiments, for untrained as well as trained groups, was individual testing and proceeded as follows.   As workers emerged from the colony and entered the walkway, the first one to pass the gate was given exclusive access to the maze in which symmetric patterns (Fig. 4) were placed.   As an individual bee travelled (almost always flying) within the maze, its first 20 visits to the patterns, defined as crossing an imaginary line halfway through the corridor, were noted in chronological order.  Once a choice was recorded, the bee had to exit the corridor before a new choice was counted (i.e. dithering within a corridor only counted as one choice).  The bee was then removed from the maze but not returned to the colony. 
	The colony-training procedure was then implemented for the experimental group.   Colonies 1, 6 and 7 were each given free and continuous access to the rewarding training patterns for 6 consecutive days.   Colonies 3, 4 and 5, which were smaller and less active, were each given access for 10 consecutive days.   Workers were neither individually tagged nor monitored.   There is no claim to have equated exposure to the training stimuli for any of these six colonies or any individuals within them—the only claim is that during testing, the bees from these colonies were more likely to have had experience with the training stimuli than the untrained group.   The only interruption in foraging activity occurred for daily changing of the position of the stimuli in the maze.    Following this training procedure, individual testing proceeded in the same way as for untrained bees.  

Design and Statistics 

In all experiments, we tabulated group choice frequencies based on the same number of choices.    Though the bees had a choice among three or four stimulus types, the data were treated as binary.  First we examined whether there was a preference for symmetric over asymmetric patterns.   Then we examined, for the choices of symmetric patterns only, whether there was a bias in favour of one type (e.g. a preference for horizontally symmetric patterns over vertically symmetric).   Given there was replication within individuals, a replicated G test for Goodness of Fit (Sokal and Rohlf  2012) was used.    In this test, two G values are compared to a χ2 value in tests of significance.  The GP value (P for Pooled) tests for whether the group choice proportion deviates from a theoretical value of chance. The GH (H for Heterogeneity) tests for individual differences.  Where GH was significant, the total G value was partitioned into individual contributions. 
	While the analyses above compared a choice proportion to a theoretical value, specific comparisons between groups were also undertaken.   A logistic model, which specifies a binomial error term, was fit to the data using SPSS 23. 
	In Experiment 1, in which two training regimens were compared, a Bayesian factor was computed examine the relative likelihoods of the alternate hypothesis (that the probability of choosing the horizontally symmetric stimulus differed for the two groups) and the null hypothesis (that there is no difference).   The Matlab code developed for binomial data by Mazurek et al. (2015) was used with a prior distribution assumed for the difference in probabilities that incorporates no knowledge regarding the outcome of our experiment (a triangular distribution with bounds at -1 and +1).  

Experiment 1 

The choice frequencies for asymmetric stimuli (Fig 4a) and for stimuli that were monosymmetric about the horizontal (Fig 4b) or the vertical axis (Fig. 4c) were examined in three conditions: untrained, trained as described above with horizontal lines (Fig 2a) and trained with vertical lines (Fig. 2b).   In addition, for purposes of comparing two training methods, we used Colony 2 to individually train and test a group of seven bees.  Individuals were identified by colored numbered tags glued to their thorax.   Two of each of the horizontal training patterns were used (the white line and the black line).  The stimuli were reassigned to different corridors at least three times before testing.    Bees were allowed in the maze, two to five at a time.    After discovering the rewarding solution, bees typically would ingest sugar solution at one or two feeders, and then return to the colony before coming back to the maze.  By selecting individual bees for repeated access to the maze, day after day, we obtained seven bees that had visited the white and the black horizontal lines at least four times each and extended their proboscis into the feeder each time.   Once a bee had attained criterion of four rewarded visits on each of the training patterns, it was tested for its preference of new patterns.
A methodological issue was addressed at the outset: whether the colony-training (C) could be at least as effective as individual-training (I).   The individual training procedure provided the certainty that prior to testing, an individual had visited both training patterns for a minimum number of visits.  It was, however, attended by several disadvantages: (1) with the gating, monitoring and waiting for individual bees to return to the maze, there was increased opportunity for forgetting and for sample size attrition (2) it disrupted the comings and goings of the workers, and (3) it curtailed the number of exposures to the training patterns for some of the highly active foragers.   The group of seven bees individually-trained on the horizontal lines was compared to that of a group of 19 colony-trained bees from another colony to determine whether there was an effect on their subsequent preference for horizontal symmetry.  



Experiments 2 and 3

Experiment 2 differed from Experiment 1 in that the training patterns included two lines (Fig. 2c) and not just one.   The testing patterns were the same as in Experiment 1, with the addition of a pattern that was symmetric about both axes (Fig. 4d).   During testing, individual bees were always confronted with two exemplars of each pattern type.  Accordingly, the chance value for choosing any one of the pattern types (VS, HS, AS or B) over the others was 1/4. In Experiment 3, the training stimuli had no added lines to bias attention to any particular axis of symmetry.    We used black circles and white circles as rewarding training patterns, as well as their deformed versions (Fig. 3).   A in Experiment 1 (Table 1)  individual bees met with two exemplars of each of three types of testing patterns (VS, HS or AS) and the chance value for choosing any one type was 1/3.  For both experiments, the training procedure consisted exclusively of the colony-training procedure  (Table 1).   

Results  


Experiment 1:  Training with  horizontal lines leads to a preference for horizontally symmetric patterns.
   
Table 2 shows the choice frequencies (out of 20) for the seven bees that were individually-trained on rewarding horizontal lines (four black and four white).   These frequencies are compared to the 19 other bees, from another colony, that were colony-trained.    If anything, there was tendency for a stronger preference for symmetry by the colony-trained bees than by the individually-trained bees.   A logistic analysis on the proportion of choices of the symmetric over asymmetric patterns, however,  revealed no significant difference (χ2(1) = 1.57, p = 0.21).   A Bayesian Factor of 0.24 revealed moderate support for the null hypothesis that there was no difference in the choice probabilities between the two groups: the likelihood of the alternate hypothesis (that one training regimen was more effective than the other) was lower than the likelihood of the null hypothesis of no difference.   Restricting the data to just the choices of HS vs VS patterns, revealed no significant difference either (χ2(1) = 0.035, p = 0.85).   A Bayesian Factor of 0.13 yielded no support for the alternate hypothesis, but moderate support for the null hypothesis.  Having found no significant behavioural differences between the two training procedures, we adopted the colony-training procedure for the rest of this study.   
We first consider the effect of training on a preference for symmetry over asymmetry.    There was no significant difference between the two colonies that were trained with vertical lines (χ2(1) = 0.17, p = 0.68) and so the data from Colonies 3 and 4 were pooled.   While there was a suggestion of extinction of learned preferences (i.e. a decline of a learned preference in the face of non-reward) over four blocks of five trials, the main effect was not significant (χ2(1) = 0.31, p = 0.58) and the effect of training did not interact with block (χ2(1) = 0.26, p = 0.61).  Accordingly, Figure 5 shows the mean choice frequencies over all 20 trials for all three pattern types (HS, VS and A) for bees that were trained with either horizontal lines or vertical lines, as well as the untrained bees from the same colony that served as control groups.    The preference for symmetry itself was no greater for the trained groups than for the untrained groups (χ2(1) = 0.016, p = 0.90), and this main effect did not interact with type of training on horizontal or vertical lines (χ2(1) = 1.09, p = 0.30).
	A different picture emerged when restricting the data to just the choices of the two monosymmetric patterns to examine whether a specific preference was created by training.   The relative preference for the horizontally symmetric over vertically symmetric patterns seemed to increase with training on horizontal lines (Fig. 5a), while the relative preference for vertically symmetric over horizontally symmetric patterns seemed to increase with training on vertical lines (Fig. 5b).  In other words, the change in preference from baseline levels shown in the control groups ‘moved’ in opposite directions for the two trained groups.    Here, the effect of training in modifying the baseline preference did depend on type of training: the interaction was significant (χ2(1) = 5.27, p = 0.02).	 
Table 3 shows the results of the repeated measures G-tests for the groups that were trained on horizontal lines and on vertical lines, together with the untrained control groups from the same colonies.   The relative choice frequencies for symmetric and asymmetric patterns did not deviate from a chance value of 2 to 1, either for the untrained control groups or the trained groups.  A specific preference for horizontal symmetry was, however, detected in the group that was trained on horizontal lines: a significant deviation from 50:50 that was not evident for the control group (Fig. 5a).  The group trained on vertical lines did not show a significant preference for vertical over horizontal symmetry (Fig. 5b).   The effect of training on the vertical lines, however, was in the expected direction.   The untrained control group showed a non-significant tendency to avoid the VS patterns in favour of the HS patterns (with a mean of 44% choices of VS), while with training, the overall choice proportion increased to 53% in favour of the VS patterns (Figure 5b).   Individual differences were non-significant in all groups but one.  The group trained with vertical lines showed significant individual differences in their preferences for asymmetry, with one bee showing a strong preference for symmetry (18 out of 20 choices, G(1) = 5.99, p = 0.01) and another showing the reverse: a strong preference for asymmetry (15 out of 20 choices, G(1)  = 14.52,  p = 0.0001).

Experiment 2: Training with both vertical and horizontal lines leads to a preference for symmetry 

In this experiment, both axes of symmetry were presented during training, which should have biased subsequent preference in favour of one or both axes of symmetry.   The mean choice frequencies for the trained and untrained groups are shown in Figure 6.   In contrast with Experiment 1, training did lead to an overall preference for symmetry (χ2(1) = 4.48, p = 0.03), or, put in another way, an overall avoidance of asymmetry.   While patterns that were symmetric about both axes might have been expected to be doubly attractive, compared to patterns that were symmetric about only one axis, there was no significant effect of training on a specific preference for patterns that were symmetric about both axes  (χ2(1) = 0.002, p = 0.97).
	The analyses comparing the choice frequencies to a theoretical value of chance revealed that the untrained group had no significant preference for symmetry over asymmetry: the mean choice proportion did not deviate from 25:75 (GP(1) = 0.33, p = 0.57).   A significant preference did emerge with training (GP(1) = 6.19, p = 0.013).  That significant preference was no more due to a jump in the preference for one particular symmetric stimulus or another.   There was no significant preference for B patterns over VS or HS (i.e. no deviation from 1:2) either in the untrained group (GP (1) = 0.89, p = 0.35) or in the trained group (GP (1) = 1.12, p = 0.29).  Individual differences were non-significant, again with one exception:  in the trained group, one bee made no choices of the B patterns over the other two symmetric patterns (0 out of 14 choices, G(1) = 11.35, p = 0.0008), while three other bees  favoured them (10/17, 10/16 and 9/14, G(1) ≥ 4.62, p ≤  0.03 ).

Experiment 3:   Just drawing attention away from irrelevant floral characteristics is not enough to generate a preference for symmetry   

The circles were symmetric about every possible axis, while the deformed circles had no axis of symmetry.   If the non-differential reinforcement on circles focuses attention on axes of symmetry, then experience with the circles should allow for a subsequent preference of symmetry, while deformed circles should not.  Alternatively, if the black circles and white circles do nothing else but draw attention away from brightness as a possible cue to reward, the same should be true of the deformed circles—there should be no difference between the two training patterns.    Figure 7 shows that there while there was no difference in the proportion of choices of symmetric patterns over asymmetric patterns, for the group trained with the deformed circles (Fig. 7a), there was a difference for the group trained with circles (Fig. 7b).    A logistic model revealed that the effect of training in modifying the baseline preference did depend on type of training (χ2(1) = 5.21, p = 0.02).  The development of preference for symmetry with training on circles was general: no specific preference of horizontal over vertical patterns was expected, and none was obtained (interaction of training with type of training χ2(1) = 0.016, p = 0.90 ).  
           Table 4 shows the results of the repeated measures G-tests for the groups that were trained on circles and deformed circles, together with the untrained control groups from the same colonies.   Only the group trained with circles showed a significant preference for symmetric over asymmetric stimuli: the mean choice proportion deviated significantly from a chance value of 2:1.  That preference for symmetric stimuli was not specific to horizontal or vertical patterns.   No significant individual differences were detected. 

Discussion

This study replicated our findings (Plowright et al. 2011) on bees with no pre-test experience outside their colony.   The first twenty approaches to symmetric versus asymmetric patterns revealed no bias toward symmetry in three experiments using a total sample size of 100 workers drawn from a total of six colonies.   Not only were there no colony differences prior to any training, but within colonies, no individual differences were detected either.  It is against this backdrop that we examined the effects of prior training.   There is no claim here that preferences for symmetry by flower-naïve bees never occur: on the contrary, such preferences have been predicted and obtained by increasing computational savings associated with them (Orbán et al. 2015).
Following rewarded non-discrimination training on white circles and on black circles in Experiment 3, a significant preference for symmetry was subsequently obtained.   This too replicates previous results (Rodríguez et al. 2004; Plowright et al. 2011).    The remainder of our results elucidate what the bees may have learned during this non-discrimination training.  It was not simply to ignore differences in pattern brightness.   In other words, the prediction that there would be no difference between the circles and the deformed circles was rejected.  The asymmetric outlines of the deformed circles might have been expected to bias subsequent choice in favour of asymmetry, but the bees apparently did not learn that either.  While the bees may possibly have learned that brightness (or possibly colour) was irrelevant, that in itself was not enough to generate a preference for symmetry—more was required.  Our results support the possibility that the circles drew attention to possible axes of symmetry.   In Experiment 1, specifically highlighting a horizontal axis of symmetry led to a subsequent preference of one monosymmetric pattern over the other:  horizontal symmetry was chosen over vertical symmetry.  Highlighting a vertical axis, however, obliterated that preference for horizontal symmetry.   The tendency was in the direction of a preference for vertical over horizontal symmetry, though the group proportions did not deviate significantly from chance.   The effect of training pattern was all the more noteworthy given that both of them were in fact symmetric about both axes—they only differed in which of the two axes was made explicit.   Why the training with the vertical lines did not result in a significant preference for vertically symmetric patterns is not clear.   One post-hoc explanation might be that detection of the repetition of pattern elements across a line of symmetry might require some movement within the corridor from one side of the line to the other as the two sides are compared, and perhaps the side-to-side motion of the bees facing the vertically symmetric patterns covered less distance than their up-and-down motion in front of the horizontally symmetric patterns.   In Experiment 2, highlighting both axes of symmetry during training with both a horizontal and a vertical line led to a significant preference for symmetry in general (horizontal, vertical or both)—in other words, an avoidance of asymmetry.   In short, symmetry may be a non-obvious property of some floral patterns that is not detected by novices.  Extracting an axis of symmetry, and finding it in subsequent flowers is a perceptual skill that itself can be achieved through gradual preparation such as was afforded to our bees by the non-differential training on simple symmetric patterns in this study.
Our predictions, generated from our hypothesized mechanism underlying the development of specific preferences for symmetry, generated specific predictions that were borne out in Experiments 1 and 2.   The confirmation of these predictions, however, does not entail that no other mechanism can possibly account for the results.   Here we consider two possible alternatives.   (1)   There is a similarity judgment between training and testing patterns.  Perhaps plain circles are inherently more similar to symmetric than asymmetric patterns, patterns with horizontal lines are inherently more similar to horizontally symmetric patterns than to vertically symmetric patterns, and patterns with both vertical and horizontal lines are inherently dissimilar to asymmetric patterns.   Given that all the test patterns were circular, were equated for spatial frequency and had equal coverage of black and white irregular “blobs”,  the similarity judgment was likely on the basis of symmetry per se.   This interpretation is very similar to our own.   What remains to be seen, however, is whether this putative similarity judgment is facilitated by using simplified training patterns, as we have suggested, or whether another complex symmetric rewarded training pattern would have yielded the same results.  (2)   The axes of symmetry that were drawn in our training patterns are not necessarily perceived by the bees as axes of symmetry, but rather as oriented lines.  Indeed, the training patterns used here have been used to study orientation discriminations in honeybees (Srinivasan et al. 1994; Zhang and Srinivasan 1994b).   The vertical lines and horizontal lines almost certainly activate orientation detectors.  It remains to be seen, however, how this could have explained subsequent choice of our test patterns, which had no overall predominant orientation.   What the symmetric test patterns did have is an imaginary vertical or horizontal line formed at the juncture of a half pattern of random “blobs” with its mirror image.  Perhaps it was the orientation of this imaginary line that was important. The account of our results in terms of orientation detection would have to further assume that the plain black circles and white circles, even in the absence of “edges” within the circles, also activated orientation detectors.   To assess the possible role of orientation detectors in future research, it might be possible to incorporate not only symmetric but also asymmetric test patterns run through by imaginary lines in various orientations—lines that demarcate one half of the pattern from another, but are not axes of symmetry.   What is important during training may be the restricting of visual search to areas of floral patterns where symmetry can be detected subsequently.  
The training with just the horizontal lines did not lead to a general preference for symmetric patterns in Experiment 1.   Rather, the bees seemed to have learned that horizontal symmetry was ‘right’, while vertical symmetry was ‘wrong’.   This result might possibly stimulate further species comparisons on this learning and its possible consequences.   The specificity in learning may be important in the acquisition of floral handling skills.   A case in point is Bombus consobrinus, which specializes on Aconitum, a bilaterally symmetric flower with concealed nectar.  While even first-time foragers quickly locate the nectary, generalist species (B. pennsylvanicus and B. fervidus) search in the wrong places, make slow progress with repeated experience and often fail altogether (Laverty and Plowright 1988).   Perhaps differences in identifying the axis along which the nectary is to be found are related to these behaviours. 
One possible criticism of this study pertains to the training procedure.  Not only were the trained bees from a colony at a later stage of development than the group that served as a control, but also the training may have had general effects such as providing familiarity with the maze or increasing general motivation to forage.  In Experiment 3, however, training on deformed circles had no discernible effect on subsequent choice.   The specificity of our effects would argue against such interpretations of our results.  A second possible criticism is that the effects reported here are modest.   In Experiments 2 and 3, training led to a 6-7% decrease in choice of asymmetric flowers (so about 1 in 20).   Such a difference, however, when cumulated over hours and days, would by no means be trivial, either for the flowers or for the bees, given what is known about fluctuating asymmetry: symmetric flowers of a species tend to be more rewarding, at least compared to those showing small random deviations from symmetry (Møller and Sorci 1998).   One caveat, however, is that while we used non-differential reinforcement, we can not rule out the possibility that the reinforcers were unnecessary.    Perhaps the same result would have been achieved through just plain exposure learning.
Bumblebees use a variety of cues such as floral shape to discriminate against flowers with little reward content (Pellmyr 1988).   They can learn to discriminate against unrewarding flowers on the basis of scent (Knauer and Schiestl 2015) and can even learn to visit rewarding flowers on the basis of their electric fields (Clarke et al. 2013).  Once they have become efficient foragers, however, their day to day routine may well resemble the conditions of non-differential conditioning more so than differential conditioning.    Indeed, bumblebees are slow and careful in their visual search, sacrificing speed for accuracy in their discrimination against unrewarding flowers (Morawetz and Spaethe 2012).  Nonetheless, learning does not stop with the successful identification of food sources.   In accordance with the conclusions of Stach and Giurfa (2005) that the nature of representation changes with increased duration of training, we have shown here that non-differential reinforcement can be a driving force in bee cognition.    From the point of view of flowers, we also note that our horizontal and vertical lines bear a resemblance to the floral guides used in other lab studies (e.g. Leonard and Papaj 2011), though here, they did not mark the precise location of the reward except insofar as the feeders protruded at the lower end of the vertical lines in the training patterns that contained them.    In nature, a survey of over a thousand floral species has revealed a striking concordance between floral shape and the internal contours of floral guides (Dafni and Kevan 1996).  The function of floral guides on a flower in nature is undoubtedly to direct pollinators towards the source of nectar or pollen on that flower (e.g. Lunau et al. 2009; Orbán and Plowright 2013).  They can also impede future discrimination learning on flowers that are encountered subsequently (Pohl et al. 2008) and we have shown here that they can enable it as well.   Our results point to an ancillary function of floral guides: that they make plain the axes of symmetry to their visitors so as to facilitate symmetry detection in later floral encounters.  
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Table 1   Number of workers tested from each colony in each of the experiments.  For each colony, a group of untrained bees that served as a control group for the trained group was tested first.  For testing, the stimuli shown in Fig. 4 were Asymmetric (A), Horizontally Symmetric (HS), Vertically Symmetric (VS), or symmetric about Both axes (B)

	Experiment

	Colony

	Untrained
 bees 
	Trained 
bees
	Training:
Colony (C) or Individual (I)
	Training 
stimuli
	Testing stimuli

	1

	1
	20
	19
	 C
	Horizontal lines
	AS, HS, VS

	1

	2 
	0
	7 
	 I
	Horizontal lines
	AS, HS, VS

	1

	3  
	6
	6
	 C
	Vertical lines
	AS, HS, VS

	1
	4 

	14
	14
	 C
	Vertical lines
	AS, HS, VS

	2

	5 
	20	
	20
	 C
	Both vertical & horizontal 
	AS, HS, VS, B

	3

	6 
	20
	20
	 C
	Circles
	AS, HS, VS

	3

	7 
	20
	20
	 C
	Deformed circles
	AS, HS, VS





Table 2  Mean choice frequencies (with standard errors in brackets) out of 20 choices on unrewarding test patterns by two groups of trained bees on rewarding horizontal lines in Experiment 1.  Individually-trained bees each made a minimum of four choices of black lines and four of white lines.  Colony-trained bees came from colonies given unrestricted access to the rewarding training stimuli for 10 consecutive days.   The choice frequency for each testing pattern expected by chance is 6.7.   The difference between the two groups in choosing Symmetric over Asymmetric patterns, or Horizontally over Vertically symmetric patterns, were  not significant, and so the averages of the two groups, weighted by their sample sizes, are given in the third row.    

	
	
Horizontally Symmetric
	
Vertically Symmetric
	
Asymmetric

	
Individually-trained
(n = 7)
	
7.0 (0.62)
	
5.6 (0.84)
	
7.4 (0.997)

	
Colony-trained

(n = 19)

	
7.8 (0.61)
	
5.9 (0.43)
	
6.3 (0.39)

	
Weighted mean
(n = 26)
	
7.6 (0.47)
	
5.8 (0.38)
	
6.6 (0.39)




Table 3   Repeated measures G-test for trained and untrained groups during testing in Experiment 1.   GP tests for a deviation of the group frequency from a theoretical value of chance and GH tests for individual differences.  The degrees of freedom are given in parentheses.  By chance, the relative choice frequencies for Symmetric patterns vs Asymmetric would be 2:1, while the relative frequencies for Horizontally vs Vertically symmetric patterns would be 1:1.  GH tests for individual differences.  The choice frequencies are shown in Figure 5.   
                             

	         Symmetric vs Asymmetric
	Horizontally vs Vertically Symmetric

	Untrained 
Control group
	Trained on
Horizontal lines
	Untrained
Control group
	Trained on
 Horizontal lines

	GP (1)  = 0.054  p = 0.82      
GH (19) = 5.06  p = 0.99      
	GP (1) = 0.53    p = 0.47            
GH (18) = 12.57  p = 0.82            
	GP(1) = 0.06 p = 0.81   
GH (19) = 17.25 p = 0.57 
	GP (1) = 5.00  p = 0.02
GH (18) = 23.57 p = 0.17

	Untrained 
Control group
	Trained on 
Vertical lines
	Untrained 
Control group
	Trained on
Vertical lines

	GP(1) = 0.12 p = 0.73
GH (19) = 28.75 p = 0.07
	GP(1) = 1.04 p = 0.31   
GH (19) = 37.20 p  = 0.008
	GP(1) = 3.34 p = 0.07   
GH (19) = 17.38 p = 0.56
	GP(1) = 0.88 p = 0.35   
GH (19) = 20.22 p = 0.38




Table 4   Repeated measures G-test for trained and untrained groups during testing in Experiment 3.   GP tests for a deviation of the group frequency from a theoretical value of chance and GH tests for individual differences.  The degrees of freedom are given in parentheses.  By chance, the relative choice frequencies for Symmetric patterns vs Asymmetric would be 2:1, while the relative frequencies for Horizontally vs Vertically symmetric patterns would be 1:1.  GH tests for individual differences.  The choice frequencies are shown in Figure 7.   
                             

	                 Symmetric vs Asymmetric
	          Horizontally vs Vertically Symmetric

	Untrained 
Control group
	Trained on
deformed circles
	Untrained
Control group
	Trained on
deformed circles

	GP (1)  = 0.99  p = 0.32     
GH (19) = 15.42  p = 0.70      
	GP (1) = 0.005    p = 0.94
GH (19) = 10.84  p =  0.93           
	GP(1) = 0.23  p =  0.63  
GH (19) = 16.09 p =  0.65
	GP (1) = 0     p = 1
GH (19) = 17.92 p = 0.53

	Untrained 
Control group
	Trained on 
circles
	Untrained 
Control group
	Trained on
circles

	GP(1) = 0.08 p = 0.78
GH (19) = 12.34 p = 0.87
	GP(1) = 5.27 p < 0.0001  
GH (19) = 10.61 p  = 0.94
	GP(1) = 0.14  p = 0.71   
GH (19) = 16.83 p = 0.60
	GP(1) = 0.12 p =  0.73  
GH (19) = 16.87 p = 0.60




    
Figure captions

Fig. 1.   Radial maze used in all experiments.   Corridors that were not in use were blocked off with a black rectangular panel.  Training and testing patterns were placed on the rear wall of open corridors.   Horizontally symmetric patterns are shown here.   The feeders containing sugar solution protruded from underneath the patterns   

Fig. 2.  Pairs of rewarding training stimuli in which one or two lines were presented, thereby emphasizing particular axes of symmetry.  (a)  In Experiment 1, a horizontal vs a vertical line in the training pattern were compared.   (b) In Experiment 2, the training patterns included both a horizontal and a vertical line  

Fig. 3.   Pairs of rewarding training stimuli used in Experiment 3.   Circles, which are symmetric about every possible axis, were compared to deformed circles  

Fig. 4.   Unrewarding testing patterns used.  There were two exemplars for each type of pattern (a) AS (Asymmetric) (b) HS (Horizontally Symmetric), (c) VS (Vertically Symmetric) and (d) B (Symmetric about Both axes).   Three types of patterns (a-c) were used in Experiments 1 and 3.   In Experiment 2, where trained bees were rewarded on patterns with both a horizontal and a vertical line (Fig. 2c), all four types of patterns (a-d) were used.    Parts of this figure are reproduced from Plowright et al. (2011) with permission from Elsevier.  



Fig. 5.  Stacked bar graphs, with standard error bars, showing the mean frequencies of choices in Experiment 1 for asymmetric and symmetric patterns, the symmetric patterns being horizontally symmetric or vertically symmetric.   An untrained group of bees from the same colony served as a control group for the groups trained either with horizontal lines (a) or vertical lines (b).  * the mean relative frequency of choices for horizontally symmetric patterns over vertically symmetric patterns was significantly greater than a chance value of 50:50  

Fig. 6.  Stacked bar graphs, with standard error bars, showing the mean frequencies of choices  in Experiment 2 for asymmetric and symmetric patterns, the symmetric patterns being horizontally symmetric, or vertically symmetric or both.   An untrained group of bees from the same colony served as a control group.   * the mean relative frequency of choices for asymmetry over symmetry was significantly less than a chance value of 25:75 

Fig. 7.  Stacked bar graphs, with standard error bars, showing the mean frequencies of choices in Experiment 3 for asymmetric and symmetric patterns, the symmetric patterns being horizontally symmetric or vertically symmetric.   An untrained group of bees from the same colony served as a control for a group trained (a) with deformed circles or (b) with circles.  The training stimuli are shown in Fig. 3.  * the mean relative frequency of choices for asymmetry over symmetry was significantly less than a chance value of 1:2      
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