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Abstract — This study examines generalization and perceptual similarity judgments in bumblebees (Bombus
impatiens) and addresses whether category formation of floral stimuli is based upon perceptual floral features alone
or foraging experiences from reward associations. Previous experiments have found that bees transfer learning based
on category membership, but little is known as to how membership is formed. Two experiments using twelve
bumblebee colonies examined a) if bees were able to generalize between flowers with little or no perceptual similarity,
and b) if bees were able to change which features of the flowers they generalize under different circumstances. All
bees were given discrimination training in a radial arm maze using objects and corresponding photographs. Bees in
Experiment 1 were trained to categorize stimuli based upon their reward associations while ignoring their perceptual
features. Bees in Experiment 2 were trained to categorize either by floral type or dimensionality (2D vs 3D) of the
stimuli. Results of tests using unrewarding stimuli revealed that bees were unable to group items without perceptual
similarity cues. When perceptually similar flowers did not share the same reward, bees still generalized between them,
regardless of experience. However, the reward values of the flowers were not spontaneously disregarded by the bees.
Generalizations differed based on the bee’s experiences, although preferences for perceptual similarity remained. Bees
grouped flowers based on the relevant features learned through experience rather than just relying on perceptual
similarity, but also do not immediately discount similar flowers during foraging, giving a preliminary insight into the
role of function in perceptual similarity judgments.
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Foragers in nature are presented with a wide array of stimuli, varying in shape, size, and color. To
forage effectively, individuals must be able to manage information for rewarding stimuli to reduce the
amount of details attended to. Categorizing objects allows foragers to simplify a complex environment, by
grouping distinguishable objects based upon a family resemblance and treating them as equivalent (Troje
et al., 1999). Categorization requires two main processes: discrimination between different categories of
objects and generalization of responses towards objects within a category. Generalization within a
categorization task differs from simple generalization in that the boundaries between categories are clear in
categorization tasks, while generalization may involve a gradual increase or decrease of responding towards
objects that are similar or dissimilar to one another. Because category boundaries are difficult to examine
in a behavioral context, only the generalization process may be inferred in this instance.

Many species of bees are flower constant, where they restrict foraging to one or a few species of
flowers within a foraging trip (Chittka et al., 1999; Rossi et al., 2005). Effective foraging strategies would
include differentiation between floral species and generalizing their learning from one flower to another of
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the same species. The ability to generalize is essential for any categorization task and takes two different
forms: simple generalization and mediated generalization (Zentall et al., 2008).

In perceptual categorization, learning is transferred to other stimuli sharing perceptually similar
characteristics: there is perceptual generalization. Often these characteristics reflect perceptual features of
the objects, such as shape or color. Using simple generalization, bees may select flowers during a foraging
trip that physically resemble the rewarding flowers already experienced and ignore other resources. As a
result, perceptually similar flowers that are unrewarding will still be considered part of the rewarding
category. In typical foraging environments, the flowers that most resemble a rewarding species are most
likely conspecifics, and foraging based on simple generalization would increase efficiency where there is a
low chance of failure.

Much of the previous research provides evidence for simple generalization in bees, where they
demonstrated positive learning transfers from one stimulus to a novel set of stimuli sharing common
features with the original (Benard et al., 2006). Honeybees were able to generalize on a simple, one-feature
basis on tasks involving symmetry (Giurfa et al., 1996; Plowright et al., 2011), configuration (Avargues-
Weber, Portelli, et al., 2010), and orientation (Avargues-Weber, Deisig, & Giurfa, 2011). They were also
able to generalize and group more complex stimuli with multiple characteristics, such as flower shapes,
plant stems, landscapes, and trees (Zhang et al., 2004), and they demonstrated the ability to differentiate
between Monet and Picasso paintings, generalizing the learning to novel paintings (Wu et al., 2013).
Similarly, bumblebees have also demonstrated successful simple generalization both with single feature
tasks, such as color (Dukas & Waser, 1994; Gumbert, 2000; Muth et al., 2015) and with more complex
stimuli, such as behavioral transfers of preferences from 3D artificial flowers to their photographs and vice
versa (Thompson & Plowright, 2014; Xu & Plowright, 2016).

However, generalizations can be based not only on the features of the flowers, but also on the
experience of the forager. For instance, bees that were trained on two rewarding colors generalized their
behavior to all novel colors within the spectral range, while bees that were trained on only one color did
not (Benard & Giurfa, 2008). Color generalizations have been shown also to apply to specific flower parts.
Bees trained on two bicolored patterns were able to generalize based on one of the two colors while ignoring
the other (Dukas & Waser, 1994). This suggests that bees may be capable of changing the features they
generalize based on their experiences. If bees can generalize specific floral features that are functionally
relevant, then this suggests the categories they form may be dependent on the functions each flower serves
to the bee, and not just the physical floral characteristics.

This leads to the second possibility of mediated generalization, which is necessary for the formation
of functional categories. Under such circumstances, there is generalization on the basis of a common
consequence (Delius et al., 2000), such as reward associations, whereas simple generalization requires only
the perception of physical attributes - indeed, in the study reported here, function is defined in terms of
consequences. Stimuli in this case are grouped together because they share a common function to the animal
and these generalizations should be based on learning (Herrnstein, 1990), and thus, possible without
perceptual similarities. However, it is often more difficult to distinguish between perceptual and mediated
generalization within a natural setting, as objects that share functions also tend to share similar features.
Mediated generalization has been found in other species, through sorting food and non-food items by
pigeons (Columba livia) (Watanabe et al., 1993), Japanese monkeys (Macaca fuscata) (Tsutsui et al., 2016),
and baboons (Papio anubis) (Bovet & Vauclair, 1998). Additionally, in a case study with a German
Shepherd (Canis familiaris), mediated generalization of novel objects to toys was obtained after playful
interaction with them (Feuerbacher & Rosales-Ruiz, 2017). Dolphins also were able to categorize two
different auditory tones together while rejecting similar tones (von Fersen & Delius, 2000). Bottlenose
dolphins (Tursiops truncatus) trained with reversal tasks were able to correctly group two sets of tones with
larger similarities between the sets than within the sets. At the same time, Sykes’s monkeys (Cercopithecus
albogularis) classify monkey calls under the same grouping and different from other bird calls, despite their
similarity (Brown et al., 1994). These items can bear little to no resemblance to one another but are still
categorized based on the function they serve to the animal.
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Similarly, objects in a bee’s environment would serve distinct functions to the foragers. Apart from
food resources, bumblebees can recognize landmarks (Cartwright & Collett, 1983), and nestmates and other
conspecifics (Foster, 1992). While most of these objects would be perceptually dissimilar to one another
and easy to differentiate, it is not impossible for objects to appear similar but serve different functions to a
forager. Through mediated generalization, objects sharing similar roles are categorized together and
learning from one object transfers to others within that category. For instance, bees use landmarks to
determine locations of foraging grounds (Cheng et al., 1986; Kheradmand et al., 2018) or the colony
(Briinnert et al., 1994) and must be able to differentiate landmarks from food sources. Also, flowers can
differ in resources such as pollen and nectar and must also be differentiated based on the colony’s needs,
where more pollen is collected with more brood present (Free, 1967) and low pollen storage levels (Fewell
& Winston, 1992).

In contrast with perceptual generalization, mediated generalization has received comparatively
little attention in the literature on bee cognition, although work on concept learning and relational learning
in bees suggests that it is within their capabilities (Avargues-Weber & Giurfa, 2013; Giurfa, 2019; Giurfa
et al.,, 2001; Gross et al., 2009; Howard et al., 2018). Nonetheless, generalization based on shared
associations rather than perceptual features would be advantageous in natural environments for sorting
objects based on function rather than physical characteristics, such as when dealing with floral mimics.
Whereas animals that eat one or limited food types would not require a functional category for food, bees
would encounter many stimuli that would give the same resources and others that appear similar but give
little to no resources. In such instances, being able to place dissimilar items in the same category while
separating them from similar items is useful for remembering specific inflorescences (Greggor & Hackett,
2018). Although behavior towards mimics from foragers have yet to be investigated from a categorization
standpoint, research has shown bees to successfully discriminate between flowers with perceptual elements.
Previously, bumblebees have been shown to learn floral associations when perceptual similarity judgments
are unreliable. For instance, bees demonstrated behavioral flexibility using serial reversals (Strang &
Sherry, 2014). Bees reacted similarly between two perceptually different stimuli that they otherwise would
have treated differently without training. Additionally, bees have been found to learn fine discriminations
between colors and patterns given differential rather than absolute training (Avargues-Weber, de Brito
Sanchez, et al., 2010; Giurfa, 2004), where bees trained with both rewarding and unrewarding stimuli
performed better than those given exposure to just a rewarding stimulus. As a result, bees are capable of
distinguishing subtle differences, and thus treating two otherwise similar stimuli as being different.

Because mimics have developed signals that hinder discrimination, visual discrimination between
mimics and rewarding flowers is slower when not accompanied by odor cues (Kunze & Gumbert, 2001;
Leonard et al., 2011). Additionally, odor cues are also learned when flowers are unrewarding (Palottini et
al., 2018). Given that visual features such as color have previously proven to be salient cues to bees,
discriminations between mimics requires ignoring salient visual similarities to some degree by the forager.
Recent work has highlighted the interplay of saliency and reward value on attentional capture by
bumblebees in visual search for targets among unrewarding distractors (Nityananda & Chittka, 2021). Bees
also previously demonstrated the ability to discriminate minute features in limited capacities. Honeybees
were found to accurately discriminate fine features of flowers, such as color, when given differential
training in the past (Dyer & Murphy, 2009), but still visited the known unrewarding flowers in the absence
of a rewarding counterpart, further expanding the findings that the presence of unrewarding stimuli could
influence learning transfers onto novel stimuli (e.g., Ronacher, 1992). Additionally, bees given differential
training recognized more parts of the stimuli compared to those exposed to only absolute training (Giurfa
et al., 1999). Similarity has been found to interfere with category formation in other instances as well and
some bees preferred generalizing on the basis of floral features rather than the relationships between flowers
(Wiegmann et al., 2000). Through training, bees were able to discriminate between perceptually similar
stimuli that may have been generalized by the bees under other circumstances. Similarly, the use of
mediated generalization between perceptually different flowers could aid in discriminating rewarding
flowers from mimics in a natural setting. By determining which features are needed to form the category,
bees can benefit from more accurate foraging to meet colony demands. Because previously bees have been
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found to make fine discriminations under the right conditions, this same level of differentiation can be used
to sort perceptually similar floral stimuli into different groupings despite their similarities. In short,
contemporary research on floral mimicry focuses on the role of pollinator perception, learning and decision-
making (e.g., Garcia et al., 2020) in plant-pollinator interactions. This paper contributes to the “cognitive
ecology of pollination” (Chittka & Thomson, 2001) by adding categorization to the list of cognitive
processes under investigation.

Because research on the subject appeared mixed, the following two experiments evaluate the degree
to which perceptual similarities are used in the foraging process. Experiment 1 examined whether bees
group flowers based on physical features even when the groupings contradict their foraging experience.
This determines if bees can transfer learning based upon perceptual similarity despite the stimuli being
known to serve different functions to them. Following this, Experiment 2 examined whether bees change
which floral features to generalize based upon their experiences and the functions of the flowers.

Experiment 1

It is still uncertain if bumblebees are capable of mediated generalization, or if they rely on
perceptual features solely during foraging trips. Most categorization tasks involve generalization to novel
stimuli. However, because mediated generalization is based on the function of the flower, and thus relies
on the forager’s previous experience, generalization to novel stimuli here may not be sufficient. Previously,
bees were found to generalize behavior to perceptually similar objects (Xu & Plowright, 2017). In that
study, bees were trained to group photographs and objects based on corresponding picture-object pairs for
yellow flowers and blue flowers, where one pair was rewarding and the other unrewarding. When one
member of the group has its reward values changed, bees transferred their learning about one member to
all members of the group. For instance, when 3D yellow flowers and photographs were rewarding, and the
photograph suddenly became unrewarding, bees also avoided the 3D flower and treated it as having become
unrewarding despite only experiencing it was rewarding. This behavioral transfer occurs even when bees
have experienced the objects as unrewarding previously, suggesting that perceptual similarity provides a
stronger cue than learned consequences.

However, it is difficult to say to what extent the experience of a common reward between the
flowers influences the bees’ foraging behaviors. Bees may always treat flowers with similar perceptual
features as similar without having any learned experiences with them. Here, we used the same methodology
as in Xu and Plowright (2017), with one difference: the stimuli were grouped with no perceptual similarity
during training, to determine if different groupings would have an effect on the bees’ similarity judgements.
The situation models that of encountering floral mimics where only one of two perceptually similar flowers
are rewarding. The results will give more insight into how bees treat instances in nature where stimuli are
perceptually similar but functionally different.

Bees were trained with two perceptually dissimilar stimuli that were rewarding, while perceptually
similar stimuli were separated with different reward values. One flower from each group was then removed
and the remaining flowers had their reward associations switched. Bees were then tested to learning
transfers on the removed flowers. Through this, we examined how bees treated perceptually similar stimuli
that have different reward consequences, and how learning can transfer when those reward consequences
change. The rationale is given in an analogy by Herrnstein (1990), as follows. For a creature that deals with
acorns, suppose that acorns became bitter. The animal with a representation of the class of acorns, rather
than specific exemplars, will have bitterness propagate over other class members that were not yet tasted.
In nature, bees would encounter flowers that have similar features but offer different resources or levels
of resources. If bees are able to group together flowers without any perceptual similarities, then learning
transfers will occur based upon the initial reward values of the flowers, as found previously, where if one
of two flowers change reward values (a rewarding flower was depleted, or an unrewarding flower was
refilled), the other would also be treated by the foragers as having changed value as well. In other words,
in our previous study, the workers behaved as if they had concluded that if one member of a floral group
had become either profitable or unprofitable, then so had the other, or at the very least, bees should treat



Xu & Plowright 320

perceptually similar flowers as having different functions and rely instead on rote memory. However, if
bees require some perceptual similarities between flowers to categorize them, then generalization will
occur based on the level of similarity between the stimuli.

Method
Subjects

Forty-two bumblebees (Bombus impatiens) were used from four colonies and supplied by Koppert
Biological Systems Canada with 9 to 11 bees tested in each colony. The colonies were fed ad libitum a
paste of fresh-frozen pollen mixed with honey solution. Different colonies were housed in separate boxes
indoors at a set temperature of 18 to 20°C. The colony was placed on top of foam carpet backing to minimize
disruption of behaviour due to vibration. High frequency (> 40kHz) light ballasts (Sylvania Quicktronic T8
QHE4x32T8/112 with fluorescent bulbs Sylvania model FO32/841/XP/SS/EC03) were placed above the
colony and turned on during the day and off at night. Individual workers were labelled with colored
numbered tags glued onto their thoraces. The colony was given access to explore the maze and drink freely
from the feeders two days prior to the start of training. The bees had not been let out of their boxes prior to
the experiment. Only bees from the same colony foraged together.

After testing, individual workers were isolated from the colony and freeze-killed. At the end of
each experiment, the entire colonies were killed in a deep freeze. Applicable guidelines of the American
Psychological Association and the Canadian Council on Animal Care were followed. The procedures in
this research were reviewed in 2015 by the Animal Care Committee of the University of Ottawa (Protocol:
PY-2115-A1). In subsequent years, when the research was carried out, no protocol was required.

Materials

The colonies were contained in a plastic cubic box, with a 40-cm tube connecting the container to
a rectangular wooden walkway, topped with glass plates. A tunnel connected the walkway to an opening in
the center of the maze floor. The radial arm maze, constructed of opaque grey Plexiglass consisted of 12
corridors (14 cm long and 15 cm high), which opened into a central area (17 cm diameter) from an entrance
(6 cm wide). Only eight of the corridors were in use for the experiment. The remaining four were blocked
by opaque Plexiglass® dividers. The maze was covered with a clear Plexiglass® lid (53 cm diameter). A
diagram is shown in Figure 1, and a photograph is shown in Xu and Plowright (2017).

Figure 1

Diagram of Maze

Note. The bee enters the maze through hole in the floor using wire mesh tunnel. Stimuli are mounted on the back walls of the
corridors. Figure modified from an original (Plowright et al., 2013) with kind permission from Springer Nature.
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One artificial flower, made of synthetic fabric, or photograph (Figure 2) was fixed to each feeder
on the back wall of each of the eight corridors in use. The photographs of the flowers (8.5 cm x 10.5 cm)
were printed on a grey background. Feeder troughs, protruding through the centers of the floral stimuli,
were either filled with sugar solution or left empty (Figure 1). The 2D and 3D portions refer to all parts of
the floral stimuli excluding the feeder trough. All stimuli were placed randomly before each training session
to eliminate the use of location cues. Four stimuli were used: a single yellow flower (Object X) and a cluster
of blue flowers (Object Y) and their corresponding photographs (Photo X and Photo Y). Bumblebees can
discriminate between what humans perceive as yellow and blue (e.g., Ings et al., 2009). Figure 3 shows the
spectral reflectance curves of the stimuli obtained by Xu and Plowright (2017). Because the corresponding
object and photo pairs share perceptual similarities on many aspects (color, shape, etc.), bees may be using
different similarity judgements when comparing the two. Despite this, we had previously (Xu & Plowright,
2016) ascertained that these objects and photos were treated as similar-but-different, and as such, they could
be thought of as two different instances of the same floral species, even though photos are not encountered
in nature.

Figure 2

Object and Photo X and Y

Note. Photo and Object X (on left) and Photo and Object Y (on right). Reprinted from Xu and Plowright (2017).

Procedure

Bees were group trained for three to five hours a day with 2:1 sugar to water solution by volume in
a radial arm maze, where all bees from the colony were free to enter the maze for training. A choice was
recorded when a bee extended its proboscis into the feeder. A new choice was not counted unless the bee
first exited the corridor. An individual was selected for testing if it had been observed to forage on two
consecutive days and had chosen the rewarding stimuli at least eight times in a row in each of two phases
of training described in the Design section. Bees that chose unrewarding feeders were required to restart
until the training criterion had been met. The bee also had to have foraged on all rewarding stimuli at least
twice. All bees in the same colony were allowed to train in the maze on any training day, but only bees that
passed the training criterion would proceed to the testing phase.

Whereas bees were trained in groups, they were tested individually. All the feeders were empty.
Choices were recorded when the bee touched the stimulus, the feeder, or the back wall of the maze. As in
training, the bee must have exited the corridor before another choice could be made. The first ten choices
of each bee were recorded. Experimenters observed the bees in the maze from above for both training and
testing and recorded the choices as they were made.
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Figure 3

Spectral Reflectance of Stimuli
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Note. Total spectral diffuse reflectance factors (8°:t) for Yellow Flower and Yellow Flower Picture (Object and Photo X) and for
Blue Flower and Blue Flower Picture (Object and Photo Y). Reprinted from Xu and Plowright (2017). Figure re-used with kind
permission from the National Research Council of Canada.

Design

Bees underwent an initial discrimination training (Phase I) with all four stimuli for two weeks.
Photo X and Object Y were rewarded (+) while their corresponding object and photograph counterparts
(Photo Y and Object X) were not (—). Once 10 bees had successfully completed the training, a second
training phase (Phase II) began (i.e., there was no testing after Phase I). Here, one stimulus from each pair
(either the photograph or the object) was removed. Trained bees then underwent either an experimental or
control condition for an additional five days (Phase II). For the experimental group, the remaining stimulus
(i.e., the one that was not removed) would switch reward values — the stimulus that was previously
rewarding would become unrewarding at this point forward and vice versa. In a separate control colony,
the reward values of those stimuli would remain the same. For both colonies, the bees were then tested on
the removed stimulus (see Figure 4 for a sample of the design). The procedure was repeated four times in
counterbalanced conditions, where two colonies received Phase II training on objects but not photos, and
the other two were trained on the photos but not objects, to make a total of four conditions (see Table 1).

Table 1

Design for Experiment 1

Phase I Training with Object Y+ Photo X+ / Object X- Photo Y-

Condition 1 (n=10) Condition 2 (n = 10) Condition 3 (n=11) Condition 4 (n=9)
Phase TI Trainin Object X+ / Object Y— Object Y+ / Object X— Photo X—/ Photo Y+  Photo X+ / Photo Y—
s & (Switch) (Non-switch) (Switch) (Non-switch)
Test Photo X vs Photo Y Object X vs Object Y

Note. The number of bees that were tested is given for each colony.
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Figure 4

Example of Experiment 1 Design
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Note. The images of the 2D and 3D objects are reprinted from Xu and Plowright (2017).

Statistical Analyses

The data were binomial with replication within individuals (each having 10 choices). Accordingly,
a replicated Goodness of Fit test (Sokal & Rohlf, 2012) was used. The total G value can be partitioned into
individual contributions, which ranged from 0 to 13.86, with 1 df, per bee. The Gp value (P for Pooled)
determined if the group proportions differed from a theoretical chance value of 50:50, while the Gy value
(H for Heterogeneity) tested for individual differences. Under the null hypothesis, the G test statistic is
distributed approximately as a y* distribution.

Results
Switching the Reward Values of Objects

Figure 5a shows the effects of reinforcement reversals using the objects. When reward values of Object X
and Object Y were switched, so that the previously unrewarded Object X in Phase I was now rewarding
and Object Y became unrewarding, bees preferred Photo X over Photo Y (Gp =18.2, df =1, p <.001), with
significant individual differences (Gu = 20.53, df =9, p = .01). Bees varied between favoring Photo X and
having no significant preferences. No bees showed a preference for Photo Y over Photo X that significantly
deviated from the group. Bees did not transfer learning from Object X to Photo Y or Object Y to Photo X.
On the other hand, when the objects’ reward values remained the same, bees showed no significant
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preference for the photos (Gp = 2.18, df =1, p = .39), with no significant individual differences (Gu=9.18,
df =9, p=.42).

Figure S

Experiment 1 Results

a) Phase Il Training on Objects b) Phase |l Training on Photos
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Note. Mean frequencies (out of 10 choices) of each stimulus during the testing phase, with standard error bars. Choices are between
Photo X and Y in a) and Object X and Y in b), after the corresponding stimuli have had the reward values that were experienced
during initial training either switched or not (as illustrated Figure 3). Object Y and Photo X were initially rewarding while Object
X and Photo Y were unrewarding for Phase I training. The horizontal line indicates chance. **p <.001

Switching the Reward Value of Photos

Figure 5b shows the effects of reinforcement reversals using the photos for bees. When reward
values of Photo X and Photo Y were switched, so that the previously unrewarded Photo Y in Phase I is now
rewarded and Photo X becomes unrewarding, bees preferred Object Y over Object X (Gp = 29.88, df =1,
p <.001), with no significant individual differences (Gu = 6.5, df = 10, p =.77). Despite having experienced
both Object Y and Photo X as rewarding in Phase I, bees failed to act as if the change in reward in Photo X
had also occurred in Object Y. On the other hand, when the photos’ reward values remained the same, bees
preferred Object X over Object Y (Gp = 12.001, df = 1, p <.001), with significant individual differences
(Gy=37.14, df = 10, p <.01). Half the bees showed a strong Object X preference, while the other half had
no significant preferences for either.

Discussion

Bees chose the counterpart object or picture of the rewarding flower in Phase II regardless of the
associations learned in Phase I. As with previous research (Xu & Plowright, 2016), learning from one flower
can be transferred to another without the forager having the same experience on the second flower. Unlike
the previous study, bees were trained specifically to discriminate between two similar flowers, but still
grouped flowers based on perceptual similarities. As a result, bees do not transfer learning between stimuli
groups if the perceptual similarities between members of two different groups of flowers are too large. Nor
did the bees rely on rote memorization to distinguish between rewarding and unrewarding flowers despite
training to discriminate between them. Instead, bees generalized between perceptually similar stimuli and
contradictory experiences on perceptually similar flowers would not significantly impact their ability to
generalize between them.

The methodology is similar to that in previous research (Xu & Plowright, 2017), and involves labor
intensive and time-consuming training. Finer discriminations often involve a speed trade-off and take
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longer to learn (Dyer & Chittka, 2004). Perhaps with more training, the bees would eventually group the
different objects and photos as belonging to the same category. Whereas bees do visit more flowers in
nature, they are unlikely to have prolonged repetitive exposure to a limited assortment of flowers, and such
a method would be impractical and unlikely to occur in natural settings. When unrewarding flowers are
rare, foragers have little incentive to discriminate between mimics and rewarding flowers (Lichtenberg et
al., 2020). Here, the unrewarding flower is always present and in the same quantity as the rewarding
counterpart — a situation unlikely to occur in natural settings. Additionally, previous research shows that
bees are capable of discriminating between counterpart objects and photos (Thompson & Plowright, 2014),
and could do so without any prior experience or training on the two (Xu & Plowright, 2016), and thus bees
should have little issue discriminating between the two.

Moreover, bees in this experiment not only had to transfer learning in the absence of perceptual
similarity but were also tested to do so in spite of it, making the task more difficult than tasks used in
previous research (e.g., Dyer & Chittka, 2004). The results are in line with previous research (Dyer &
Murphy, 2009), where bees visited the stimulus that was perceptually similar to the rewarding stimulus
during training, despite being trained to treat it as unrewarding. However, in the current study, bees also
rejected a known rewarding stimulus in favor of a perceptually similar one. These lab studies have
ecological significance. Field studies show that non-rewarding plants benefit from their proximity to similar
rewarding plants: having been drawn to “magnet plants,” pollinators will also visit the perceptually similar
non-rewarding plants in the area (Johnson et al., 2003). Perceptual similarity may be too salient for the bees
to ignore. By removing the added difficulty of perceptual similarities between groups, bees may have an
easier time grouping flowers with little perceptual similarity. Some studies suggest that bees can be trained
to attend to and generalize specific portions of patterns (Dukas & Waser, 1994; Fauria et al., 2000). Further
research can determine whether bees can generalize by flower function, and the degree in which innate
similarity judgments influence their foraging decisions. The next step to examining mediated generalization
involves looking into the bees’ abilities to generalize specific floral characteristics based upon reward
values rather than simply through similarity, and whether the reward values of the flowers influence how
bees perceive similarities between flowers.

Experiment 2

Although objects in a natural environment can serve different functions to a forager, only members
of a floral species would normally be observed to change reward values simultaneously. As a result, while
two perceptually different flowers may both be originally rewarding, the loss of reward from one flower
may not always indicate no reward from another floral species. Nonetheless, this does not indicate that
reward associations have no effect on the bees’ ability to generalize between perceptually dissimilar objects.
Mediated generalization may still be possible; however, generalizing in the absence of any perceptual
similarity may be a difficult task for the bees.

In the following study, we aim to investigate whether bees rely entirely on perceptual generalization
during foraging, or if they can be trained to ignore the more salient perceptual similarities for features that
are more functionally relevant. The experiment uses the same four stimuli as in Experiment 1, but grouped
by the experimenter in two different ways. Along with grouping flowers by ‘X’s and “Y’s as was done
previously, we also grouped objects and photos of those objects separately (e.g., objects as rewarding and
photos as unrewarding). Object X and Photo X, for instance, either belong to the same group or to different
groups. Bees were tested on the counterparts of a rewarding object and a novel object.

The goal was to examine whether bees would be able to determine group relationship based on
different features of a flower (i.e., the relation between an object and photograph pair vs the relation between
3D and 2D stimuli), and whether having more similarities between groups interfere with how bees
categorize flowers that would otherwise belong together. The addition of novel stimuli allows us to examine
learning transfers while keeping the learned consequences of the testing stimuli as both unrewarding. The
use of novel stimuli allows for investigations of learning transfers onto new objects, where memory alone
is insufficient.
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In the absence of learning transfers onto novel objects, previous research showed that subjects may
be using memory to sort various items. For instance, pigeons were found to successfully sort hundreds of
shapes and photographic slides into random arbitrary categories and remember the stimuli when tested a
year later (Vaughan & Greene, 1984). Other birds, such as nutcrackers, are also able to remember hundreds
of locations for food caching purposes (Kamil & Balda, 1985). However, a category concept of certain
objects also implies that the animal should be able to classify new instances of that object that it has not
seen before. Learning transfer tests allow for further investigation as to whether subjects are sorting stimuli
beyond rote memorization.

Method

One hundred and twenty bumblebees (Bombus impatiens) from eight colonies were used and
monitored for 15 days of individual training with 15 bees tested per colony. Materials used are the same as
in Experiment 1 with new stimuli added for testing. Flowers used for testing include a white flower (Object
7), a yellow flower different from the Object X (Object X2), and their corresponding photographs (Photo
Z, and Photo X2) and an additional photograph of a cluster of blue flowers (Photo Y2) (Figure 6).

Figure 6

Novel Photos and Objects in Experiment 2

9 20 3D

Note. Photo and Object Z (a), Photo Y2 (b), and Object and Photo X2 (c). Part (c) reprinted from Xu and Plowright (2016). 3D
object X2 reproduced from Thompson and Plowright (2014) with kind permission from Springer Nature.
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Bees underwent training to discriminate between the two photos (Photo X and Photo Y) from the
two objects (Object X and Object Y). For two colonies, photographs were rewarding (+) and objects were
unrewarding (), and for two other colonies, it was the reverse (Table 2). The same four stimuli were also
grouped differently, where bees underwent training to discriminate between instances of X (Object X and
Photo X) vs instances of Y (Object Y and Photo Y). For two colonies, Xs were rewarding (+) and Ys were
unrewarding (—), and for two other colonies, it was the reverse (Table 2).

Table 2
Design for Experiment 2
Phase Colony 1 +2 (n=30) Colony 3+4 (n=30) Colony 5+6(n=30) Colony 7+ 8 (n=30)
Training Photos+ / Objects— X+/Y- Objects+/ Photos— Y+ /X~
1. Dimensionality test: Object Z vs Photo Z 1. Dimensionality test: Object Z vs Photo Z
Test 2. Flower type test: Photo X2 vs Photo Y2 2. Flower type test: Photo X2 vs Photo Y2
3. Similarity judgment test: Object X2 vs 3.  Similarity judgment test: Photo Y2 vs
Photo Z Object Z

Note. The number of bees that were tested is given for each condition.

The trained bees were assigned to one of three discrimination tests on unrewarding stimuli (Figure
7) between: 1) anovel photo and object (Object Z and Photo Z), 2) two novel photos resembling the training
stimuli (Photo X2 and Photo Y2), and 3) two novel stimuli, with one stimulus perceptually resembling the
rewarded training stimuli (Photo Z and Object X2, or Object Z and Photo Y2, depending on the rewarded
stimulus during training). A total of 10 bees were used for each test, with five bees from two different
colonies.

Figure 7

Example of Experiment 2 Design

2@ 3D° +2 3%}‘5 VS 2 2+ 3.|)o 3%.#-

Flower type (X/Y) Discrimination training Dimensions (Ob/Ph) Discrimination training

Vs
0Ob.Z Ph.v2 Ph.X2

3Dy
WVS

Ob. X2

Note. This condition shows a comparison of the Ph+/Ob— to X+/Y— group. Permissions: See Figures 4 and 6.

The results from tests 1 and 2 would determine whether bees are able to extrapolate specific features
of flowers and generalize them. We hypothesize that bees trained to discriminate between objects and
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photos would be able to treat Object Z and Photo Z differently whereas bees trained to discriminate between
X and Y would not. The same hypothesis holds true for test 2, where bees trained on X and Y would show
a preference for either X2 or Y2, but those trained on objects and photos would not.

The third test examines the influence of perceptual similarity on categorization and how similarity
judgment can change with experience. As Experiment 1 demonstrates, the similarities of flowers between
groups may influence the bees’ abilities to categorize within a group. Here, bees trained to discriminate
between objects and photos of those objects are compared to those that are trained to discriminate between
X and Y flowers on tests that examine their abilities to categorize new stimuli that were not used during
training. Bees trained with objects as rewarding were compared to bees trained with Y as rewarding, and
both groups were tested on choices between a novel object (Object Z) or a novel Y photo (Photo Y2).
Similarly, bees trained with photos as rewarding were compared to bees trained with X as rewarding, and
both groups were tested on choices between a novel photo (Photo Z) or a novel X object (Object X2). Bees
that were able to ignore the similarity between X and Y groups would choose the novel flower of the correct
dimension while those who could not would fail the test. Bees trained to discriminate between X and Y
would need only to generalize based on floral features.

Results
Test 1 Results between Object and Photo Z

As shown in Figure 8, bees trained with objects as rewarding had a significant preference for Object
Z over Photo Z (Gp =7.95, df = 1, p = .004), with no significant individual differences (Gu = 11.07, df =9,
p =.27). Bees trained with rewarding photos had a significant preference for Photo Z over Object Z (Gp =
21.98, df =1, p <.001), with no significant individual differences (Gy=15.32, df =9, p = .08). However,
bees trained with either X rewarding or Y rewarding both showed no significant preferences for either
Object Z or Photo Z (Gp = .36, df=1, p =.55; for both groups) with no significant individual differences for
either a rewarding X (G =6.59, df=9,p=.68) or Y (Gu=2.49, df =9, p =.98).

Figure 8

Test 1 (Object Z vs Photo Z) Results from Experiment 2

X+/Y- 20+/3D- Y+/X-

3D+/20-

(o]

o

~N P

Average Choice Proportions
o

Training Condition

mPh.Z

~N

mOb

Note. Mean frequencies, with standard error bars, of choices between photo and object Z following discrimination training on either
X and Y or Objects and Photos in Experiment 2. The horizontal line indicates chance. ** p <.001.
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Test 2 Results between Photo X2 and Photo Y2

Bees trained with a rewarding Object and Photo X had a significant preference for Photo X2 over
Photo Y2 (Gp = 82.88, df = 1, p <.001), with no significant individual differences (Gu= 14.01, df=9,p =
.12). Similarly, bees trained with a rewarding Object and Photo Y had a significant preference for Photo
Y2 over Photo X2 (Gp= 57.64, df = 1, p <.001), with no significant individual differences (Gy= 9.25, df
=9, p=.41). Bees had no significant preferences for either Photo X2 or Photo Y2 when they were trained
to prefer either objects (Gp = .00, df = 1, p = 1.00) or photos (Gp = .64, df =1, p = .42), with no significant
individual differences for the group trained with rewarding objects (Gu= 4.90, df = 9, p = .84). However,
there was a significant heterogeneity in the group trained on rewarded photos (Gu = 18.54, df =9, p =.03),
where half the bees were at chance level while the other half preferred either X or Y. Upon closer inspection,
significant individual differences were found at the colony level in that condition for one of the colonies
(Gu=12.95, df =4, p =.01), but not the other (Gu = 3.00, df =4, p =.55), indicating possible innate X and
Y preferences in individual bees in the absence of experience (Figure 9). However, this is not the case for
photos or objects as they appear to be equally appealing to bees trained on either X or Y in the previous
test.

Figure 9

Test 2 (Photo X2 vs Photo Y2) Results from Experiment 2

X+/Y- 2D+/3D- Y+/X- 3D+/2D-

Training Condition
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o

>

Average Choice Proportions
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mPh.X2 mPh.Y2

Note. Mean frequencies, with standard error bars, of choices between X2 and Y2 after discrimination training with X vs Y or Photos
vs Objects in Experiment 2. The horizontal line indicates chance. ** p <.001.

Test 3 Results between Object X2 and Photo Z or Photo Y2 and Object Z

As shown in Figure 10, bees trained with either Photos (+) or Xs (+) were tested on Object X2 and
Photo Z in Test 3. Both testing stimuli were new and had never been used in training. Bees trained to prefer
X over Y had a significant preference for Object X2 over Photo Z (Gp= 61.35, df =1, p <.001) with no
significant individual differences (Gu= 12.04, df =9, p =.21). Bees trained to prefer photos over objects
had no such preference (Gp = 1.97, df = 1, p = .16) with no significant individual differences (Guy= 15.80,
df=9, p=.07).
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Figure 10

Test 3 (Object X2 vs Photo Z; Photo Y2 vs Object Z) Results from Experiment 2

'--|

Joror
¢
=

Note. Mean frequencies, with standard error bars, of choices between Object X2 and Photo Z for the first two groups in the figure,
or Photo Y2 and Object Z for the last two groups, after training with X vs Y or Photos vs Objects in Experiment 2. X2 and Y2 are
depicted on the lower bars, while Object and Photo Z are depicted above. The horizontal line indicates chance. ** p <.001.

Bees trained with either Objects (+) or Ys (+) were tested on Photo Y2 and Object Z in Test 3. As
before, testing stimuli were new and had never been encountered by the bees during training. Bees trained
to prefer Y over X had a significant preference for Photo Y2 over Object Z (Gp= 33.25, df = 1, p <.001),
with no significant individual differences (Gu= 6.28, df =9, p =.71). Bees trained to prefer objects over
photos also had no such preference (Gp = 1.97, df = 1, p = .16), with no significant individual differences
(Gu=1.97,df=9, p=.99).

Discussion

When bees are trained to discriminate between flower types, they always choose the flowers that
most resemble the training flower types, ignoring differences in dimensionality (2D and 3D). Bees trained
to discriminate based on dimensionality were able to generalize to other flowers of the correct
dimensionality, while also showing no overall preference for flower types.

Although they were able to generalize to the corresponding object or photo Z during tests with
novel stimuli, bees trained on dimensions (2D vs 3D) were not able to do the same when one of the choices
also had a higher resemblance to the training stimuli (Test 3). At the same time, while bees did not
spontaneously choose the option of the correct dimension during Test 3, they also did not spontaneously
choose the option with the highest perceptual similarity. Bees instead viewed both options as equally
appealing. Bees trained on flower type, however, did not, and had strong preferences for the correct flower
type presented. Previous experience on the flowers appears to dictate the level of similarity perceived by
the foragers. Novel flowers that would not have appeared rewarding now did because of experience on
different rewarding flowers.

Bees trained to discriminate objects and photos did not significantly prefer Object or Photo Z in the
presence of X2 or Y2; however, they did significantly choose the correct novel object or photo Z with no
other similarities present. Even though they cannot completely ignore the salient floral features, they also
do not immediately choose the most salient similarity. Categories, therefore, are flexible, and learning on
new flowers are generalized not only based on their physical features, but also on a forager’s previous
experience and the alternatives available.
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These results point to the real possibility of mediated generalization in bumblebees, by making use
of perceptual associations, though more research is required on other sets of stimuli. As noted by Sturdy et
al. (2017), functional and perceptual categorization are not mutually exclusive. Bumblebees can extrapolate
and generalize specific floral details to novel flowers, but this ability becomes unreliable if there are more
salient perceptual similarities present as a distractor. However, bees do not spontaneously prefer flowers
based only on perceptual similarity either, and in cases where both group membership and perceptual
similarities interfere, bees will visit both possibilities with no overall preference for one over the other.
Bees appear to categorize based on both the reward values of the category members and the similarities of
the flowers available in the area. Future research using the Delayed Matching to Sample Task might further
explore these possibilities. In addition, methods comparable to ours could be built up to include a wider
selection of stimuli, as in nature, which may further incentivize category formation. Overall, bees rely on
perceptual similarity to form categories, but the similarity judgments change based on previous experience
and the functional value of flowers to foragers.

General Discussion

Objects in a bee’s environment can serve different functions to the bee, such as floral resources or
landmarks. Additionally, food resources serve different functions, depending on the amount of pollen or
nectar it gives, where pollen serves as a source of protein for feeding larvae while nectar serves as a source
of carbohydrates for energy. While individual bees may not specialize for either pollen or nectar foraging
(Russell et al., 2017), they are still able to differentially forage for pollen or nectar depending on the needs
of the colony (Fewell & Winston, 1992; Plowright et al., 1993; 1999). As such, it stands to reason that the
bees’ foraging techniques reflect an ability to generalize between the functions of the objects in their
environment.

In Experiment 1, bees preferred the photograph or object most perceptually similar to the last
rewarding stimulus experienced, regardless of reward associations. Bees chose the counterpart object or
picture of the rewarding flower in Phase II regardless of the associations learned in Phase 1. As with
previous research (Xu & Plowright, 2017), learning from one flower can be transferred to another without
the forager having the same experience on the second flower. However, while bees can successfully
discriminate between two similar flowers, they were unable to generalize their learning between flowers
sharing little perceptual similarity, and categorized the flowers based upon perceptual similarity.
Generalizations between perceptually similar flowers are not significantly affected by the bee’s experience
on each individual flower and perceptual similarities between the groups might cause interference with the
ability to generalize between flowers sharing reward associations.

To follow up, Experiment 2 showed that bees were able to extrapolate specific details of flowers
and categorize using those features. However, perceptual similarities between groups interfered with the
bees’ generalizations. Bees chose both the flowers with relevant features similar to the rewarding groups
and the flowers that resembled the learned rewarding flowers in other similar though functionally irrelevant
characteristics. For instance, bees were able to find the 3D flower when given novel 3D and 2D stimuli, but
not when given novel 3D and novel Y stimuli, in which case, bees see both the 3D and the Y flowers as
equally attractive. The floral categories formed depend on the floral features as well as the resource
selections available.

In line with previous research, where bees were able to discriminate between fine details in stimuli
(Dyer & Chittka, 2004), bees here were able to differentiate similar flowers when trained to do so.
Additionally, context specific foraging has been previously demonstrated using serial reversals (Strang &
Sherry, 2014), where bees transferred learning between perceptually different stimuli through multiple
reversal training. In previous research, bees have been trained successfully to avoid perceptually similar
stimuli in favor of other less salient cues such as the number of objects (e.g., Gross et al., 2009; Howard et
al., 2018). Bees have also demonstrated the ability to reject perceptually similar stimuli in relational
categorization tasks (e.g., Howard et al., 2017; 2018), but have yet to do so when trained on a perceptual
categorization task with no relational element, although this ability has been found in other animal studies,
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such as dolphins (von Fersen & Delius, 2000). Bees still categorized based on perceptual similarity despite
their training experience. Whereas bees are able to make fine discriminations, it appears to be context
specific and training may, therefore, not be applicable in other situations. The addition of similar features
between groups may limit this ability. Flower categorization relies upon innate preferences for similarity
and is not solely based upon learning and experience.

Selection in mimicry has favored forager confusion from the original rewarding flower.
Inexperienced pollinators were more likely to be deceived by mimics than those with foraging experience
(Garcia et al., 2020). However, the photographs and objects used here are distinguishable to the bees even
without prior experience (Xu & Plowright, 2016). These results, therefore, cannot be attributed to an
inability to discriminate between the stimuli, even in the absence of the counterpart. Instead, the learning
transfers demonstrated might indicate an inability to generalize to perceptually different stimuli in the
presence of similar stimuli rather than a lack of discrimination between the photographs and objects.
Objects in nature that appear similar usually share consequences. Even in cases when the opposite is true,
where flowers that appear different give the same rewards, perceptual similarities still play a part in flower
selections. For instance, tomato and blueberry flowers may be both rewarding to a bee, but each flower still
shares similarities to other conspecifics. Groupings of floral stimuli can occur despite contradictory
experience. Additionally, because of natural variability, it is not uncommon for pollinators to visit flowers
that would normally be rewarding and receive no reward. Given that competition between foragers can
create situations where resources have already been drained, effective foraging may not always favor the
avoidance of non-rewarding flowers.

Bees that have learned to differentiate between two flowers in one context can treat them similarly
in another context. However, the results do not suggest that bees are incapable of mediated generalization,
but rather, bees require some degree of perceptual similarity to make judgments regarding categories. While
category boundaries cannot be determined using the behavioral data available, the evidence presented here
is consistent with generalization principles that underlie categorization mechanisms.

Whereas previous research gives evidence of perceptual categorization in bees, in this instance,
similarity judgments change based on previous experience and the function of the flower. Mediated
generalization is a crucial ability for higher levels of category formation, such as the formation of functional
categories, where group membership relies on more than perceptual characteristics (Shettleworth, 2010).
Despite being unable to completely disregard perceptual similarities during foraging, bees were able to
change responding to certain perceptual features of floral stimuli as a result of different reward
consequences. Little investigation has been done in functional categorization in bumblebees, but evidence
has been found in other species, where subjects were capable of categorizing items with little physical
resemblance to one another (e.g., Bovet & Vauclair, 1998; Feuerbacher & Rosales-Ruiz, 2017; Savage-
Rumbaugh et al., 1980; von Fersen & Delius, 2000). Moreover, honeybees have been successful at
relational categorization (e.g., Avargues-Weber, Dyer, & Giurfa, 2011; Avargués-Weber & Giurfa, 2013;
Brown & Sayde, 2013; Giurfa et al., 2001), suggesting they are capable of more abstract forms of
categorizing. The nature of representation of visual scenes, how it differs across species and how it is
modulated by experience are currently active areas of investigation in comparative cognition (Avargues-
Weber et al., 2020).

Our conclusions are in line with the current view that brain size may not always be a reliable
indicator of behavioral repertoires or cognitive abilities (Chittka & Niven, 2009). Instead, categorization
may be particularly adaptive for species with miniature brains and that the nature of representation is likely
to be economical (Srinivasan, 2006), so as to reduce the number of features memorized by the forager. The
results also show that bees are unable to ignore perceptual features completely during foraging. As
perceptual categorization appears to be common across many species, limitations within their categorization
abilities may give further insight into the degree of learned and innate mechanisms involved in category
formation. Considerations of the foraging problems that bees encounter in nature, as delineated here,
suggest that functional categorization and the neural and cognitive mechanisms that underpin it are
promising avenues for further investigation.



Xu & Plowright 333

Acknowledgements

We thank Daniel Dostie and Pierre Bertrand for their assistance with the graphic design, Jeremy
McEvoy Bridger, Lise Van de Beeck, Julie Raymond, and Alexandria Beland for their help with data
collection, and Koppert Canada for the generous contributions of bumblebee colonies for our research.

Author Contributions: Vicki Xu: Conceptualization, Methodology, Formal analysis, Investigation,
Writing — Original Draft, Visualization. Catherine Plowright: Resources, Writing — Review & Editing,
Supervision, Funding acquisition

Funding: This research was supported by a grant to C.M.S.P. from the Natural Sciences and Engineering
Research Council of Canada.

Contflict of Interest: The authors declare that there are no conflicts of interest.

References

Avargués-Weber, A., de Brito Sanchez, M. G., Giurfa, M., & Dyer, A. G. (2010). Aversive reinforcement improves
visual discrimination learning in free-flying honeybees. PLoS One, 5(10), €15370.

Avargués-Weber, A., Deisig, N., & Giurfa, M. (2011). Visual cognition in social insects. Annual Review of
Entomology, 56, 423-443.

Avargués-Weber, A., Dyer, A. G., & Giurfa, M. (2011). Conceptualization of above and below relationships by an
insect. Proceedings of the Royal Society of London B: Biological Sciences, 278, 898-905.

Avargués-Weber, A., Finke, V., Nagy, M., Szabo, T., d’Amaro, D., Dyer, A. G., & Fiser, J. (2020) Different
mechanisms underlie implicit visual statistical learning in honey bees and humans. Proceedings of the
National Academy of Sciences, 117(41),25923-25934.

Avargués-Weber, A., & Giurfa, M. (2013). Conceptual learning by miniature brains. Proceedings of the Royal Society
B: Biological Sciences, 280(1772), 20131907.

Avargués-Weber, A., Portelli, G., Benard, J., Dyer, A., & Giurfa, M. (2010). Configural processing enables
discrimination and categorization of face-like stimuli in honeybees. Journal of Experimental Biology, 213,
593-601.

Benard, J., & Giurfa, M. (2008). The cognitive implications of asymmetric color generalization in honeybees. Animal
Cognition, 11, 283-293.

Benard, J., Stach, S., & Giurfa, M. (2006). Categorization of visual stimuli in the honeybee Apis mellifera. Animal
Cognition, 9(4), 257-270.

Bovet, D., & Vauclair, J. (1998). Functional categorization of objects and of their pictures in baboons (Papio anubis).
Learning and Motivation, 29(3), 309-322.

Brown, M. F., & Sayde, J. M. (2013). Same/different discrimination by bumblebee colonies. Animal Cognition, 16(1),
117-125.

Brown, C. H., Sinnott, J. M., & Kressley, R. A. (1994). Perception of chirps by Sykes's monkeys (Cercopithecus
albogularis) and humans (Homo sapiens). Journal of Comparative Psychology, 108(3), 243.

Briinnert, U., Kelber, A., & Zeil, J. (1994). Ground-nesting bees determine the location of their nest relative to a
landmark by other than angular size cues. Journal of Comparative Physiology A, 175(3), 363-369.
Cartwright, B. A., & Collett, T. S. (1983). Landmark learning in bees. Journal of Comparative Physiology A, 151(4),

521-543.

Cheng, K., Collett, T. S., & Wehner, R. (1986). Honeybees learn the colours of landmarks. Journal of Comparative
Physiology A, 159(1), 69—73.

Chittka, L., & Niven, J. (2009). Are bigger brains better? Current Biology, 19(21), R995-R1008.

Chittka, L., & Thomson, J. D. (2001). Cognitive ecology of pollination: Animal behaviour and floral evolution.
Cambridge University Press.

Chittka, L., Thomson, J. D., & Waser, N. M. (1999). Flower constancy, insect psychology, and plant evolution.
Naturwissenschaften, 86, 361-377.

Dukas, R., & Waser, N. M. (1994). Categorization of food types enhances foraging performance of bumblebees.
Animal Behaviour, 48, 1001-1006.



Xu & Plowright 334

Dyer, A. G., & Chittka, L. (2004). Bumblebees (Bombus terrestris) sacrifice foraging speed to solve difficult colour
discrimination tasks. Journal of Comparative Physiology A, 190(9), 759-763.

Dyer, A. G., & Murphy, A. H. (2009). Honeybees choose ‘incorrect’ colors that are similar to target flowers in
preference to novel colors. Israel Journal of Plant Sciences, 57(3), 203-210.

Fauria, K., Colborn, M., & Collett, T. S. (2000). The binding of visual patterns in bumblebees. Current Biology,
10(15), 935-938.

Feuerbacher, E. N., & Rosales-Ruiz, J. (2017). Can dogs learn concepts the same way we do? Concept formation in a
German Shepherd. International Journal of Comparative Psychology, 30, 1-25.

Fewell, J. H., & Winston, M. L. (1992). Colony state and regulation of pollen foraging in the honey bee, Apis mellifera
L. Behavioral Ecology and Sociobiology, 30(6), 387-393.

Foster, R. L. (1992). Nestmate recognition as an inbreeding avoidance mechanism in bumble bees (Hymenoptera:
Apidae). Journal of the Kansas Entomological Society, 65(3), 238-243.

Free, J. B. (1967). Factors determining the collection of pollen by honeybee foragers. Animal Behaviour, 15(1), 134—
144.

Garcia, J. E., Phillips, R. D., Peter, C. 1., & Dyer, A. G. (2020). Changing how biologists view flowers—Color as a
perception not a trait. Frontiers in Plant Science, 11, 601700.

Giurfa, M. (2004). Conditioning procedure and color discrimination in the honeybee Apis mellifera.
Naturwissenschaften, 91(5), 228-231.

Giurfa, M. (2019). Honeybees foraging for numbers. Journal of Comparative Physiology A, 205(3), 439—450.

Giurfa, M., Eichmann, B., & Menzel, R. (1996). Symmetry perception in an insect. Nature, 382, 458—461.

Giurfa, M., Hammer, M., Stach, S., Stollhoff, N., Miiller-Deisig, N. I. N. A., & Mizyrycki, C. (1999). Pattern learning
by honeybees: Conditioning procedure and recognition strategy. Animal Behaviour, 57(2), 315-324.

Giurfa, M., Zhang, S., Jenett, A., Menzel, R., & Srinivasan, M. V. (2001). The concepts of ‘sameness’ and ‘difference’
in an insect. Nature, 410(6831), 930-933.

Gumbert, A. (2000). Color choices by bumble bees (Bombus terrestris): Innate preferences and generalization after
learning. Behavioral Ecology and Sociobiology, 48(1), 36—43.

Greggor, A. L., & Hackett, P. M. (2018). Categorization by the animal mind. In P. M.W. Hackett (Ed.), Mereologies,
ontologies and facets: The categorial structure of reality (pp. 1-18). Lexington Books.

Gross, H. J., Pahl, M., Si, A., Zhu, H., Tautz, J., & Zhang, S. (2009). Number-based visual generalisation in the
honeybee. PLOS One, 4(1), e4263.

Herrnstein, R. J. (1990). Levels of stimulus control: A functional approach. Cognition, 37(1-2), 133—166.

Howard, S. R., Avargueés-Weber, A., Garcia, J., & Dyer, A. G. (2017). Free-flying honeybees extrapolate relational
size rules to sort successively visited artificial flowers in a realistic foraging situation. Animal Cognition,
20(4), 627-638.

Howard, S. R., Avargués-Weber, A., Garcia, J. E., Greentree, A. D., & Dyer, A. G. (2018). Numerical ordering of
zero in honey bees. Science, 360(6393), 1124—1126.

Ings, T. C., Raine, N. E., & Chittka, L. (2009). A population comparison of the strength and persistence of innate
colour preference and learning speed in the bumblebee Bombus terrestris. Behavioral Ecology and
Sociobiology, 63(8), 1207-1218.

Johnson, S. D., Peter, C. I, Nilsson, L. A., & Agren, J. (2003). Pollination success in a deceptive orchid is enhanced
by co-occurring rewarding magnet plants. Ecology, 84(11), 2919-2927.

Kamil, A. C., & Balda, R. P. (1985). Cache recovery and spatial memory in Clark's nutcrackers (Nucifraga
columbiana). Journal of Experimental Psychology: Animal Behavior Processes, 11(1), 95.

Kheradmand, B., Cassano, J., Gray, S., & Nieh, J. C. (2018). Influence of visual targets and landmarks on honey bee
foraging and waggle dancing. Insect Science, 27(2), 349-360.

Kunze, J., & Gumbert, A. (2001). The combined effect of color and odor on flower choice behavior of bumble bees
in flower mimicry systems. Behavioral Ecology, 12(4), 447-456.

Leonard, A. S., Dornhaus, A., & Papaj, D. R. (2011). Flowers help bees cope with uncertainty: Signal detection and
the function of floral complexity. Journal of Experimental Biology, 214(1), 113—-121.

Lichtenberg, E. M., Heiling, J. M., Bronstein, J. L., & Barker, J. L. (2020). Noisy communities and signal detection:
Why do foragers visit rewardless flowers? Philosophical Transactions of the Royal Society B, 375(1802),
20190486.

Muth, F., Papaj, D. R., & Leonard, A. S. (2015). Colour learning when foraging for nectar and pollen: Bees learn two
colours at once. Biology Letters, 11(9), 20150628.

Nityananda, V., & Chittka, L. (2021). Different effects of reward value and saliency during bumblebee visual search
for multiple rewarding targets. Animal Cognition, 24(4), 803—-814.



Xu & Plowright 335

Palottini, F., Estravis Barcala, M. C., & Farina, W. M. (2018). Odor learning and its experience-dependent modulation
in the South American native bumblebee Bombus atratus (Hymenoptera: Apidae). Frontiers in Psychology,
9, 603.

Plowright, C. M. S., Cohen-Salmon, D., Landry, F., & Simonds, V. (1999). Foraging for nectar and pollen on thistle
flowers (Cirsium vulgare) and artificial flowers: How bumble bees (Hymenoptera: Apidae) respond to colony
requirements. Behaviour, 136(8), 951-963.

Plowright, C. M. S., Evans, S. A., Leung, J. C., & Collin, C. A. (2011). The preference of symmetry in flower-naive
and not-so-naive bumblebees. Learning and Motivation, 42, 75-83.

Plowright, C. M. S., Ferguson, K. A., Jellen, S. L., Xu, V., & Dookie, A. L. (2013). Bumblebees occupy: When
foragers do and do not use the presence of others to first find food. Insectes sociaux, 60(4), 517-524.

Plowright, R. C., Thomson, J. D., Lefkovitch, L. P., & Plowright, C. M. S. (1993). An experimental study of the effect
of colony resource manipulation on foraging for pollen by worker bumble bees (Hymenoptera: Apidae).
Canadian Journal of Zoology, 71, 1393-1396.

Ronacher, B. (1992). Influence of unrewarded stimuli on the classification of visual patterns by honey bees. Ethology,
92(3), 205-216.

Rossi, N., Santos, E., Salvarrey, S., Arbulo, N., & Invernizzi, C. (2015). Determination of flower constancy in Bombus
atratus Franklin and Bombus bellicosus Smith (Hymenoptera: Apidae) through palynological analysis of
nectar and corbicular pollen loads. Neotropical Entomology, 44(6), 546-552.

Russell, A. L., Morrison, S. J., Moschonas, E. H., & Papaj, D. R. (2017). Patterns of pollen and nectar foraging
specialization by bumblebees over multiple timescales using RFID. Scientific Reports, 7(1), 42448.
Savage-Rumbaugh, E. S., Rumbaugh, D. M., Smith, S. T., & Lawson, J. (1980). Reference: The linguistic essential.

Science, 210(4472), 922-925.

Shettleworth, S. J. (2010). Cognition, evolution, and behavior. Oxford University Press.

Sokal, R. R., & Rohlf, F. J. (2012). Biometry (4th ed). W. H. Freeman.

Srinivasan, M. V. (2006). Honeybee vision: In good shape for shape recognition. Current Biology, 16(2), R58-R60.

Strang, C. G., & Sherry, D. F. (2014). Serial reversal learning in bumblebees (Bombus impatiens). Animal Cognition,
17(3), 723-734.

Sturdy, C. B., Campbell, K., Congdon, J., Hahn, A., McMillan, N., & Scully, E. (2017). Moving from perceptual to
functional categories in songbirds. International Journal of Comparative Psychology, 30, 1-14.

Thompson, E. L., & Plowright, C. M. S. (2014). How images may or may not represent flowers: Picture-object
correspondence in bumblebees (Bombus impatiens)? Animal Cognition, 17(5), 1031-1043.

Troje, N. F., Huber, L., Loidolt, M., Aust, U., & Fieder, M. (1999). Categorical learning in pigeons: The role of texture
and shape in complex static stimuli. Vision Research, 39(2), 353-366.

Tsutsui, K. 1., Hosokawa, T., Yamada, M., & lijima, T. (2016). Representation of functional category in the monkey
prefrontal cortex and its rule-dependent use for behavioral selection. Journal of Neuroscience, 36(10), 3038—
3048.

Vaughan, W., & Greene, S. L. (1984). Pigeon visual memory capacity. Journal of Experimental Psychology: Animal
Behavior Processes, 10(2), 256-271.

von Fersen, L., & Delius, J. D. (2000). Acquired equivalences between auditory stimuli in dolphins (Tursiops
truncatus). Animal Cognition, 3(2), 79-83.

Watanabe, S., Lea, S. E. G., Dittrich, W. H. (1993). What can we learn from experiments on pigeon concept
discrimination? In H. J. Bischof. & H. P. Zeigler (Eds.), Avian vision and cognition (pp. 352—-376). MIT
Press.

Wiegmann, D. D., Wiegmann, D. A., MacNeal, J., & Gafford, J. (2000). Transposition of flower height by bumble
bee foragers (Bombus impatiens). Animal Cognition, 3(2), 85-89.

Wu, W., Moreno, A. M., & Tangen, J. M. (2013). Honeybees can discriminate between Monet and Picasso paintings.
Journal of Comparative Physiology A, 199(1), 45-55.

Xu, V., & Plowright, C. M. S. (2016). Different-but-similar judgments by bumblebees. Animal Behavior and
Cognition, 3(3), 198-209.

Xu, V., & Plowright, C. (2017). A transferrable change in preferences of floral patterns by bumblebees through reward
reversal. International Journal of Comparative Psychology, 30, 1-13.

Zentall, T. R., Wasserman, E.A., Lazareva, O. F., Thompson, R. K. R., & Rattermann, M. J. (2008). Concept learning
in animals. Comparative Cognition & Behavior Reviews, 3, 13—45.

Zhang, S., Srinivasan, M.V., Zhu, H., & Wong, J. (2004). Grouping of visual objects by honeybees. Journal of
Experimental Biology, 207(19), 3289-3298.



