ABSTRACT
THE EFFECT OF LOCAL FLOWER DISTRIBUTION ON THE
FORAGING AND COMMUNICATION BEHAVIOR OF THE
COMMON EASTERN BUMBLEBEE, BOMBUS IMPATIENS
Bumblebees are able to obtain information both through personal
experience and from their conspecifics, but it is unknown if bees are capable of
making the best decision when social information conflicts with personal
information. Recent research has suggested that bumblebees are capable of
communicating complex information, a prerequisite for decision making in a
social context. Bees were presented with an arena where the values of food
resources were controlled by altering the sugar concentration within artificial
flowers and the pollen distribution of natural flowers. The foraging patches that
bees chose and the subsequent foraging choices the bees made after social
information was acquired was monitored to evaluate the transmission of
information. The change in behavior provides insight into what drives a bee’s
foraging choices following new information and provides a framework to
investigate how bumblebees evaluate and utilize social information that may
conflict with their personal information. In response to changes in floral
distribution, bees were found to spend more time on foraging trips to higher
quality clusters, as well as visiting said clusters with a higher frequency. While the
differences between the two feeders were not always significant, a pattern was
clear. The lack of consistent significant changes in feeder visits and changes in trip
duration could possibly be explained by the small distances at which the
experiment took place.
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INTRODUCTION
Behavior
It is well known that social insects communicate with their conspecifics
(von Frisch, 1953). The large nests require extensive communication to coordinate
activities and may not be able to survive without transmission of social
information. However it is not known if this communication is indicative of
cognitive abilities, such as secondary neural integration to make decisions, or if it
is merely the result of instinctual behavior underlying eusocial structure. One of
the main research areas examining communication in social insects has focused on
understanding how the location and quality of food sources are communicated
within the hive. This research has been facilitated by the ease of manipulating the
food sources of a nest in a controlled environment. Using these controlled
experiments has allowed for investigation into communication about food and
provides an excellent way to test whether the communication about these
resources has any deeper understanding behind it. The honeybee has a relatively
small brain comprising approximately 960,000 neurons (Giurfa and Menzel, 2001)
and thus may provide an ideal model for studying the neural basis and cognitive
aspects of behavior. Historically, honeybees in particular have made very good
models and are often the choice insect for insect cognition (Menzel, 2012). This is
due to their apparent flexibility and behavioral plasticity when compared with
other insects, which may be attributed to their sociality (Menzel, 2012).
Additionally, when trying to understand how neural activity links to behavior, the
small size of the honeybee brain allows for easier reconciliation of the neurons
contributing to behavior compared to vertebrate models (Menzel, 2012).
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Despite the small size of their brains, honeybees have demonstrated
numerous behaviors that indicate a high degree of neural integration. Honeybees
have been shown to be able to discriminate between small numbers and can use
this ability to navigate (Gross et al, 2009). Even when the same/different
dichotomy is controlled for honeybees can consistently use the number of a visual
cue to navigate (Gross et al, 2009).
Honeybees are also capable of using visual cues to gauge the distance that
they have travelled (Srinivasan et al, 1997). When bees are trained to fly down a
tunnel to locate a food source it was found that they rely on the spatial
arrangement of the visual cues around them. This was revealed when tested under
conditions where the length of a tunnel had been altered after training the bees to
locate a food source at a particular distance from the start of the tunnel. The
results of these experiments revealed that bees would rely on the visual cues to
judge distance and depending on the spatial frequency of the cues the bees would
either fly further or shorter. Specifically, it was determined that would rely on the
spatial patterning of the cues and use the optic flow, or the apparent movement of
the visual cues across the retina, to assess how far they had flown (Srinivasan et al,
1997). This distance information is used by the bees for subsequent foraging and
during communication regarding food sources to nestmates.
These two abilities can help to explain the ability of honeybees to find
shortcuts between two different food sources that the bees learned about via social
communication (Menzel et al, 2011). Bees that were only exposed to one feeder
were still able to find a second feeder, whose position had been communicated to
them by their nestmates, without first returning to the hive (Menzel et al, 2011).
Of course, this is only possible due to the detailed communication behaviors of
honeybees.
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Honeybees primary form of communication on food sources is the famous
waggle dance. This dance has been shown to convey information about a food
source’s location with regards to distance and orientation from the nest, as well as
the quality of said source (von Frisch, 1953). This behavior has been extensively
studied and has been shown to be useful information to a bee’s nestmates, in
particular when the overall food sources of the nest’s environment are fragmented
(Dornhaus and Chittka, 2004). This was shown to most often occur in tropical
environments (Dornhaus and Chittka, 2004). Honeybees were found to be more
likely to follow the directions given via the waggle dance when flowers were not
evenly distributed in the environment. This was measured by disrupting the bees’
ability to orient their waggle dance in three different environments, two temperate
and one tropical and then weighing the hives to determine how much nectar had
been collected. The temperate climates were a Mediterranean shrubland in a
Nature Preserve in Spain and a mixed meadow and agricultural habitat in
Germany. The tropical climate was a dry deciduous forest in India. When the bees
were unable to orient themselves for the waggle dance the rest of the hive was
unsuccessful in foraging, whereas in both of the temperate climates the ability of
returning foragers to orient themselves had no impact on the hive’s ability to
forage (Dornhaus and Chittka, 2004). The food resources in the tropics, where
honeybees are thought to have originated, can be extremely sporadic (Dornhaus
and Chittka, 2004). There are times when there is only one tree in bloom in a
colony’s territory, making it very difficult for a single bee to locate food without
aid and thus making reliable communication very important.
While most research has focused on honeybees, bumblebees may function
as an easier model organism to use in the lab and provide unique insight into the
capacities of a small brain. Bumblebee colonies consist of 40 to 60 individuals,
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rather than the 10,000 of honeybee colonies. This makes the maintaining an active
colony easier for the researcher as resources can be more limited and it allows for
smaller areas to be used when confining the hive for controlled experiments.
Bumblebees are closely related to honeybees and share many behaviors (Dornhaus
and Chittka, 2001; Wilson, 1971). Like honeybees, bumblebees communicate to
their nestmates about the location and quality of food sources (Dornhaus and
Chittka, 2001). Additionally, bumblebees, like honeybees, are capable of social
learning and associative learning (Mirwan and Kevan, 2013).
It has been shown that bumblebees are capable of simple associative
learning through appetive and aversive stimuli (Leadbeater and Chittka, 2009).
This type of learning is important for the conveying of social information about
food resources. Bees that had been trained to associate the presence of a foraging
bee at a flower with a reward were more likely to visit other flowers that were also
occupied by a foraging bee. Bees that were exposed to foragers that did not relay
useful information did not show a preference towards occupied flowers
(Leadbeater and Chittka, 2009)
It has been indicated that bumblebees are able to communicate specifics not
only on food source location and quality; they are able to indicate the best method
of obtaining the food (Mirwan and Kevan, 2013). In the experiment bees were
exposed to artificial flowers that required the performance of nectar robbing
behavior in order to obtain nectar. Bees were initially trained at the artificial
flowers and after they had been successfully trained were observed by untrained
bees. The observer bees were able to obtain the nectar from the flowers, as
expected. However individual bees that had not been able to observe were
nevertheless able to extract the nectar. This only occurred when the bees were able
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to communicate with successful bees in the nest. Bees that did not receive any
information were unable to obtain any nectar (Mirwan and Kevan, 2013).
This seems to show that bumblebees are able to communicate complex
information to one another. It has been shown that bumblebees are able to use the
presence of other bees as a reliable indicator of safety (Dawson and Chittka,
2014). They will only visit flowers that their nestmates are visiting when the
environment is dangerous. This was tested by simulating attacks on one group of
foragers while they were at one color of artificial feeder and leaving the bees
undisturbed at another color of feeder. A second group of foragers were left alone
at both feeders. The bees from the first group were found to only visit the
dangerous feeders when bees from the second group were foraging at those
feeders (Dawson and Chittka, 2014). But the bees will only display this cautious
behavior when the environment is known to be dangerous. Both of these abilities
in judgment appear to show strong abilities to make informed decisions.
Given the number of studies demonstrating the communication abilities of
bumblebees an interesting question arises when trying to connect bumblebee
foraging and communication with what was seen in the study by Dornhaus and
Chittka (2004). This study showed that honeybees foraging in temperate climates
relied less on social communication. This is interesting because the vast majority
of bumblebee species are found in temperate climates (Wilson, 1971; Heinrich,
1979). So, what is the nature of bumblebee communication? Are the
communication behaviors of honeybees and bumblebees completely unrelated or
do honeybees have a greater capacity to evaluate different types of information
(i.e. personal vs. social information)?
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Evaluation of Information in Insects
Research has shown that bumblebees appear to prefer personal information
to social information (Leadbeater and Florent, 2014). This was the first such study
to evaluate the use of information in bumblebees. This study has its limitations;
however, as in this experiment the researchers only introduced a new floral scent
into a colony and characterized the new choices the foragers made. The
researchers did not study the effects of food source quality nor did they look at
what happens when different individuals have different personal information
(Leadbeater and Florent, 2014). In order to fill this knowledge gap it would be
necessary to look for changes of behavior within the hive while the bees are
communicating with their nestmates.
One such behavioral change has been observed in honeybee house hunting,
known as a ‘stop signal.’ It is a high frequency buzz transmitted tactilely via head
butting. When this is done with enough frequency it will stop the receiving bee
from continuing its dance (Schlegel et al 2012, Seeley et al 2012). As bumblebees
are closely related to honeybees and have followed a similar evolutionary path,
they may possess an analogous behavior. Bumblebees appear to possess other
analogous communicative behaviors, such as excited running. If this proves to be
true, then previously shown negative results will only be true when the differences
in quality of food sources are small to nonexistent. If bumblebees are able to judge
the value of information and act accordingly, this may suggest that they have
higher cognitive abilities than previously thought. This study looks to build a
foundation to study how bumblebees evaluate and use information. The results of
this research will help further establish the idea that bumblebees and other social
insects should be studied for higher cognition. Studies like ours will help us better
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understand the behaviors associated with cognitive processes and may provide an
insight into the evolution of cognition.

HYPOTHESIS AND AIMS
Hypothesis
Bumblebees can obtain information through personal experience or through
social interactions. Therefore, when the distribution of food changes suddenly the
hive will be able to rapidly respond by focusing its foraging efforts on the area
with the greatest concentration of food.
Aims
Aim 1
Use a combination of freshly clipped flowers and artificial flowers to test a
bumblebee colony’s ability to judge the value of a food source based on the
information given to the colony by individual foragers.
Aim 2
Monitor the behavior of foraging bees to determine which food source the
colony favors when flower distribution fluctuates from uniform to clustered.

MATERIALS & METHODS
Animals
The bumblebee, Bombus impatiens, was used in all experiments. This
species is native to eastern North America with a range north to south from Maine
to Florida and east to west from the Atlantic Coast to Wyoming. Koppert
Biological Systems (Michigan, USA) hives were obtained from Planet Natural
(Montana, USA). Bees were maintained under the guidelines stipulated by the
State of California agricultural permit #3154 (Appendix A). The bees were
contained in a sealed greenhouse and the hives contained queen excluders. At the
conclusion of each experiment the hives were frozen at -20C for 48 hours and
disposed according to University and Departmental guidelines.
Setup/Control
Experiments were run in three replicates and each replicate was run with a
single queen-right bumblebee hive. Experiments using the first hive were begun
on April 14, 2015 and were run for eight weeks. The second hive experiments
began testing on June 30, 2015 and were also be run for eight weeks. Experiments
with the third hive began on October 28, 2015 and were run for seven weeks. The
hive in each experiment was placed on a single layer of bricks placed on the
ground. Bricks were stacked along the sides and rear of the hive to provide
insulation and also to serve as an anchor for the camera recording the bees’
behavior within the hive (Figure 1). Sheets of cardboard were placed above the
camera and hive to provide shade for the bees.
Placed in the wing of the greenhouse were two clusters of artificial flowers
mixed with clusters of freshly clipped Salvia leucophylla and Symphyotrichum
chilense. For the third hive Heliopsis helianthoides replaced the S. chilense due to
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it becoming dormant. The artificial flowers were constructed by placing a colored
plastic disk around the opening of a microfuge tube (Figure 2). The microfuge
tubes were open at all times during the acclimation, control, and experimental
portions of the project. The microfuge tubes were attached to pipet tips and the
pipet tips were placed in one of two Styrofoam block (Figure 1). Each Styrofoam
block was considered a feeder, containing a mixture of natural and artificial
flowers. For Hives 1 and 2, both feeders were located on the same table, with
feeder 1 located 1.22m from the hive entrance and feeder 2 located 2.44m from the
entrance (Figure 1). Due to the reduced foraging activity of the bees of both Hives
1 and 2 during Condition 3 feeder 1 was moved to a table farther away from the
hive entrance for Hive 3 (Figure 1). It has been shown in multiple studies that
bumblebees have no trouble feeding from artificial flowers with this design. The S.
leucophylla, S. chilense, and H. helianthoides were placed in five-milliliter test
tubes filled with water. During the control periods there were an equal number of
flowers at each feeder, with the S. chilense and H. helianthoides being counted by
flowers and the S. leucophylla being counted by calyces (Figure 2). Each feeder
was monitored by a Samsung HMX-F90 camera that was on a timer set to run
during the daylight hours. The cameras were turned on during a window of 09:30
to 14:30 every day. During the control portion of the experiment there was no
difference in the quality or quantity of syrup in the artificial flowers or in the
number or type of fresh flowers. The bees were allowed to acclimate for 1 week.
Experiment
After the acclimation and first sequence of the control period, (Condition
1), the number of natural flowers at each feeder was changed. For the first
experimental condition, (Condition 2), the ratio of natural flowers from feeder 1 to
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feeder 2 was 4:1. The behavior of the bees was recorded at the flower clusters and
in the hive. After three to four days, depending on environmental variables (such
as temperature and cloud cover), the ratio was reversed, (Condition 3). This
switching of conditions and the corresponding ratios of flowers between the
feeders will be separated by a return to the control condition with resources being
equally distributed between the feeders (Figure 3). Exposure to all three
Conditions was considered to be a sequence. During the experimental portion we
also varied the quality of sucrose syrup present at the feeders. These differences
between feeders were varied to maximize the difference in quality between
feeding sites and to encourage foraging irrespective if colony needs (i.e. pollen vs.
sugar). During Condition 1 the sucrose concentration was 30% by weight. During
Condition 2 feeder 1 contained a 35% solution and feeder 2 a 25% solution.
Condition 3 reversed this, with feeder 2 containing the 35% solution and feeder 1
the 25%. The behavior of the hive as a whole was monitored to see which, if any,
feeder clusters the hive showed a preference to. This preference was measured by
observing the increased activity in the hive and the number of bumble bees that
were observed on the surface of the hive.
Data Storage & Analysis
Data was recorded onto 32GB SD cards. The SD cards were replaced with
fresh cards every 2 days and taken to the lab where the videos were transferred to
a 1TB external hard drive for long term storage and analysis. The cards were then
be used again when the second set of SD cards were replaced.
The video of the bees were analyzed for changes in communication
behavior and foraging behavior as compared to the control portion of the project.
In order to maintain the blindness of the researchers, research assistants were used
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to collect data off of the feeder videos. Each feeder was assigned a dedicated
research assistant to collect data with a third research assistant floating between
the feeder videos as needed. The researchers only viewed videos from the group to
which they are assigned. The feeder videos were monitored in their entirety for
total bee visits, duration of the visits, as well as which marked bees visited (when
visible). Visits to each feeder were only counted if the bee began to actively forage
at either a natural or artificial flower. The details of the foraging behavior could
not be visualized using our camera setup and thus our behavioral analysis was
limited. We determined successful foraging was when a forager landed on a
flower resource (artificial flower sucrose source or natural flower pollen source)
and continued its activity in the feeder patch. The visit was considered to have
ended if the bee left the video frame for five seconds. Visit durations were
monitored using the time stamp on the videos.
The data from the feeders were analyzed using SPSS and Microsoft Excel.
Statistical significance for visit duration was tested for using the Mann-Whitney U
test. The total number of visits to each feeder was analyzed using 2. The P value
generated from the method of 2 calculations used only generated a scale, so P
values for the total number of visits to a feeder were reported as simply < or >
0.05.

RESULTS
Hive 1
Hive 1 was only run through a partial sequence of Condition 1 to Condition
2 (Figure 3). During Condition 1 the median time per visit of each bee to each
feeder was the same, 129s (Mann-Whitney U, p<0.470; Figure 4). During
Condition 2, with feeder 1 having greater resources, the bees (n=40) spent more
time at feeder 1, with a median visit duration of 167s (Figure 4). The bees (n=33)
only visited feeder 2 for a median of 38s (Figure 4). This difference in visit
duration during Condition 2 was significant (Mann-Whitney U, p<0.001). During
both conditions the frequency of total visits to each feeder remained fairly
constant, although feeder 1 was slightly favored in both. The ratio of visits to
feeder 1 as compared to feeder 2 was 1.32 in Condition 1 and 1.21 in Condition 2
(Figure 7). These ratios were not significantly different (2, p>0.05) from the
expected ratio of 1.0, where the bees split their time equally between feeder 1 and
feeder 2.
Hive 2
Hive 2 was run through the full sequence of Condition 1 to Condition 2 to
Condition 3 twice (sequences 1 and 2) and a partial sequence of Condition 1 to
Condition 2 once (sequence 3) (Figure 3). The bees consistently visited both
feeders during Condition 1, having total visits ratios (total visits to feeder 2/total
visits to feeder 1) of 1.43, 0.857, and 0.833 respectively (Figure 5). The median
duration spent at each feeder per visit was also consistent, with the bees spending
median times of 86s, 148.5s, and 108s per visit at feeder 1 and median times of
97s, 200s, and 191s at feeder 2, a statistically non-significant difference (MannWhitney U, p<0.169, p<0.860, and p<0.090 respectively; Figure 5). While there
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was too much variability in the data to look at all three sequences of Condition 2
together, there was a discernable pattern in the foraging behavior of the bees.
During Condition 2 the bees visited feeder 1 more often, having a visits
ratios of 3.00, 1.49, and 2.75 respectively (total visits to feeder 1/total visits to
feeder 2, Figure 7). The bees also spent more time at feeder 1 during these visits.
During first sequence of conditions, sequence 1, (Figure 3) the bees spent a
median of 160.5s at feeder 1 compared to 14s at feeder 2 (Figure 5). During the
second and third sequences this difference in visit duration was less pronounced,
but still present. The bees spent a median time of 78s at feeder 1 during sequence
2, while they spent a median time of 36 seconds at feeder 2 (Figure 5). During the
third run of the experimental sequence (Figure 3), the bees visited feeder 1 for a
median duration of 34s and visited feeder 2 for a median of 8s (Figure 5). The
difference between visit durations for Condition 2 the first time the bees went
through the sequence of conditions compared to Condition 2 the second time the
bees experienced the sequence was statistically significant (Mann-Whitney U, p<
0.005 and p<0.001 respectively; Figure 5). The differences for the third sequence
were not statistically significant (Mann Whitney U, p<0.115) however this is
likely due to the small number of foragers, as during this sequence there were only
15 total visitations.
In sequence 1 of Condition 3 the bees showed little activity. They visited
feeder 1 a total of 7 times during the sequence and did not visit feeder 2 at all.
During this sequence the bees spent a median time of 130s at feeder 1 (Figure 5),
which was a decline in visit duration for the feeder compared to the preceding
condition. During sequence 2 the bees visited feeder 2 more often than feeder 1,
24 visits to 17 (Figure 7). The bees’ visits to the feeders were nearly identical in
duration. The bees spent a median of 83s at feeder 1 and 81s at feeder 2, a non-
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significant difference (Mann-Whitney U, p<0.813; Figure 5). None of the
differences in visit duration were significant in this condition (2, p>0.05).
Hive 3
During the first sequence of Conditions 1 and 2, the bees of the third hive
showed a preference for feeder 1. During Condition 1 the bees visited feeder 1 38
times as opposed to 24 times for feeder 2 (a ratio of 1.583, feeder 1/feeder 2;
Figure 7). However, the median duration of each visit was not significantly
different, 59.5s compared to 54.5s (Mann-Whitney U, p<0.891; Figure 6). During
sequence 1 of Condition 2 the bees visited feeder 1 a total of 211 times while
visiting feeder 2 only 58 times (a ratio of 3.638, feeder 1/feeder 2; Figure 7). Once
again the median visit duration to each feeder was not significantly different
during this time (Mann-Whitney U, p<0.323). However, the bees did spend more
time at feeder 1, 84s, than they did at feeder 2, 70.5s (Figure 6). During sequence
1 of Condition 3, the bees quickly began to show preference for feeder 2. They
visited feeder 2 more often than feeder 1, 314 visits versus 245 visits respectively
(giving ratio of 0.780, feeder 1/feeder 2; Figure 7). The bees also spent more time
at feeder 2 during each visit, 87.5s compared to 70s (Figure 6). While this
difference was not significantly different (Mann-Whitney U, p<0.077) it is
interesting to note the near reversal in time spent foraging at the feeders when
comparing Condition 2 to Condition 3. None of the differences in visits between
feeders were significantly different (2, p>0.05).
During the second sequence of Condition 1 the ratio of visits the bees made
to each feeder fell closer to 50/50, with feeder 2 still being slightly favored. The
bees visited feeder 2 a total of 210 times for a median time of 67.5s and visited
feeder 1 a total of 190 times for a median time of 58.5s (Figure 6) (feeder 2/feeder
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1 visits ratio of 1.11, Figure 7). Neither the difference between feeders visits nor
the difference between visit duration was significantly different (χ2, p>0.05, and
Mann-Whitney U, p<0.430, respectively). Due to equipment error on the first day
of Condition 2 only 2 days of data were gathered. During this time the bees visited
feeder 2 a total of 109 times for a median time of 150s and visited feeder 1 a total
of 106 times for a median time of 48.5s (feeder 2/feeder 1 visits ratio of 1.03,
Figure 7). While the visits to the feeders were not significantly different from each
other (2, p>0.05), the durations were (Mann-Whitney U, p<0.001; Figure 6).
During Condition 3 a similar pattern held, with the bees visiting feeder 2 for a total
of 238 times for a median time of 131s and visiting feeder 1 a total of 208 times
for a median time of 73.5s (feeder 2/feeder 1 visits ratio of 1.14, Figure 7) . Once
again the visits between feeders were not significantly different (2, p>0.05), but
the difference in visit duration was (Mann-Whitney U, p<0.001; Figure 6).
Tracking individual bees during foraging proved impossible to do during
these experiments. Individual bees from the first two hives were captured and
marked with stripes of acrylic paint. The bees from any one hive were marked
with unique patterns that were recorded for future identification. While marked
bees could be seen with the naked eye, the cameras used to record the videos were
unable to capture them. Over the course of the first two hives over 35 different
bees were marked, with only one being successfully identified on camera. In order
to gather as much undisturbed behavior from the bees as possible the bees from
Hive 3 were not marked.

DISCUSSION
When confronted with a sudden and rapid change in flower distribution, all
three hives were able to quickly respond. The bees visited the feeder with fewer
resources less often than they did the feeder with greater resources, and the spent
more time at the feeder with greater resources. The strongest response occurred
most often on the day the distribution was changed, possibly indicating that the
bumblebees were responding to the fact that a change had occurred. However, this
was not always the case. During the sequences with the first two hives, feeder 1
was about half as far away from the hive as feeder 2, which could explain the bees
reduced response to changes in feeder 2. When testing the third hive this was
accounted for by moving feeder 1 back to ~3m. The rapid change in foraging
behavior by the bees, even in the confined environment of the greenhouse, may
indicate that like honeybees, bumblebees are more responsive to their nestmates
communications when food resources become clustered. This is further supported
by the fact that during sequence 2 of Hive 3 the bees spent more time at feeder 2
when food was clustered, regardless of how the food was clustered. During both
conditions 2 and 3 feeder 2 was the first area to be visited. Following the results of
Dornhaus and Chittka (2004), it would be expected that more bees would visit the
first food source discovered and spend more time at this food source if
bumblebees display similar behaviors to those found in honeybees. If this were
true then it would indicate that this behavior might have evolved much earlier than
previously thought. This possibility needs to be further studied. Support for the
earlier evolution of this behavior can be found by looking at the neurobiology of
hymenoptera, a group of insects that have consistently shown a high degree of
neural integration and plasticity.
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The social species of Hymenoptera have remarkable neuroplasticity
(Fahrbach et al, 1998; Stieb et al, 2010; Scholl et al, 2014; Smith et al, 2010;
O’Donnel et al, 2004). This is particularly noticeable in the mushroom bodies,
which undergo enlargement after adulthood is reached. Some of this growth is
simple maturation of the insect (Fahrbach, 1998). The growth of the mushroom
bodies can also be triggered by exposure to light in both ants (Stieb, 2010) and
honeybees (Scholl, 2014). This light sensitive growth is thought to prepare more
mature adults to forage outside of the nest (Stieb 2010, Scholl 2014). The
mushroom bodies are the area of the insect brain associated with sensory
integration (Menzel, 2012) and aids the foragers with the increased demands that
foraging places on learning and memory (Stieb, 2010; Scholl, 2014).
It has also been hypothesized that the demands of sociality increases the
size of the mushroom bodies in Hymenoptera (Smith, 2010; O’Donnel, 2004).
This was shown in the sweat bee, Megalopta genalis (Smith, 2010). The sweat
bees, unlike bumblebees, can be divided into three castes based on how social they
are. The most social sweat bees showed enlarged mushroom bodies compared to
the solitary sweat bees. The difference was largest when social queens were
compared to solitary reproductive females. The social queens showed a significant
increase in mushroom body size (Smith, 2010). Based on these results, it was
hypothesized that social insects have co-opted this area of the brain for use in
social interactions, and thus more social castes having enlarged mushroom bodies
(Smith, 2010). A similar result was discovered in eusocial wasps, which could be
considered an out-group when comparing sweat bees to bumblebees. It was
discovered that in the eusocial wasp species Polybia aequatorialis would develop
larger and more developed mushroom bodies if they belonged to the castes of
workers that worked on the outer surface of the nest or foraged (O’Donnel, 2004).
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Both of these studies indicate that both increased interaction with the environment
and/or with nestmates lead to an increase in the size of the mushroom bodies.
Bumblebees have shown similar neural plasticity in response to foraging
experience. In Bombus occidentalis foragers have been found to have increased
volume in the medial calyx of the mushroom bodies when compared to nonforagers (Riveros and Gronenberg, 2009). As the lateral calyx is the same volume
in both foragers and non-foragers, it is possible that is increase in medial calyx
volume is due to exposure to the challenges of foraging. While bumblebees have
not been as extensively studied as honeybees, the anatomy of their brains, in
particular the mushroom bodies, shows remarkable similarity to that of the
honeybee (Mares et al, 2005). When body size is controlled for, bumblebees
actually have larger brain volumes than honeybees, 0.72mm3 to 0.64mm3, and
larger mushroom bodies, 0.24mm3 to 0.19mm3 (Mares et al, 2005). Thus,
bumblebees may possess similar cognitive and learning abilities to honeybees.
Implications
If bumblebees are able to judge the value of information and act
accordingly, this may suggest that they have higher cognitive abilities than
previously thought. A higher cognitive ability of interest that this behavior may be
related to is the concept called Theory of Mind. Theory of Mind is the ability to
attribute mental states and knowledge to oneself and others and since the turn of
the century there has been a great deal of research into whether or not non-human
animals possess a theory of mind (Whitten, 2013). While this experiment will not
be able to definitively prove whether or not bumblebees possess a theory of mind,
it will show that their cognitive abilities deserve deeper investigation. As bees are
in general a much easier model organism to work with than the current models in

20
theory of mind research, which are currently the great apes and corvids (Whitten,
2013), this could lay the foundation for future research in the evolution of
cognition. It could also indicate that when it comes to high cognitive function the
size of the nervous system is not as important as the challenges that are faced by
the organism on a daily basis. If bumblebees and other social insects can be shown
to possess a theory of mind it would suggest that perhaps what matters most to
theory of mind evolution is the evolution of social behavior. This study looks
support the idea that bumblebees and other social insects should be studied for
higher cognition. Studies like ours will help us better understand the evolution of
the neural circuitry that supports the much higher cognitive processes such as
theory of mind.
Limitations
This study faced several limitations. The data collected from Hives 1 and 2
took place during the summer in Fresno, California, where temperatures regularly
exceed 30°C. The greenhouse that the bees were housed in could only be cooled to
2-3°C below the ambient temperature. This means that the bees regularly were
exposed to temperature that would be considered to be above average in the bees’
natural environment (Michigan). This may have suppressed their activity, and may
be supported by the higher activity (based on number of foragers) shown by Hive
3 (which was observed in November).
The use of cameras with greater resolution would allow for individual
foragers to be tracked, allowing for a more accurate interpretation of the bees’
behavior. This study counted a visitation as having ended if a bee left the camera
frame for longer than five seconds. But it is almost certain that many of the visits
were from the same forager returning to the feeder, especially when a forager
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would visit a feeder for several minutes and the next foragers only visited for less
than 20 seconds.
Perhaps the greatest limitation was the small area in which the bees were
observed. The bees were contained in a greenhouse that was ~100m2. It is possible
that the results found in this paper would show a larger difference in foraging
behavior if the distances were to be scaled up. This, along with testing the ability
of bumblebees to display other cognitive behaviors previously shown in
honeybees, should be further researched.
Finally, our experiments came to a stop through no fault of our own and no
additional data could be collected. In early December 2015 our greenhouse facility
was subject to a break in and theft of equipment. During this event all of our
camera equipment was stolen. Due to lack of recovery of the equipment and lack
of funding to buy additional cameras our interpretation and conclusion of our
experiments could only be based on these three hives. By running a greater
number of replications it may have been possible to come to a stronger conclusion,
but this is entirely speculative.

FIGURES
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Figure 1: Experimental setup
Legend Fig 1: The hive was on a layer of bricks, with bricks on 3 sides to provide
insulation. The bricks at the back of the hive and away from the table were 3
bricks high. The stack of bricks nearest the table was 1m high and served as the
stand for the hive camera. The feeder cameras were approximately 0.5m from the
feeders. The table was 1.3m high. Distribution 1 was used for hives 1 & 2 (Top)
while Distribution 2 was used for hive 3 (Bottom)

23

Figure 2: Flower clusters
Legend Figure 2: Top- The artificial flower on the left was used on the Hive 1.
The artificial flower on the right was used on the Hives 2 and 3. Bottom- Salvia
leucophylla on the left, Symphyotrichum chilense in the center, and Heliopsis
helianthoides on the right
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Figure 3: Basic flowchart of the experimental design
Legend Fig 3: These Conditions were repeated at least 3 times each sequence was
a sequence. The order of the Conditions will be: 1,2,3; 2,1,3; 1,2,3

25

Figure 4: Visit duration results from Hive 1
Legend Fig 4: There was no significant difference between feeders in Condition 1
(p<0.470). There was a significant difference between feeders in Condition 2
(p<0.001)
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Sequence 1

Sequence 2

Sequence 3

Figure 5: Visit duration results from Hive 2
Legend Fig 5: During Condition 1 for all three sequences there were no significant
difference between feeders (p<0.169, p<0.860, and p<0.090). The differences
between feeders in Condition 2 were significant in sequences 1 and 2 (P<0.005 &
P<0.001 respectively). There was not a significant difference between feeders in
sequence 3. There was a not a significant difference between feeders in Condition
3, sequence 2 (p<0.813). Bees only visited feeder 1 during the first sequence.
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Sequence 1

Sequence 2

Figure 6: Visit duration results for Hive 3
Legend Fig 6: There were no significant differences between feeders for any
Condition during sequence 1 (p<0.891, p<0.323, and p<0.077). During sequence 2
there was no significant difference between feeders during Condition 1 (p<0.430).
There were significant differences between feeders in Conditions 2 and 3 (P<0.001
& P<0.001).

28

2
1.5

1
0.5
0
Ratio of Total Number of Visits per Condition
Hive 1 Condition 1 Sequence 1 Feeder 2:1

Hive 1 Condition 2 Sequence 1 Feeder 2:1

Hive 2 Condition 1 Sequence 1 Feeder 2:1

Hive 2 Condition 2 Sequence 1 Feeder 2:1

Hive 2 Condition 3 Sequence 1 Feeder 2:1

Hive 2 Condition 1 Sequence 2 Feeder 2:1

Hive 2 Condition 2 Sequence 2 Feeder 2:1

Hive 2 Condition 3 Sequence 2 Feeder 2:1

Hive 2 Condition 1 Sequence 3 Feeder 2:1

Hive 2 Condition 2 Sequence 3 Feeder 2:1

Hive 3 Condition 1 Sequence 1 Feeder 2:1

Hive 3 Condition 2 Sequence 1 Feeder 2:1

Hive 3 Condition 3 Sequence 1 Feeder 2:1

Hive 3 Condition 1 Sequence 2 Feeder 2:1

Hive 3 Condition 2 Sequence 2 Feeder 2:1

Hive 3 Condition 3 Sequence 2 Feeder 2:1

Figure 7: Ratios of feeder visits
Legend Fig 7: When the ratios of visits of feeder 2/feeder 1 were analyzed using
2 there were no significant differences found from the expected ratio of 1.0.
(P>0.05)
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Table 1: Recording dates and file names for data from Hive 1
Hive 1
Folder

Feeder 1

Feeder 2

Date

File

File

5/13/2015

51315

51315

5/14/2015

51415

51415

5/15/2015

51515

51515

5/16/2015

51615

51615

5/21/2015

52115

52115

5/22/2015

52215

52215

5/23/2015

52315

52315
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Table 2: Recording dates and file names for data from Hive 2
Hive 2
Folder
Feeder 1
Date
File
7/5/2015
70515
7/6/2015
70615
7/7/2015
70715
7/8/2015
70815
7/12/2015
71215
7/13/2015
71315
7/14/2015
71415
7/15/2015
71515
7/16/2015
71615
7/17/2015
71715
7/18/2015
71815
7/19/2015
71915
7/20/2015
72015
7/21/2015
72115
7/22/2015
72215
7/23/2015
72315
7/24/2015
72415
7/25/2015
72515
7/26/2015
72615
7/27/2015
72715
7/28/2015
72815
7/29/2015
72915
7/30/2015
73015
7/31/2015
73115
8/1/2015
80115
8/2/2015
80215
8/3/2015
80315
8/4/2015
80415
8/5/2015
80515
8/6/2015
80615

Feeder 2
File
70515
70615
70715
70815
71215
71315
71415
71515
71615
71715
71815
71915
72015
72115
72215
72315
72415
72515
72615
72715
72815
72915
73015
73115
80115
80215
80315
80415
80515
80615
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Table 3: Recording dates and files names for data from Hive 3
Hive 3
Folder
Feeder 1
Date
File
11/1/2015
110115
11/2/2015
110215
11/3/2015
110315
11/4/2015
110415
11/5/2015
110515
11/6/2015
110615
11/7/2015
110715
11/8/2015
110815
11/9/2015
110915
11/10/2015
111015
11/11/2015
111115
11/12/2015
111215
11/14/2015
111415
11/15/2015
111515
11/16/2015
111615
11/17/2015
111715
11/18/2015
111815

Feeder 2
File
110115
110215
110315
110415
110515
110615
110715
110815
110915
111015
111115
111215
111415
111515
111615
111715
111815
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