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Abstract 

 The honeybee is the only invertebrate species that has been systematically studied in 

learning experiments, with results very similar to those of vertebrates. Such similarities raise 

questions about the evolutionary development of learning capabilities and their underlying 

mechanisms. Recently, studies of learning in honeybees have shifted to more complex cognitive 

phenomena, such as relational/concept learning, long thought to be exclusive to vertebrates. Some 

relational learning problems are presented below. The experiments that will be conducted will be 

designed to study size discrimination of three-dimensional landmarks. The methodology will 

employ a free-flying procedure with foraging honeybees. Individual bees will be pre-trained to 

visit a laboratory window to obtain a drop of sucrose reward placed on a wooden block. The 

wooden blocks that will be used in the experiments represent a continuum of different lengths from 

small to large. In Experiment 1, four bees will be trained to discriminate the two smallest block 

sizes, and four bees will be trained to discriminate the two largest block sizes. In Experiment 2, 

eight bees will be trained with all possible pairs of block sizes. Four bees will be rewarded for 

choosing the larger block in each pair, and four bees will be rewarded for choosing the smaller 

block. In Experiment 3, eight bees will be trained to choose the odd size in a set of three blocks. 

The results of these experiments may demonstrate that honeybees can discriminate block size, 

extending the study of concept learning in honeybees to relative size. 
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Introduction 

Background Information 

 Comparative psychology is a scientific enterprise that studies the mental capacities and 

processes of animals. Of particular interest is the study of the mechanisms and properties of animal 

learning. Despite about a century of research, even the most fundamental questions about the 

neurobiological mechanisms of learning remain unanswered. The overwhelming majority of 

studies on learning has been conducted on vertebrate species, even though 95% of animals are 

invertebrates. Very few invertebrate species have been systematically studied in learning 

experiments. In recent decades, however, invertebrates have proven to be important and practical 

models in the study of the mechanisms of learning because they enable more controlled 

experimental conditions, have smaller nervous systems, and are relatively inexpensive to maintain. 

The honeybee has proven to be the most fruitful of these model organisms because of its ease of 

care and broad repertoire of behaviors, as well as for the speed it affords in data collection. 

The results for honeybees in 

these learning experiments 

demonstrate an extensive similarity to 

the learning of vertebrates with 

almost no unique distinctions. These 

findings are rather unexpected for 

several reasons. One, the honeybee 

brain is very dissimilar in structure 

from any vertebrate brain, sharing 

virtually no analogous substructures. 
Figure 1. The evolutionary history of the Kingdom Animalia. The 

most recent common ancestor between bees (Arthropods) and 

vertebrates (Chordata) is marked at 670 million years ago. 



Nakamoto 3  

Also, the most recent common ancestor of honeybees and vertebrates existed over half a billion 

years ago and must have had a very simple nervous system (see Figure 1). This apparent paradox 

raises questions about the evolutionary history of the learning capacities of vertebrates and 

invertebrates and the extent to which these capacities can be concluded as homologous.  

 Recently, investigations of honeybee 

learning have shifted to more complex cognitive 

phenomena, such as concept or relational learning. 

Whereas simple associative learning enables the 

learning of absolute properties by creating an 

association between a stimulus and a response, 

relational learning requires an understanding of the 

relationships between stimuli. Absolute properties 

alone cannot be used to solve a relational learning 

problem; instead, relational learning requires the 

comparison of stimuli in order to understand the 

relationships that exist among them. An example 

of a simple associative learning problem and a 

relational learning  problems are shown in Figure 

2. Some have posited that these more sophisticated 

learning abilities are exclusive to vertebrates or 

even to primates. However, several experiments with honeybees have demonstrated a capacity to 

form such relational conceptualizations.  

 

Figure 2. A simple associative learning 

problem (a.) in which the absolute color alone is 

indicative of the presence of a reward (+) and a 

relational learning problem (b.) in which 

absolute color cannot be used to predict the 

presence of a reward. 
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Research Question 

 In a series of experiments, we will investigate the relational learning of size in honeybees. 

We hypothesize that honeybees will be able to solve relational size problems involving three-

dimensional landmarks.  

Significance 

 The results of these experiments may demonstrate a size concept in honeybees, adding to 

the growing body of literature which supports complex cognitive abilities in honeybees. These 

findings raise questions about the neuroanatomical prerequisites for higher-order learning and will 

have consequences for further investigations into the general mechanisms of learning. Ultimately, 

a greater understanding of the mechanisms of learning through the comparative approach may 

yield tangible offerings to such things as the treatment of learning disabilities, the care and training 

of animals, and even the design of educational systems and tools. There are also potential 

implications for bee conservation as bee cognition and behavior becomes increasingly understood.  

Literature Review 

Associative Learning Studies 

 Associative learning is a type of simple learning in which a stimulus or response becomes 

associated with an outcome or consequence. The study of associative learning dates back to the 

works of Pavlov and Skinner in the 1930s. Today, associative learning is documented in essentially 

all animals, vertebrates and invertebrates, from insects to flatworms to sea anemone (Clint, 

Andrew, & Cheng, 2013). Honeybees are extremely well-studied in their associative learning 

capacities and have been tested in a plethora of experimental conditions and protocols; some 

experiments have also examined the neurobiology of this type of learning (Giurfa, 2007). Overall, 
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honeybees demonstrate a range of associative learning phenomena very similar to vertebrate 

species. 

Relational Learning Studies 

 It seems reasonable then to study the extent to which invertebrates can learn higher-order 

types of learning. One such type of learning is known as relational learning, or as it is sometimes 

referred to interchangeably as, or as a subset of, concept learning. Relational learning is learning 

about the relationships among objects in the environment instead of their absolute properties. This 

type of learning can be used to extend what has been learned to novel stimuli. Relational learning 

also requires the formation of an abstract concept (e.g. sameness or oddity) or of a representation 

of a continuum with respect to some dimension of the stimuli (e.g. darkness or size). Studies that 

demonstrate relational learning capacities in vertebrates are largely limited to birds and primates, 

and often have limitations with experimental design that create arguments for simpler, associative 

explanations (Zentall, Wasserman, Lazareva, Thompson, & Rattermann, 2008). 

 The literature on invertebrate species is even sparser, with only the honeybee and the 

octopus having been systematically studied in relational learning paradigms (Bitterman, 1988). 

Boal (1991) examined same-different concept learning in the octopus but failed to find evidence 

for this capacity. All other studies of relational learning in invertebrates have been conducted on 

honeybees. Several experiments suggest a relational learning capacity in honeybees involving such 

concepts as same-different, oddity, and above-below. Shishimi (2013) conducted a series of 

matching-to-sample and nonmatching-to-sample discrimination tasks with honeybees. The bees 

were successful in learning the problem even with a trial-unique sequence, providing strong 

evidence of same-different concept learning in honeybees. Muszynski and Couvillon (2015) 

conducted a series of oddity and nonoddity discrimination tasks with honeybees whose successful 
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performance demonstrates an oddity concept. It has also been suggested that bees can understand 

above-below (Avarguès-Weber, Dyer, & Giurfa, 2009) and symmetry (Giurfa, Eichmann, & 

Menzel, 1996) concepts. However, these experiments were not careful to rule out associative 

explanations and are more parsimoniously explained by the bees attending to a shared absolute 

property of the rewarded stimulus category. 

Relative Size Learning Studies 

 An ecologically relevant concept that honeybees must learn is the concept of size.  Blarer 

et al. (2002) showed that honeybees can form adaptive flower size preferences based on their 

associative learning history, contrary to the popular belief that bees intrinsically prefer larger 

flower sizes. It may be adaptive for bees in certain ecological areas to feed from flowers that are 

smaller than or larger than its neighbors. This concept of “smaller” and “larger” is known as 

relative size and is a form of relational learning because it requires an understanding of the 

relationships between stimuli instead of their absolute properties. The conceptualization of relative 

size has so far been demonstrated in two vertebrate species: the African Grey Parrot (Pepperberg 

& Brezinsky, 1991) and the horse (Hanggi, 2003).  

 Two experiments have been conducted which examined relative size learning in 

honeybees. Avargues-Weber et al. (2014) found that honeybees solve a discrimination task by 

choosing the larger or smaller stimuli when presented simultaneously. Howard et al. (2017) 

demonstrated the same capacity but instead the stimuli were presented sequentially. Both 

experiments lend budding evidence for a relative size concept in honeybees. However, the two 

experiments employ identical stimuli which are all two-dimensional and of the same color. More 

experiments are needed to confirm relative size learning in honeybees. 
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 Three-dimensional landmarks are ecologically salient objects in the honeybee’s 

environment. Honeybees use landmarks in their environment to navigate between food sources 

and the hive; they can hold large amounts of information involving an entire array of landmarks 

associated with a particular area (Collett, 1996). Three-dimensional landmarks have fundamentally 

different interactions with the bee’s retina as the bee moves through space (Cartwright & Collett, 

1983). Because of the importance of three-dimensional landmarks in bee foraging behavior, the 

experiments conducted here will examine whether bees can solve discrimination tasks on the basis 

of the relative size of three-dimensional landmarks. The results may demonstrate for the first time 

a relational learning capacity for landmark size. 

Methodology 

Subjects  

The subjects will be honeybees (Apis mellifera) foraging from the hives located behind the 

Pacific Biosciences Research Center laboratory. They will have no previous experience in 

experimentation and will be captured on feeders 

near hives containing a 15% sucrose solution. 

Each bee will be trained individually in a single 

session that will last approximately three to four 

hours, then they will be euthanized thereafter to 

ensure all bees used are experimentally naïve. 

Apparatus  

A wooden box (61 cm wide x 64 cm 

height x 61 cm deep) attached to a laboratory 

window will be used as the space in which 

S 

Figure 3. Laboratory window modified into an open-

access box. The "S" region indicates where stimuli will be 

placed. 
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training takes place (see Figure 3). The face of the box facing the exterior of the building is 

normally closed off with plywood doors, but remain open for the duration of the training sessions. 

The interior face of the box is fitted with Plexiglas doors to enable observation of the bee by the 

experimenter and manipulation of the stimuli when the bee is away.  

 A set of twelve unique stimuli will be used (see Figure 4). The stimuli are three-

dimensional landmarks represented by wooden blocks painted on all surfaces. The blocks come in 

four lengths representing a continuum from small to large (2.2 cm, 4.5 cm, 9 cm, 14.5 cm).  The 

sizes from smallest to largest will be referred to as sizes 1, 2, 3, and 4. The height and depth of all 

the blocks are 4 cm. For each of the four block sizes, there are three colors: white, blue, and orange.  

 

 

 

Experiment 1: Size Discrimination 

 In this experiment, eight honeybees will be trained to discriminate between two block sizes. 

This will serve as a preliminary, size discrimination to ensure that the block sizes are discriminable 

by the bees. Only white blocks will be used for this experiment. Four bees will be in Group 1-2 

and will be trained to discriminate the size 1 block from the size 2 block.  That is, selecting one 

Figure 4. The set of twelve stimuli that will be employed throughout the series of 

experiments. They represent three-dimensional landmarks on a continuum from 

small  to large. 
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size will be rewarded for all trials, while selecting the other will be punished for all trials. Four 

different bees will be in Group 3-4 and will be trained to discriminate the size 3 block from the 

size 4 block. These size pairs will be selected because they are adjacent in size. If the bees are able 

to discriminate these pairs, it can be safely assumed that the bees can discriminate between blocks 

in all the possible pairs of sizes.  

 Pre-training 

A honeybee will be captured from a group of foraging 

bees at a feeder containing 15% sucrose solution using an emptied 

matchbox, and it will be brought to the laboratory window. On 

the floor of the box will be the pre-training stimulus arrangement 

(a size 1 block placed side-by-side with a size 2 block, see Figure 5) with a drop 0.1 ml) of 50% 

sucrose solution on top. The experimenter will open the matchbox very slightly such that only the 

bee’s proboscis can extend from the opening; the experimenter will move the matchbox so that the 

proboscis directly enters the sucrose solution. The bee will begin feeding, at which point the 

matchbox will be fully opened to release the bee onto the surface of the block. While the bee 

continues feeding, it will be marked with a spot of nail polish on the abdomen or thorax to enable 

identification upon repeated returns from the hive. The bee will become replete after about one 

minute of drinking, then it will fly off the target, out of the window box, and back to the hive to 

unload the sucrose. Because the sucrose solution used in the window is much more concentrated 

than the one used at the feeders, the bee will usually return to the laboratory window after 3 – 8 

minutes for more sucrose where it will find the same pre-training stimulus. The purpose of the pre-

training is to train the bee to shuttle back and forth between the window and the hive and to 

familiarize the bee with the block stimuli it will encounter throughout the trials. 

Figure 5. Pre-training stimulus 

arrangement for Experiment 1. 
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 Training 

 The pre-training will be immediately followed by the actual training that will consist of 12 

training trials. Upon returning from the hive, the bee will find a pair of landmark stimuli of 

different sizes in the window. For Group 1-2, the bees will find a block of size 1 and a block of 

size 2. For Group 3-4, the bees will find a block of size 3 and a block of size 4. On one of the sizes 

will be a 0.1 ml drop of 50% sucrose solution (+), and on the other size will be a 0.1 ml drop of 

10% stevia solution (-), a solution that honeybees find unpleasant. The bee will be rewarded with 

sucrose for choosing one size and will be punished with stevia for choosing the other size for every 

trial. For half of the bees, choice of the smaller block of the pair will be rewarded for every trial, 

and for the other half of the bees, choice of the larger block of the pair will be rewarded for every 

trial. Learning will be measured by observing the first choice made by the honeybees in each of 

the 12 training trials. A choice will be defined as the making of any contact with the solution with 

its proboscis or feet. An initial choice of the correct size will be recorded as a correct choice, and 

an initial choice of the incorrect size will be recorded as an error. If the bee makes an incorrect 

choice, it will retract its proboscis from the stevia solution and fly off the stimulus. It will then be 

allowed to fly to the correct size and drink the sucrose solution; however, the recording for that 

trial will remain as error. After the bee flies back to the hive following each trial, the stimuli that 

were in the window will be removed, washed, dried, and stored. The next pair of blocks will be 

placed in the window for the next trial. The left and right positions of the blocks will vary pseudo-

randomly from trial to trial, but they will be balanced so that each size occurs six times on each 

side. After each bee completes the training, it will be captured and euthanized. 

Experiment 2: Relative Size 
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 If the results from Experiment 1 suggest that all of the block sizes are discriminable, a 

relative size problem will be tested on the eight bees in Experiment 2. In this experiment, all of the 

size pairs will be used throughout the trials (1&2, 1&3, 1&4, 2&3, 3&4). Four bees will be in 

Group Small and will be rewarded for choosing the smaller of the two block sizes. Four different 

bees will be in Group Large and will be rewarded for choosing the larger of the two block sizes. 

Because the pairs of block sizes presented to the bees vary over trials, the bees must employ a 

relative size concept of “smaller” or “larger.” Two bees will be tested using white blocks; three 

will be tested with blue blocks; and three will be tested with orange blocks. For a given bee, all 

trials will contain the same color blocks.  

 Pre-training 

 The pre-training procedure will be identical to that in 

Experiment 1. However, the pre-training stimulus arrangement will 

instead be a block of size 2 and of the corresponding color for the trial 

sequence for that bee (see Figure 6). 

 Training 

 The basic training procedure is the same as that of Experiment 1. However, there will be 

16 trials instead of 12, and all size pairs will be employed. For Group Small, the smaller block size 

of the pair will be rewarded with 50% sucrose, and the larger block size of the pair will be punished 

with 15% stevia. The left-right positions of the rewarded size and the frequency of each size pair 

will be balanced and equalized over trials. The same block size will not be allowed to appear on 

the same side for more than two consecutive trials. The side that is rewarded will not be allowed 

to be on the same for more than two consecutive trials.  

Experiment 3: Size Oddity 

Figure 6. Pre-training stimulus 

arrangement for Experiment 2. 
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 In this experiment, eight bees will be tested to see if they can choose the odd size in a set 

of three stimuli. This is a novel problem because it requires the use of two abstract concepts: size 

and oddity. First, the bees must discriminate the sizes of the blocks, then they must make a choice 

on the basis of which size (larger or smaller) is the odd one. On a given trial, there will be one 

block of a given size and two blocks of a different size. Choice of the odd size will be rewarded, 

and choice of the nonodd size will be punished. All combinations of sizes will be used for each 

bee. Furthermore, the colors of the set of stimuli in each trial will vary over trials with equal 

numbers of trials with each color. However, all the stimuli within a trial will be the same color.  

 Pre-training 

 The pre-training procedure will be identical to those used in 

Experiment 1 and 2. However, the pre-training stimulus arrangement 

will instead be three blocks of size 1 in each of the three colors (see 

Figure 7). This will allow the bee to become familiarized with all of 

the colors before training as to prevent a preference for any one of them. 

 Training 

 The basic training procedure is the same as those of Experiment 1 and 2. However, there 

will be 18 trials total, and all size combinations will be employed. For all eight bees, the odd size 

will be rewarded with 50% sucrose, and the two nonodd blocks will be punished with 15% stevia. 

On half of the trials, the smaller block size will be rewarded, and on the other half, the larger block 

size will be rewarded. The left-middle-right positions of the rewarded block and the frequency of 

each size will be balanced and equalized across the trials. The same block size will not be allowed 

to appear in the same position for more than two consecutive trials. The side that is rewarded will 

not be allowed to be on the same side for more than two consecutive trials.  

Figure 7. Pre-training stimulus 

arrangement for Experiment 3. 
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Logistics 

Role of the Researcher 

I will be responsible for all data collection in these experiments, as well as performing the 

statistical analyses for each of the experiments. In addition to this, I will be helping to maintain 

the hives and feeders.  

Materials and Resources 

All materials used in these experiments were previously used in the lab. 

Timetable 

Date Item Completed Semester 

1/31/18 Journal Article Summaries Spring 2018 

(Muszynski & 

Couvillon, 2015) 

(Blarer, Keasar, & 

Shmida, 2002) 

(Hanggi) 

2/7/18 Draft of Introduction 

2/14/18 Draft of Methods 

2/21/18 Outline of Proposal 

2/26/18 Draft of Literature Review 

3/7/18 Draft of Methods and Conclusion 

3/12/18 Draft of Proposal 

3/21/18 Draft of PowerPoint 

4/9/18 Draft of Abstract 

4/23/18 Final Proposal 

4/30/18 Final Presentation 

5/1/18 Submit Proposal to Honors 

8/20/18 Begin Fall 2018 Fall 2018 
(Avargues-Weber, d'Amaro, Metzler, & Dyer, 

2014) 

(Howard, Avargues-Weber, Garcia, & Dyer, 

2017) 

9/10/18 Submit Committee Form 

10/10/18 Finish Data Collection 

11/10/18 Finish Data Analysis and Figures 

12/10/18 Finish Introduction and Conclusion 

1/5/19 Finish Methods 

1/7/19 Begin Spring 2019 Spring 2019 

1/30/19 Finish Draft of Thesis 

1/31/19 Register for Showcase 

3/1/19 Finish Second Draft of Thesis 

3/15/19 Submit Final Draft to Honors 

4/15/19 Submit Completed Thesis to Honors 

4/30/19 Present at Showcase 

5/11/19 Graduation 
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