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ABSTRACT 

Body size is a universal property strongly tied to biological structure, function and 

complexity, from cell metabolism to animal behavior. The nervous system, the physical 

generator of the behavioral phenotype, is also affected by variations in body size; hence 

potentially affecting the way animals perceive, interpret and react to the surrounding 

environment. When animals join to form groups, such individual differences and 

requirements become part of the structure of the society, and may even determine social 

roles. In this dissertation, I explore the association between body size, behavioral 

phenotype and social organization in two groups of bees, honey bees and bumblebees. 

Focusing on bumblebees, I explore the link between body size, brain allometry and 

performance in learning and memory tasks, within the context of task specialization for 

in-hive and outside of-hive tasks. I show that variation in size goes along with learning 

and memory performance and with a broad distribution of brain size. I also show that 

such cognitive and neural features are further affected by an individual’s age and 

foraging experience. Next, and with a focus on honey bees, I explore the association 

between body size and foraging task specialization. Previous evidence has shown a link 

between specialization on pollen or nectar foraging and multimodal sensory sensitivity 

further demonstrating that sensitivity affects the quality and/or quantity of resource 

exploited. I hypothesize that, as in solitary bees, larger body size is associated with 

higher sensory sensitivity. I test this hypothesis by comparing body size and the quality 

and quantity of the resource exploited by foragers of wild Africanized and European 

honey bees. I show that, as predicted, nectar foragers are smaller and have fewer 

olfactory sensilla, which might underlie their lower sensitivity to odors. I also show that 

larger bees collect more pollen (within pollen foragers) and more dilute nectar (within 
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nectar foragers). To further test the hypothesis that size correlates with sensitivity, I 

compare strains of bees that have been selected for many generations to store large 

("high strain") or small ("low strain") amounts of pollen surplus, respectively. As these 

strains differ in sensory sensitivity, I predict that the more sensitive high strain bees are 

larger and have more sensory sensilla. I show that high strain bees are indeed bigger 

than low strain bees. However, high strain bees do not have more sensory sensilla.  

Together, my results show that body size is strongly associated with an individual's 

sensory, neural and cognitive features, which seem to support and strongly affect the 

organization of bee societies. My results also suggest that body size plays a more 

important role in the organization of bee societies than generally assumed, and the 

results serve to indicate future research directions. 
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INTRODUCTION 

 
An explanation of the problem  

Body size is a universal property of organisms and a fundamental factor in the evolution 

of biological complexity (Thompson, 1942; Bonner 1988, 2006; LaBarbera 1989). As 

such, size is strongly tied to the main features of living systems, including shape, 

structure and function and ultimately affects not only the individual entities, but also their 

interactions with their environment (Schmidt-Nielsen 1984; Dyer 1998; Riveros et al. 

2006). Thus, body size affects major physical requirements, including nutrition needs 

and home range (Damuth 1981; Schmidt-Nielsen 1984; Robinson and Redford 1986; 

Jetz et al. 2004), but also the way the environment is perceived and interpreted (Jarman, 

1974; Dyer 1998; Greenfield 2002). For instance, body size may affect the preference 

for sources of information used during navigation and also the perception of the 

geometry of the space (Dyer 1998). Thus, the multiple effects of size may ultimately lead 

to differences in the overall behavioral phenotype between species, and to greater 

behavioral diversity within species.  

The neural system, as the physical substrate that generates and controls behavior, 

has been assumed to be a major link between size and the behavioral phenotype. 

Differences in body size are typically associated with the volume of the brain and the 

size of its associated sensory organs (Jerison 1973; Jensen et al. 1979; Striedler 2005) 

and, perhaps to a lesser degree, with the motor centers controlling the larger (and 

generally more complex) musculature (Changizi 2003). Larger animals have bigger 

brains that enable them to control their larger body (Jerison 1973, 1979), but which 

might also provide them with additional cognitive capacities (Rensch 1956, 1960; 

Deaner et al. 2006). However, the association between absolute brain size and 
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behavioral phenotype has been difficult to establish (Jerison 1973; Aboitiz 1996; 

Striedler 2005; Healy and Rowe 2007) and an emphasis on relative size of the brain and 

its internal organization tends to be currently favored to examine the association with 

behavior (Aboitiz 1996; Catania 2000; Krubitzer and Huffman 2000; but see Deaner et 

al. 2007 for an analysis supporting the relevance of absolute brain size in cognitive 

performance). This emphasis on relative rather than absolute size is argued to represent 

more realistically the contribution of specific neural areas to behavior (Jerison 1979; 

Striedler 2005). An example of this is the differential representation of particular sensory 

modalities, exhibiting greater behavioral importance, at the level of the sensory cortex in 

mammals (e.g. in the somatosensory system; Catania and Kaas 1995; Catania 2000). In 

insects, the volume of a sensory neuropil region or sensory representation in the central 

brain correlates with the relative importance of the sensory modality (e.g. olfaction, 

vision) being represented (e.g. Gronenberg and Hölldobler 1999). At the evolutionary 

level, allometric increases or decreases in brain size, or specific parts of the brain, also 

seem to correlate with behavioral changes (Catania 2000; Striedter 2005).  For example, 

in primates including humans, evolution of complex social organization correlates with 

high allometric increases in brain size (especially the isocortex) (Dunbar 1998; 2003a, b; 

Barton and Harvey 2000; Dunbar and Shultz 2007; Silk 2007). Such increase in the 

executive area of the brain, presumably provided individuals with greater cognitive 

power required when adapting to the new complex behavioral environment of social 

groups. Similar processes probably shaped evolution of brain size and societies in birds 

(Burish et al 2004) and non-primate mammals (Morino 1996; Barton and Dunbar 1997). 

In contrast, in eusocial insects, greater social complexity is associated with a decrease 

in the individual behavioral repertoire, and an increase in behavioral specialization 
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(Oster and Wilson 1978; Anderson and McShea 2001). These evolutionary trajectories 

might be associated with positive or negative allometry in brain areas with higher or 

lower involvement, respectively, in the particular behavioral task (discussed in 

Gronenberg and Riveros 2009). 

Besides its effect at the central level, variation in body size may also lead to absolute 

and/or relative changes in size of the sensory organs. Since sensory organs act as the 

gate for information acquisition, variations at this level may strongly determine the 

amount and nature of the information sent to the central brain for further processing 

(Chiel and Beer 1997; Fujiwara et al. 2002; Dangles et al. 2009). For instance, larger 

body size, hence larger body surface, goes along with higher numbers of receptors (e.g. 

in the skin of vertebrates). In most animals, including insects, larger body size is 

associated with larger eyes, which provide higher sensitivity to light and/or greater 

spatial resolution (for insects, see Jander and Jander 2002; Spaethe and Chittka 2003; 

Kapustjanskij et al. 2007). As a consequence, larger body size may enable crepuscular 

behavior (Frederiksen and Warrant 2008; Kelber et al. 2006) and facilitate target 

detection (Spaethe and Chittka 2003). This effect of size obviously extends to other 

sensory modalities, such as olfaction (Wcislo 1995; Spaethe et al. 2007). 

As briefly exemplified above, changes in body size may modify the way the 

environment is perceived and the behavior exhibited by an individual when interacting 

with its environment. Importantly, the interaction between size and behavior is 

bidirectional, because new behaviors may directly or indirectly affect the factors 

regulating size (Fujiwara et al. 2002). This is particularly true regarding the size of the 

offspring, as parents often provide access to nutritional resources during early stages of 

development. Assessment of resource quality and/or quantity made by parents may lead 
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to a richer or poorer nutrition of the offspring, and consequently to bigger or smaller body 

sizes (West-Eberhard 2003, p. 228). For instance, mass provisioning in solitary insects 

may strongly affect the final size of the offspring as the resources available for 

development are entirely provided by the reproductive female (West-Eberhard 2003, p. 

228). In the case of insects relying on progressive provisioning, like eusocial insects, 

assessment of quality and quantity of food, linked to individual physiological responses 

to nutrition, may even lead to development of different castes (Wheeler 1986; Wheeler et 

al. 2006). 

Nevertheless, behavioral phenotypes are not just a byproduct of anatomical 

constraints linked to the sensory and the central nervous systems. Indeed, diverse 

factors, including some neurotransmitters (e.g. octopamine, dopamine, serotonine) and 

hormones (e.g. juvenile hormone), contribute to tune and modulate the central and 

peripheral neural activity (Mercer 1999; for a compilation of reviews in this subject see 

Katz 1999). Therefore, the final behavioral phenotype results from the interaction of 

many levels of control, which may play different roles and change their relevance under 

different contexts. In turn, the individual behavioral phenotype becomes not only a 

consequence but also a cause that affects the environment of other individuals and the 

next level of biological organization, the group. 

As individuals join, their particular needs, capacities and physiological and 

morphological states come together as factors that affect the organization of the group 

(e.g. social roles; Wilson 1975; Oster and Wilson 1978; West-Eberhard 1987; West-

Eberhard 2003, p. 364). In insect societies, for instance, intrinsic differences in sensitivity 

to task-associated stimuli may contribute to determine task allocation (Page and Mitchell 

1998; discussed by Fewell et al. 2009). Also, maturation and size may strongly affect 
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social dominance and partition of reproductive and non-reproductive tasks (West-

Eberhard 2003, p. 364; Smith et al. 2008). In turn, the new environment affects the 

individuals and, at an evolutionary scale, may affect the distribution of phenotypes in the 

species. For instance, changes in dominance hierarchy may affect reproductive status 

(Fernald 2002; Burmeister et al. 2005), neuronal function (Fernald 2003) and social role 

(Fernald 2002, 2003). On the other hand, selection at the group level may contribute to 

the evolution and maintenance of polymorphism (Oster and Wilson 1978).  

Importantly, the extent to which particular traits of the phenotype contribute to the 

organization might vary between species, just as the selective pressures leading to the 

appearance of group life vary across taxonomic groups and environments. Thus, 

understanding the bidirectional relationship between individuals’ phenotype and social 

organization, and the contexts upon which such relationship may vary, is of major 

relevance for our understanding of social evolution.  

Within a vast diversity of species, social insects have attracted the attention of 

biologists given the diverse levels of complexity and organization in their societies. 

Insect societies are primarily organized around a system of division of labor affected by 

diverse factors such as age, size and experience, among others. In this dissertation, I 

examine the role of body size as a factor affecting social organization in bees via its 

effect on the sensory, cognitive and neural features of the individual phenotype. I 

specifically explore how such features of the phenotype may contribute to the 

organization of task allocation, a hallmark of insect societies. 
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An explanation of the dissertation format 

In this dissertation, I rely on honey bees (Apis mellifera) and bumblebees (Bombus sp.) 

to explore the role of body size on task specialization, via its effect at the neural, sensory 

and cognitive levels. Bumblebees and honey bees are closely related, yet they strongly 

differ in their systems of social organization. Two main features characterize bumblebee 

societies: First, they posses a particular system of division of labor strongly affected by 

body size and only weakly by age (Cameron 1989), with the foraging work force 

constituted mainly by large workers.  Second, bumblebee colonies are relatively small, 

reaching usually between several tens to a few hundred bees (Michener 1974, Goulson 

2003).  In contrast to bumblebees, honey bees Apis mellifera form large societies 

reaching tens of thousands of individuals.  Furthermore, division of labor in A. mellifera is 

strongly affected by age (with a forager sub caste formed by old workers; Seeley 1995) 

and weakly by size (with larger workers switching faster between tasks; Waddington 

1988). These differences in social organization, and their phylogenetic proximity, make 

honey bees and bumblebees suitable taxa to analyze the interaction between a 

particular system of task specialization and neural, sensory and cognitive traits. 

In Appendix A, the association between learning and memory and three main traits, 

body size, age and foraging experience, is empirically explored in bumblebees, 

discussing the relevance of the results in the context of social organization in bees. 

Appendix B particularly emphasizes a broader impact of the results presented in 

Appendix A in the context of using bumblebees as a model for the study of insect 

cognition, given their behavioral features, proximity to honey bees and robustness under 

laboratory and experimental conditions. 
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Appendix C introduces an observational analysis of the pattern of brain allometry in 

bumblebees and the effect of three factors, age, size and foraging experience, on brain 

composition. The data are discussed in relation with the system of social organization in 

bumblebees, emphasizing differences and similarities with patterns observed in honey 

bees. Also, a broader impact is discussed in the context of bumblebees as models to 

approach the longstanding problem of the association between brain size and behavioral 

performance.  

 

Generally, task allocation is supposed to largely depend on body size in bumblebees 

(Goulson 2003), but on age in honey bees (Lindauer 1952, Seeley 1995). Appendix D 

introduces and tests the hypothesis that body size is associated with foraging task 

specialization in honey bees, further affecting individuals’ foraging decisions. The 

hypothesis is founded on the generally accepted association between sensory sensitivity 

and foraging task specialization in honey bees (Pankiw and Page 2000; Page et al. 

2006; Page et al. 2009). While main proxies of body size are measured, the emphasis of 

the study is on the size of the sensory organs, supporting a ‘size hypothesis’ of task 

specialization.  

This “size hypothesis” is further evaluated in Appendix E, where size is analyzed in 

strains of European honey bees artificially selected for their tendency to store surplus 

pollen. Such artificial selection also affects foraging task specialization (tendency to 

forage for pollen, water or nectar) and sensory sensitivity (Pankiw and Page 2000; Page 

et al. 2006; Page et al. 2009). 
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Significance of research 

Body size has been largely recognized as a dynamic factor in biological evolution. Thus, 

analyzing body size and its effect on the social organization of bees has a broad 

scientific impact. 

First, within bees, honey bees have been by far the most intensely studied species. 

Division of labor in honey bees has been largely considered to depend on age. However, 

more recent studies have revealed the role of other factors, such as variation in 

sensitivity to performance of particular tasks (Pankiw and Page 2000; Page et al. 2006; 

Page et al. 2009). Supporting this behavioral threshold hypothesis, this dissertation 

highlights the role of body size in the organization of honey bee societies by pointing to 

the specific effect of size on sensory and neural traits.  No single factor alone can 

explain division of labor and task specialization, and new analyses considering the 

interaction between different factors underlying social organization will certainly help us 

to better understand the potential routes for the origin and maintenance of insect 

sociality.  

Second, the association between the nervous system and behavior has been a 

longstanding intriguing and debatable problem in biology. In particular, it has been 

hypothesized that larger brains would be associated with larger behavioral repertoires 

and better cognitive capacities. Social behavior has been at the center of such debate 

because of its effect at the individual level and the presumed increase in cognitive power 

necessary to deal with social life. However, despite of the high levels of social 

complexity in insects, the association between the neural system and sociality has 

focused mainly on vertebrates. In this sense, this dissertation contributes to our 

understanding of how particular features at the cognitive, sensory and neural level may 
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contribute to the social organization of insects. The inclusion of two species with 

contrasting systems of social organization opens the door to new further approaches in 

this direction. 

Third, understanding the effect of size on animal life histories is a major current issue 

in biology. In this dissertation, evidence is presented to support the relevance of 

absolute and relative (allometric) changes in size for an individual’s behavior. Non-

proportional changes in size of body parts are probably related with the modular nature 

of insect development. Different areas within the insect body plan may be affected by 

changes in patterns of development. The evidence presented here suggests that inter-

individual variation in sensory sensitivity may be associated with different patterns of 

development in modules leading to the formation of sensory organs. 

Finally, the methodologies established are also expected to have scientific impact. 

The establishment of a Pavlovian conditioning paradigm in bumblebees is envisioned to 

serve as a model to approach the proximate mechanisms of learning and memory at the 

neuronal level. On the other hand, the methodology employed in the analysis of olfactory 

sensilla in both species is expected to facilitate the analysis of antennal morphology in 

other species.   

 

Specific contribution of the author 

This dissertation includes five appendices featuring manuscripts that have been 

published (Appendices A and B), that are submitted (Appendices C and D), or that are 

under preparation for publication (Appendix E). The author of this dissertation designed 

all the experiments described in Appendices A, B and C, and the sampling methods 

necessary for data collection as described in Appendices D and E. The author also 
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collected the majority of the data (collaboration from colleagues is specifically 

acknowledged in each Appendix), analyzed the data and prepared the original drafts of 

all the Appendices, participating in the edition of subsequent versions until the final 

stages of publication. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the manuscripts 

appended to this dissertation. The following is a summary of the most important findings 

described in these documents. 

Appendix A examines the association between body size, age and experience on 

learning and memory abilities in the bumblebee B. occidentalis. Olfactory learning and 

memory performance was evaluated in workers by using Pavlovian conditioning based 

on the proboscis extension reflex of bees. Learning performance was quantified as the 

number of training trials required to exhibit the first conditioned response and by 

evaluating the response to the conditioned stimulus across consecutive trials. Memory 

was evaluated two and five hours after acquisition by presenting the conditioned 

stimulus without a reward. For analysis, the information on each individual (size, age and 

foraging experience) was compared with the results on learning and memory 

performance. 

This research showed no effect of age on learning and memory performance. Young 

workers, even as young as two hours, exhibited levels of performance similar to those of 

older bees. In contrast, greater foraging experience was associated with faster learning. 

On the other hand, body size was associated with longer memory retention but not with 

performance during acquisition. Compared with previous research on honey bees, these 

results show significant differences, particularly of the effect of age on learning and 

memory performance. However, together with the evidence from honey bees, these new 

results suggest that learning and memory abilities vary according with the social system 

and probably reflect differences in the cognitive challenge of specific tasks such as 

outside of-hive and in-hive tasks. 
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Appendix B discusses the results presented in Appendix A focusing on the relevance 

of bumblebees as a model for the study of insect cognition at the behavioral and neural 

levels. The emphasis of the discussion is on the use of bumblebees as models to study 

learning and memory. In particular, it highlights the potential use of bumblebees in 

studies using electrophysiology. In this context, several features including behavior and 

robustness under experimental manipulation are discussed. Furthermore, additional 

evidence is presented for the association between body size and learning in another 

bumblebee species, B. impatiens.  

Following the results presented in Appendix A, in Appendix C a morphometric 

approach is used to study the pattern of brain allometry in the bumblebee Bombus 

occidentalis. The effect of age, size and foraging experience was evaluated by tracking 

each individually marked bee. Age was determined by marking new individuals emerged 

every two days. Foraging experience was determined by video recording activity at the 

nest entrance. Body size was estimated by using head width (maximum distance across 

eyes) and body mass (including only head and thorax). For brain processing, workers 

were randomly selected every week. In order to obtain young bees, pre-emergent pupae 

were isolated and processed after eclosion. Collected bees were chilled in ice for 10 

minutes. After dissection, brains were fixed in a solution of formaldehyde and phosphate 

buffer, subsequently stained, plastic embedded and sectioned for preparation of slides. 

The volume of five regions in the brain (lobula, medulla, antennal lobes, fan shaped 

body and mushroom bodies) was estimated from histological preparations. Finally, the 

information of each individual (age, size and foraging experience) was compared with 

the neuroanatomical information. 
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As expected, there was a significant correlation between body size and brain size 

and its internal components. However, the nature of the correlation varied depending on 

the proxy of size used. Thus, brain size and its components increases isometrically with 

head width but allometrically with body mass. Age was found to affect the nature of the 

allometric correlations but only when the one-day old workers were included in the 

analysis. Thus, a dramatic change in the correlation between brain volume and body 

size seems to occur during the first days of life. On the other hand, foraging experience 

selectively affected the internal components of the brain. The only structures affected by 

experience were the mushroom bodies, which increased with more foraging. When 

compared with previous results from honey bees, this pattern observed in bumblebees 

suggests a general effect of foraging experience on brain development. However, in 

contrast to honey bees, bumblebee brains seem to be affected by age only early in life. 

 

Appendix D explores the association between body size and foraging task 

specialization in honey bees, focusing on European) and Africanized races. The 

association between sensory sensitivity and foraging task specialization in honey bees is 

well established. Appendix D examines the hypothesis that this correlation is due, at 

least in part, to changes in body size, which may affect the size of sensory organs. It 

also tests the hypothesis that body size is associated with the quality and/or quantity of 

resource collected during a foraging trip. As a first step in testing this ‘size hypothesis’, a 

morphometric study of African and European honey bee foragers was conducted. 

Foragers were captured and classified according to the resource that they were 

collecting. For pollen foragers the weight of the pollen load being carried was measured. 

For nectar foragers the concentration of sucrose collected was measured. Then, several 
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measures of size were recorded, specifically head width, body mass (head plus thorax 

mass), antennal flagellum length, and number of olfactory sensilla on a particular 

antennal annulus. Comparisons between nectar and pollen foragers (European honey 

bees) and between nectar and water foragers (Africanized honey bees) showed that 

behavioral groups can be separated based on morphological measures. Particularly 

interesting was the fact that nectar foragers had significantly lower body mass and fewer 

olfactory sensilla than pollen (European) or water (African honey bee) foragers. Having 

fewer sensilla suggests that the lower olfactory sensitivity exhibited in nectar foragers 

may be at least partially explained by a lower capacity to capture odor molecules. The 

results also showed a positive correlation between pollen load size and two body 

measures, body mass and number of olfactory sensilla. In contrast, in nectar foragers a 

negative correlation between sucrose concentration and both, number of sensilla and 

body mass, was found. Together, these results support the size hypothesis suggesting 

that variation in size may affect the sensitivity of individuals via its effect on the size of 

the sensory organs. The size of sensory organs or sensory structures increases 

allometrically, rather than isometrically, with body size. These allometric patterns may be 

due to differences during development, and might be supported by the modular nature of 

insect development. 

 

Following the results from Appendix D, Appendix E examines the pattern of body 

size in strains of honey bees artificially selected for storage of pollen surplus. Among 

several features, these strains are differentiated in their sensory sensitivity. So called 

‘high strain bees’ exhibit higher multimodal sensory sensitivity than ‘low strain bees’. 

However, it is currently unknown what proximate factors underlie the differences in 
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sensitivity. Since results in Appendix D showed that pollen foragers are heavier and 

have more olfactory sensilla than nectar foragers, Appendix E tests the hypothesis that, 

similarly, high strain bees (which are more prone to pollen collection) are bigger than low 

strain bees (which are more prone to nectar collection). Specifically, it is predicted that 

high strain bees are heavier and have more olfactory sensilla than low strain bees. To 

test this hypothesis, bees from high and low strains were reared in a colony of 

unselected (open mated) honey bees. Before emergence, bees were transferred to an 

incubator until emergence. Then, morphological measures (head mass, thorax mass, 

flagellum length, number of olfactory sensilla) were recorded. The results show that high 

strain bees tend to be heavier and have longer flagella. However, and in contrast to the 

prediction, bigger body and longer flagella were not associated with more olfactory 

sensilla. Indeed, the lowest counts of sensilla were found in high strain bees and the 

highest in low strain bees. This result suggest that although artificial selection has 

affected body size (among other parameters), the differences in sensitivity are not due to 

allometric increases or decreases in the number of sensory sensilla. It is suggested that 

further analysis should focus on potential structural differences in the sensory sensilla. 

Higher sensitivity in the high strain bees might be due to greater numbers of receptor 

neurons, which might be incorporated in larger, and not necessarily more, sensilla. 
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Abstract. 

In many respects, the behavior of bumblebees is similar to that of the closely related 

honey bees, a long-standing model system for learning and memory research. Living in 

smaller and less regulated colonies, bumblebees are physiologically more robust and 

thus have advantages in particular for indoor experiments. Here we report results on 

Pavlovian odor conditioning of bumblebees using the proboscis extension reflex that has 

been successfully used in honey bee learning research. We examine the effect of age, 

body size and experience on learning and memory performance. We find that age does 

not affect learning and memory ability, while body size positively correlates with memory 

performance. Foraging experience seems not to be necessary for learning to occur but it 

may contribute to learning performance as bumblebees with more foraging experience 

on average were better learners. The proboscis extension reflex represents a reliable 

tool for learning and memory research in bumblebees and allows examining interspecific 

similarities and differences of honey bee and bumblebee behavior, which we discuss in 

the context of social organization. 
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Introduction 

In humans and other vertebrates, cognition research focuses on learning and memory 

abilities. Among insects, fruit flies (Drosophila melanogaster) and honey bees (Apis 

mellifera) represent valuable model systems for cognitive research as they are simpler 

and more tractable than vertebrates (Davis 2005; Giurfa 2007), yet share behavioral, 

neural and molecular mechanisms underlying learning and memory (Kammermeier and 

Reichert 2001). The last two decades have also seen a surge in research on cognitive 

processes using bumblebees as a model system, especially regarding the use of visual 

information in different contexts (Dyer and Chittka 2004; Kulahci et al. 2008; Worden et 

al. 2005). 

Bumblebees are closely related to honey bees, which favors comparative 

approaches, particularly regarding their ecology and social structure. Bumblebees are 

particularly suited for laboratory experiments as they are reared commercially and can 

be kept indoors. However, most behavioral studies showing high learning and memory 

performance in bumblebees have relied on flying bees, which is an obstacle for 

accessing the neural mechanisms of such performances. Training restrained 

bumblebees to associate odor and sucrose reward has been attempted but the resulting 

performance was considerably poorer than that reached by honey bees in a similar 

design (Laloi et al. 1999). This is unfortunate as the learning paradigms most suited for 

physiological and brain-related research in honey bees and fruit flies require the animals 

to be restrained. 

In honey bees, the proboscis extension reflex (PER) has become a very successful 

paradigm for the study of learning and memory and their neural basis (Menzel and 

Giurfa 2001; olfactory PER conditioning first described by Takeda 1961). Bees touching 
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a sweet substance with their antennae will reflexively extend their proboscis (tongue) 

expecting a reward (e.g. nectar from flowers). In the laboratory, individual bees can be 

trained to associate specific stimuli with a reward in a Pavlovian conditioning paradigm 

(Bitterman et al 1983). During training, the conditioned stimulus (e.g. odor) is paired with 

a sugar reward, which typically elicits a reflexive tongue extension after stimulation of the 

antennae. Learning is reflected by tongue extension in response to the conditioned 

stimulus alone in the absence of a reward. 

Building on a previous attempt to develop olfactory conditioning procedures for 

bumblebees Bombus terrestris (Laloi et al. 1999), we aimed to evaluate olfactory 

learning and retention in the species B. occidentalis. We examine the effect of age, body 

size and foraging experience on learning performance, factors of particular interest for 

comparative and ecological approaches.  

 

Materials and Methods 

Rearing conditions and individual tracking 

Colonies of B. occidentalis (Biobest, Inc.) were maintained at 35% relative humidity, 

19ºC and 12h/12h photoperiod. The nests were connected to a foraging flight cage (2.0 

m x 1.2 m x 1.2 m) where the bees collected sugar-water (15% w/w) from artificial 

feeders. Pollen and water were supplied inside the nest-box. Only workers were used 

and all individuals were marked using numbered tags (Betterbee, Inc.) glued to their 

thorax. Every two days newly emerged bees were marked. Therefore, our age-

estimation has an error of ±1 day. To assess very young bees, a group of pupae was 

isolated in individual plastic containers and evaluated after eclosion. We tested 1 (n=33), 
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7 (n=3), 14 (n=12), 21 (n=9) and 28 (n=10) days old individuals. Bees were randomly 

selected every day and collected either inside the nest or in the foraging cage. 

The nest entrance was continuously video-recorded to assess foraging experience, 

defined as the number of trips to the foraging cage that exceeded one minute. Head 

width was used as a measure for individual body size. 

 

Training procedure 

Individuals were caught with tweezers and chilled on ice for 30 min, then mounted in 

plastic tubes.   Their heads were held in place by two metal pins forming a 'yoke' around 

their ‘neck’ (Fig. 1d) such that the bees could not withdraw the head or move it in a 

position that would prevent proboscis extension. The bees were fed to satiation with 

sucrose solution (30% w/w) and then isolated for 18 h without food, which strongly 

increased their behavioral responses. A small moistened cotton ball was pushed into the 

mounting tube behind the bee to prevent them from drying out and almost all bees 

survived this treatment. Thirty minutes prior to training, bees were transferred to a rotary 

apparatus comprised of a drum (30 cm diameter, 7 cm high; Fig. 1a) divided into twelve 

individual wedge-shaped chambers and encased by polystyrene foam that transmitted 

diffuse room light but occluded any other visual cues. A weak vacuum was applied to the 

centre of the drum to remove any residual odor. A window at the front of the box was left 

open to expose one individual chamber at a time. Bees were kept in their chamber 

during training and testing in order to avoid any manipulation. 

For stimulus presentation, an air current from an aquarium pump (ca. 2 l/min air flow) 

was directed at the bee through a tube. Subsequently, a weak odor current (ca. 0.3 

l/min) was injected into the ongoing air current. The odor current was generated by 
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blowing air through a tube containing a piece of filter paper (2 cm2) containing 5µl of the 

odorant (lily of the valley essential oil; Spinnrad, Norderstedt, Germany). None of the 

bees responded spontaneously to either the odor or to the air current alone. 

The training sequence was as follows (Fig. 1b): air for 10 s, superimposed odor 

current for 8 s, air current alone for 5 s. Three seconds after the onset of the odor 

presentation, the bee's antenna was touched with a toothpick moistened with sucrose 

solution (30%), which resulted in a reflexive extension of the proboscis (PER). Then, the 

bee was allowed to lick a tiny amount of sugar water from the toothpick (~3 s). This 

procedure (referred to as a training trial) was repeated every 10 minutes (up to 20 trials) 

until the bee showed a conditioned response to the odor. Once the association was 

learned, the response of the bee was recorded in seven subsequent trials.  

We examined individual learning performance in two different ways. First, we 

evaluated the number of trials required to obtain the first conditioned response to the 

odor presentation (cumulative curve in Fig. 2). Second, we evaluated for each bee the 

total number of responses to the conditioned stimulus within the first nine trials as 

acquisition mostly occurred during these trials (see results; Fig. 3). 

Memory retention was tested two and five hours after conditioning by presenting the 

odor alone without offering a reward. During the memory test, individuals that did not 

exhibit the conditioned response were evaluated regarding their overall motivation by 

touching their antenna with sugar water alone. Individuals not even responding to the 

sugar stimulation were excluded from the analysis. For the same reason, we also 

excluded bees that did not exhibit the PER to the unconditioned stimulus more than 

twice during training. Data were compared with Student’s t-test, Tukey-Kramer HSD, G-
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tests, and the Kruskall-Wallis test using the statistical program JMP 5.1.2 (SAS Institute 

Inc.).  

 

Results 

A high proportion of bees (93%; N = 104; Fig. 2) responded to the odor within 20 trials. 

More than 60% of these bees required only five or fewer trials to exhibit a first response 

(Fig. 2, left panel). The proportion of bees that responded during individual trials 1-9 

gradually increased, reaching a maximum level of 71% at the ninth trial (Fig. 3). 

However, the retention of the association decayed with time. After two hours only 47% 

and, after five hours, only 32% of the 91 bees tested still remembered the association 

(Fig. 2 right panel; 12.5% of the bees died before testing at two hours; mortality between 

two and five hours was zero). The low degree of memory retention after 5 hours may in 

part be due to memory extinction as those same bees had previously been tested once 

without a reward (for the 2-hour memory retention test). Interestingly, bees that 

remembered after five hours required fewer trials for their first response than bees that 

did not remember the association after five hours (t=2.94, Bees responding (mean±SE): 

3.7 ± 0.7, N = 29; Bees not responding: 5.8 ± 0.5, N = 62); P=0.0021, Bonferroni-

corrected alpha = 0.0167). 

We did not find any statistically significant differences in the learning performance of 

bees of different age analyzing the first nine trials (Fig. 3; Kruskall-Wallis test = 0.741, P 

= 0.864). Even the group of one day old bees, which included bees as young as two 

hours (tested without the period of starvation) learned in the same way as much older 

bees (Fig. 3). This result differs from what has been described for honey bees, for which 

age appears to have an effect on learning performance (Laloi et al. 2001; Ray and 
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Ferneyhough 1999). Like the learning speed (memory acquisition; Fig. 2), the proportion 

of bees remembering after two hours (G=1.42, df=3, P=0.70) and after five hours 

(G=4.8, df=3, P=0.18) was not significantly affected by age.  

Some of the one-day-old bees lacking foraging experience were good learners, 

suggesting that foraging experience is not a prerequisite for learning. This is supported 

by observations on a small group of bees (N=8) that were kept inside their dark nest for 

three months where they were provided with pollen, water and sugar water ad libitum. 

While these old bees had never foraged in their life, six of them (75%) required six or 

fewer training trials to show their first conditioned response to odor. When tested for 

retention, five of them (66.7%) still responded after two hours and half of them 

responded after five hours, hence their learning and memory abilities did not seem 

different from those of bees able to forage. 

However, while young naïve bees are able to learn, we did find a positive correlation 

between the amount of a bee's foraging experience (i.e. number of foraging trips) and its 

learning performance. Considering only those bees that had at least foraged once during 

their life, and pooling all age classes, we found a significant correlation between the first 

conditioned response to odor and foraging experience (Fig. 4; N=24, P=0.004, 

Bonferroni-corrected alpha = 0.0167, r = -0.42).  Together, this suggests that learning 

ability does not require foraging experience but may be improved by it. An alternative 

explanation for this correlation is that those bees that are the better learners in the first 

place also forage more often. 

To address the correlation between body size and learning ability, we used the bees’ 

head width as an indicator for body size, which in our sample ranged from 2.46 mm to 

4.32 mm (3.39±0.34; mean±SD). We did not find a significant correlation between head 
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width and the first conditioned response (n=97, P=0.234, r =0.12) or between head width 

and the total number of responses within the first nine trials (n=104, P =0.183, r =0.14), 

suggesting that in this species learning capability does not depend on body size. 

However, we found size-related differences in memory persistence: bees remembering 

the association after two hours (t48,43=2.26, P=0.01, Bonferroni-corrected alpha = 0.0167) 

and five hours (t62,29=2.98, P=0.002, Bonferroni-corrected alpha = 0.0167), were, on 

average, larger than the bees that did not remember (head width (mean±SE) of bees not 

responding after two hours = 3.32±0.05; of bees responding after two hours = 3.45±0.05; 

of bees not responding at five hours = 3.32±0.04; of bees responding at five hours = 

3.52±0.06). This effect appears to be independent of age and experience as we found it 

also if analyzing separately the one-day old workers tested at two hours, although the 

effect in this case is barely significant (t11,15=2.3, P=0.017, Bonferroni-corrected alpha = 

0.0167). 

 

Discussion 

Taken together, our results have several implications. We were able to show that PER 

conditioning is a reliable paradigm for the study of learning and memory in B. 

occidentalis. Interestingly, our results differ from earlier studies by Laloi et al. (1999) 

performed on B. terrestris. Whereas in our case all the groups reached a response to the 

odor of at least 85.6% (after 10 trials), B. terrestris workers exhibited a maximum 

response of 64.8% after 10 rewards (Laloi et al 1999). It is not easy to determine 

whether these differences result from methodological differences or reflect species 

idiosyncrasies. Laloi et al (1999) used a period of starvation of 6 h whereas we initiated 

the training 18 h after the bees were fed to satiation. Whether this may lead to 



 

 

37

 

differences in levels of motivation, as in honey bees (Ben-Shahar and Robinson 2001), 

is currently unknown in bumblebees and warrants further investigation. 

An additional difference in the experimental design is the use of pure chemical 

compounds by Laloi et al (1999), whereas we used a natural odorant mixture. However, 

Laloi et al.’s work on bumblebees (1999, 2004) as well as analogy to honey bees (Getz 

and Smith 1991) suggests that the differences between pure compounds and mixtures 

occurring in natural flower odors are insignificant with respect to their ability to support 

learning and memory. Our ongoing research using a different bumblebee species (B. 

impatiens) shows similar success rates with the use of a different odor mixture (Jasmin), 

suggesting that the chemical nature of the odor stimulus may not be crucial for the 

learning success.  

Based on previous work (Laloi et al. 1999, 2004) and the current study, it appears 

that bumblebees learn more slowly in this paradigm compared to honey bees: to reach a 

learning success level of 70%, B. occidentalis foragers require 5 reinforcements and B. 

impatiens foragers need 7 reinforcements; whereas the European bumblebee B. 

terrestris do not reach this level [Laloi et al. (1999) report a maximum of 45% learning 

success after 10 reinforcements using a higher sugar reward concentration of 75%]. In 

contrast, honey bees reach this level after only two-three reinforcements (Bitterman et 

al. 1983). However, young bumblebees turn out to be better learners than young honey 

bees (Ichikawa and Sasaki 2003) - intriguing findings in light of species-specific 

ecological, social and neurobiological differences. Bumblebee colonies are smaller than 

those of honey bees and are organized mainly around a system of division of labor 

based on body size (larger bees being primarily the foragers). Therefore, one may 

predict a faster maturation of cognitive abilities in bumblebees than in honey bees and a 
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better learning performance of large bees within a bumblebee colony. While our results 

with B. occidentalis only partially support the second hypothesis (larger bees retain the 

association longer), our ongoing work on foragers of the bumblebee B. impatiens shows 

a significant correlation between body size and learning ability (n=30, P=0.003; r = 0.52). 

Similar results were found previously using free-flying bumblebees (Worden et al. 2005), 

suggesting an important variation between species, especially since no correlation 

between body size and learning has been found in B. terrestris (Raine and Chittka 

2008). 

Assuming that the relationship between body size and learning and memory affects 

bees under natural conditions, individual specialization to exploit a particular plant 

species (i.e. floral constancy) would be expected to occur more frequently in large than 

in small bees. This effect would be particularly important in a system of solitary foragers 

such as bumblebees, in contrast to social foragers, such as honey bees: bumblebees 

depend on their own foraging experience whereas honey bees are informed about the 

presence and location of rewarding food sources by their nestmates.  

Research on bumblebee cognitive abilities has mainly been done on freely moving 

animals. Here we have shown that PER conditioning is a feasible paradigm for the study 

of bumblebee learning and memory under constrained conditions. Considering the 

robustness of bumblebees, this may open new opportunities for combining behavioral 

observations with brain lesion experiments or neurophysiological recording, the latter of 

which is technically very difficult in the delicate honey bee (Mauelshagen 1993) but 

much more promising in the more robust bumblebee (Paulk et al. 2008). 
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Figures. 
 
Figure 1. Experimental arrangement and procedure for testing and training bee workers. 
a) Mounted bee showing the two pins of the ‘yoke’ securing the head in place. b) 
Mounted bee being rewarded after a conditioned response. c) The segmented 
conditioning arena. The odor used for training was injected into an ongoing airflow and 
evacuated (vacuum) after passing the bee.  d) Sequence of exposition to odor and 
reward during a training trial. e) Time-line of training and testing procedures. After the 
conditioned response was observed, the bee was given seven additional training trials 
(see Methods).  
 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cumulative learning curve of B. occidentalis combining bees of all age groups. 
Sixty percent of the workers learned the association after seven or less training trials.  
Box on the right shows the conditioned response (memory retention) after two and five 
hours. Ordinate: percentage of bees showing proboscis extension response (PER) upon 
odor stimulation.  
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Figure 3. Learning curves for different age groups of bees (mean responses per trial; 
not cumulative). Box on the right shows the conditioned response (memory retention) 
after two and five hours. Ordinate: percentage of bees showing proboscis extension 
response (PER) upon odor stimulation. No statistically significant differences between 
age groups in acquisition or memory retention (see text). 

  

 

 

 

 

 

 

 

 
Figure 4. Correlation of memory acquisition (shown here as 1/c where c = number of 
training trials required for association) and foraging experience (number of foraging trips; 
see methods) of B. occidentalis foragers that had experienced at least one foraging 
excursion.  Data are presented logarithmically because some bees had high numbers of 
foraging trips whereas the majority had little foraging experience. 
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Abstract. 

The difficulty to simultaneously record neural activity and behavior presents a 

considerable limitation for studying mechanisms of insect learning and memory. The 

challenge is finding a model suitable for the use of behavioral paradigms under the 

restrained conditions necessary for neural recording. In honey bees, Pavlovian 

conditioning relying on the proboscis extension reflex (PER) has been used with great 

success to study different aspects of insect cognition. However, it is desirable to 

combine the advantages of the PER with a more robust model that allows simultaneous 

electrical or optical recording of neural activity. Here, we briefly discuss the potential use 

of bumblebees as models for the study of learning and memory under restrained 

conditions. We base our arguments on the well-known cognitive abilities of bumblebees, 

their social organization and phylogenetic proximity to honey bees, our recent success 

using Pavlovian conditioning to study learning in two bumblebee species and on the 

recently demonstrated robustness of bumblebees under conditions suitable for 

electrophysiological recording. 
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Introduction 

Learning and memory, defined as the acquisition and storage of neuronal 

representations of information through experience (Dukas 2008), are two of the most 

intensively explored processes of animal cognition. Learning represents one of the 

contributions of the nervous system to an animal's overall phenotypic plasticity that 

facilitate the accommodation of the phenotype to diverse environments (Papaj 1993; 

West-Eberhard 2003). However, despite the great interest in learning and memory 

research, a longstanding challenge for the study at the proximate level has been the 

direct quantification of the acquisition, storage and retrieval of information associated 

with a neuronal representation (Shettleworth 1998; Dukas 2008). Thus, learning and 

memory are typically quantified through ‘performance’ (i.e. through a behavioral change 

associated with learning), which represents what the animal does with what it has learnt, 

but which also depends on other factors (e.g., motivation, attention) modulating the final 

behavioral output. Realistically, performance reflects the role of learning and memory in 

a more integrative ecological context, especially under unrestrained conditions. 

Therefore, using performance as a measure limits the analysis of proximate phenomena 

underlying learning and memory. When addressing these mechanisms at the level of 

brains and neurons, an additional problem arises from the restrained conditions required 

during recording of neural activity. Therefore, a growing interest exists in developing 

models and methods that may enable the ‘visualization’ of the process of memory 

formation and retrieval underlying the performance during training and testing.  

Recently, we examined the use of Pavlovian conditioning to study associative 

learning in bumblebees under restrained conditions (Riveros and Gronenberg 2009). 

There are several reasons for the selection of both the methodology and the animal 
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model. Pavlovian conditioning has been widely established as a paradigm for the study 

of cognitive abilities in model systems such as the round worm Caenorhabditis elegans, 

the marine snail Aplysia californica, the fruit fly Drosophila melanogaster and the honey bee 

Apis mellifera. As in the original paradigm (Pavlovl 1927), in honey bees, an 

unconditioned stimulus (typically sucrose) administered to the antenna or the tarsi of the 

leg evokes a reflexive tongue extension (the proboscis extension reflex; PER). 

Simultaneous presentation of sucrose and other (conditioned) stimuli (e.g. odors, touch or 

light) results in an association of the conditioned stimulus and the reward, and eventually 

the conditioned stimulus alone evokes the PER. The experimental paradigm allows for 

changes of the quality and quantity of the conditioned stimulus (e.g. odor concentration) 

as well as of the reward (e.g. sucrose concentration and/or amount) (Menzel 1999). 

Thus, the entire paradigm emulates, under restrained conditions, the natural sequence 

of behaviors during foraging. Bees approaching a flower receive visual and/or olfactory 

information, which may vary between or within species of flowers (e.g. differences in 

shape, color, odor). Once on the flower, antennal exploration and the contact with nectar 

elicit the extension of the proboscis, followed by the ingestion of the reward, which may 

also vary in its quality (e.g. carbohydrate concentration) and/or quantity (i.e. nectar 

amount). 

Despite the convenience and success of the PER paradigm in honey bees (Menzel 

and Mueller 1996; Giurfa 2007), our understanding of the neuronal processes underlying 

this learning behavior is still at an early stage. Intracellularly recording electrical activity 

is the technique of choice for analyzing learning-dependent changes of information 

processing in individual neurons. This technique has been used with some success (Hammer 

1993; Mauelshagen 1993), leading to the discovery of specific components of the neural 
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pathway involved in the conditioned response (Hammer 1993; Menzel and Manz 2005), 

yet it faces the problem of fragility of the bees under extended experimental 

manipulations. The more recent calcium imaging technique for measuring brain activity 

has also met with some success, particularly regarding neuronal activity of the olfactory 

centers of bees, the antennal lobes (Faber et al. 1999).  However, calcium imaging has 

a much lower temporal resolution than electrophysiological recordings and only enables 

visualization of pattern activity on the superficial layers of the neuropil. Another technique 

that has recently been introduced into brain research of larger insects, multi-unit 

recording using multi-channel silicon probes (Lei et al. 2004), has not been successfully 

applied in honey bees because of their size and fragility (Menzel 2007), although the use 

of thin (< 15 um) electrodes has been suggested as an alternative (Menzel 2007). 

Therefore, given the convenience of the PER and the large amount of knowledge 

obtained from honey bees, it would be advantageous to establish a model system that 

combines the advanced behavioral and learning capabilities of honey bees with the 

experimental robustness and ease of larger insects such as locusts or hawk moths. Our 

success of establishing a robust PER learning paradigm in bumblebees (genus Bombus; 

Riveros and Gronenberg, in press) together with the recently shown suitability of 

bumblebees for long-term intracellular brain recording (Paulk et al. 2008, 2009) suggest 

the use of bumblebees as such a model system. 

 

Bumblebees as models 

Bumblebees are closely related to honey bees, which favors comparative approaches, in 

particular given their contrasting systems of social organization. In honey bees, age 

plays a predominant role in organizing the division of labor. Young bees typically remain 
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inside the hive performing the tasks of nursing, cleaning and storage of resources 

brought in by foragers. Older workers engage in foraging activities, collecting mainly 

nectar, pollen and water. Along with these behavioral transitions, workers change their 

performance in learning and memory tasks, presumably preparing for higher cognitive 

challenges associated with navigation, predation risk and resource evaluation outside of 

the protected hive (Ichikawaw and Sasaki 2003). In contrast to honey bees, bumblebee 

societies are strongly influenced by individuals’ body size and only weakly by their age. 

Larger workers in the colony mostly form the foraging force, whereas smaller workers 

mostly participate in in-hive tasks (Goulson 2003). A second difference is the contrasting 

colony size, which reach up to 60 000 workers in honey bees, and typically between 

200-400 workers in bumblebees. Besides potential behavioral differences associated 

with colony size (see below), smaller colonies of bumblebees certainly facilitate their 

maintenance under laboratory conditions. A third difference is the solitary system of 

foraging in bumblebees, which, in contrast to honey bees, do not provide nest mates 

with direct information about location and quality of potential resources (but see 

Leadbeater and Chittka 2005; Worden et al. 2005; Leadbeater and Chittka 2007, for the 

effect of local enhancement on foraging decisions). A fourth difference is the 

independent foundation of colonies by individual bumblebee queens (Goulson 2003), 

whereas in honey bees the queen always swarms with a large number of her workers. A 

fifth difference is the single mating system in most bumblebee species (Goulson 2003), 

which enables an easier control of the behavioral variation associated with different 

genotypes. 

From these contrasting characteristics, several predictions regarding learning and 

memory capacities in bumblebees can be drawn. Small colonies and a system of 
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division of labor affected by body size may lead to earlier cognitive maturation of 

bumblebees because worker foragers may start foraging within two days after eclosion. 

Furthermore, losses of workers during foraging might have a stronger effect on a smaller 

colony, which, giving limitations for surplus storage of food, needs to rapidly replace 

foragers with the fewer workers remaining in the colony. In contrast, removal of foragers 

in honey bee colonies leads to an accelerated, yet not immediate, neural and 

physiological maturation of in-hive workers. Regarding the role of body size in 

bumblebee colonies, larger workers may be expected to show better learning 

performance and longer memory retention, as they are exposed to the cognitive 

challenges of foraging. 

As for the mode of colony foundation, it is interesting to consider potential transitions 

in the queen learning and memory capacities: Young, founding bumblebee queens have 

to perform all the cognitively demanding tasks of a forager to raise their first brood, while 

later they concentrate on egg-laying and their workers care for the brood. In this context, 

potential trade-offs between brain development, learning and reproduction may be 

identified in bumblebee queens as have been found in other species (Snell-Rood et al 

2009). Although very scarce, previous evidence indeed shows high performance of 

foraging queens on learning and on categorization tasks (Dukas and Waser 1994). This 

possibility might contrast with the behavior observed in honey bee queens, which never 

need to forage.  

Besides their use in a comparative approach, bumblebees have proved to be useful 

models per se in cognitive research (Real 1994) as demonstrated by the growing body of 

literature on diverse aspects of learning and memory such as acquisition, retention, 

transfer and interference in individual bumblebees (e.g. Laverty 1994; Dukas 1995; 
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Keasar et al 1996; Laloi et al. 1999; Worden et al. 2005; Cnaani et al 2006; Raine and 

Chittka 2007; Raine and Chittka 2008) and in social contexts (e.g. Leadbeater and 

Chittka 2005; Worden et al 2005; Leadbeater and Chittka 2007). Other areas have been 

also explored, such as decision-making (e.g. Real 1994; Chittka et al. 2003; Ings and 

Chittka 2008; Kulahci et al. 2008) and navigation (e.g. Church and Plowright 2006). 

Importantly, most of these phenomena can be directly linked to ecological contexts of 

bumblebee life histories, such as risk-sensitive foraging (Bateson and Kacelnik 1998), 

traplining foraging (Saleh and Chittka 2007, and references therein), resource 

categorization (Dukas and Waser 1994), and predation avoidance (Dukas and Morse 

2003; Ings and Chittka 2008). This context is of major significance because it considers 

the ‘cognitive architecture’ (sensu Real 1994) as part of the phenotype affecting 

individual performance and species evolution (Raine and Chittka 2007) and also speaks 

for the relevance of bumblebees as models.  

 

Bumblebees and the proboscis extension reflex 

In our research, we attempt to combine the benefits of the PER paradigm established in 

honey bees and the well-developed cognitive capacities of bumblebees, envisioning their 

use to incorporate neuronal recordings during training and testing. Our attempts are 

further encouraged by the robustness of bumblebees under restrained conditions (Figure 

1) and during electrophysiology recordings (Paulk et al. 2008, 2009) and also by their 

large brains (Mares et al. 2005; Riveros and Gronenberg, unpublished), both features 

favoring intra and extracellular recordings. Although an attempt to use the PER 

paradigm in bumblebees has been previously reported (Laloi et al. 1999), the level of 

performance was much lower than that observed under free-flying conditions. Improving 
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those early attempts, we have worked toward establishing a PER paradigm in two 

species of bumblebees, Bombus occidentalis and B. impatiens. 

Bumblebee colonies can be kept under laboratory conditions, where colonies are 

connected to a foraging cage with feeders filled with a solution of sucrose. In our studies 

pollen and water are provided ad libitum inside the hive, assuring the use of bees inclined 

to forage for sugars. Individual workers can be tracked using numbers glued on the back of 

newly emerged bees. Foraging activity is recorded using a camera directed at the nest 

entrance. Thus, for each individual it is possible to record its age at first foraging trip, time 

spent during each trip and number of trips before training. 

Our results using Bombus occidentalis (Riveros and Gronenberg 2009) and B. 

impatiens point to three major aspects of olfactory learning in bumblebees. First, 

bumblebees do not require several days of maturation before reaching the level of 

performance of older adults. Indeed, we found two hour old bees to learn as well as their 

older sisters. Second, once workers engage in foraging activities, their overall 

performance seems to increase along with foraging experience. Third, the association 

between body size and learning seems to vary across species. In B. occidentalis (Riveros 

and Gronenberg 2009) and B. terrestris (Raine and Chittka 2008), size is not associated 

with increasing learning performance (although it is associated with memory retention in 

B. occidentalis). In contrast, our current research using B. impatiens shows large workers 

performing better than the smaller ones in an olfactory learning paradigm (Figure 2; cf. 

Worden et al. 2005 for similar results using visual learning in a free-flight paradigm). 

These results are relevant considering both, the ecological context and the potential 

use of electrophysiology during bumblebee learning. Together with information on honey 

bees, our findings suggest that learning ability of the worker caste is associated with 
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division of labor and probably reflects the cognitive challenges of different tasks. Also 

associated with the social organization, size, but not age, significantly affects learning 

and memory in bumblebees. These two results point toward young bees as a good 

option for future studies in electrophysiological systems, because young bees lack the 

effects of experience on learning, which we found to be significant. We may also be able 

to electrophysiologically address the effect of size: Are there certain tasks that a larger 

nerve cell (in a large bee) can do better than its smaller counterpart in a small bee? Do 

larger eyes or antenna or other sense organs endow their bearers with advanced 

sensory abilities? 

Honey bee and bumblebee brains are organized very similar, and our 

neuroanatomical knowledge of the substrates presumably underlying learning and memory 

will benefit future attempts combining electrophysiology and the PER learning paradigm in 

bumblebees. Olfactory information is first processed by the olfactory (antennal) lobes 

and then transferred to the mushroom bodies and other central brain components, 

where the associations are presumably formed. Simultaneously recording from the 

antennal lobe and the mushroom body while the bumblebee is learning to associate an 

odor will probably greatly enhance our understanding of the neuronal mechanisms 

resulting in learning and memory.  

Recent studies on bumblebees including our own findings open new possibilities for 

research and provide a protocol and an animal model that will likely contribute to our 

understanding of learning and memory beyond individual performance. 
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Figures 

Figure 1. Examples for different degrees of physical restriction in bumblebee behavioral 
paradigms. A. Harnessed bee undergoing PER conditioning; B. harnessed bee during 
electrophysiological recording bee; C. tagged bee flying in foraging cage; D. walking on 
a treadmill 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Correlation between acquisition performance and body size in the bumblebee 
B. impatiens. c = number of training trials necessary for the first conditioned response to 
appear. 
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Abstract. 

The relationship between brain size and behavior has been a longstanding issue in 

neurobiology.  Are larger behavioral repertoires associated with bigger brains or brain 

components? Do bigger brains underlie better cognitive performance? Answering these 

questions has met with methodological problems due to the difficulty to apply a single 

cognitive paradigm across diverse species. To avoid common problems arising from the 

use of comparisons across species, we focus on a single species. Vertebrate models 

generally do not exhibit substantial intraspecific variation in brain size for individuals of a 

given age, and we therefore chose an insect species with pronounced inter-individual 

variation in body size. We examine the pattern of brain size in the bumblebee Bombus 

occidentalis, focusing on the effect of body size, age and foraging experience on the size 

of internal brain compartments. We show that, like in vertebrates, body size strongly 

correlates with brain size. We also show that foraging experience, but not age, 

significantly correlates with the increase in the size of a specific region within the brain, 

the mushroom body, and in particular one of its components, the medial calyx. These 

results support previous findings from other social insects, showing that neural plasticity 

in the mushroom bodies coincides with behavioral plasticity. 
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Introduction 

The relationship between brain size and behavior has been a debatable, yet intriguing 

and recurrent issue in evolutionary neurobiology (Rensch, 1956; Aboitiz, 1996; Healy 

and Rowe, 2007). Typically introduced as a ‘bigger = better’ (‘B=B’) problem, the 

hypothesis is most often associated with two closely related predictions:  

(1) Behavioral complexity should positively correlate with brain size.  

(2) Individuals with larger brains should perform particularly well in demanding 

cognitive tasks or provide higher ‘cognitive power’.  

The evaluation of these two predictions, considered as early as in the fourth century 

B.C. (see Striedter, 2005) has been repeatedly challenged due to methodological and 

semantic problems in defining appropriate measures of ‘cognition’ or ‘behavioral 

complexity’ and correlating them with proper measures of ‘brain size’ (Deaner et al., 

2007; Healy and Rowe, 2007). Quantification of cognition tends to be vague and difficult 

to apply across species in an objective way that controls for differences in the ecological 

relevance of the presented tasks. As a consequence, species may be ‘unfairly’ judged 

and the generalizations obtained are necessarily invalid. A related problem is the 

inclusion of anthropomorphic judgments that overestimate or underestimate animal 

cognitive capacities in particular contexts (Andrews, 2008, 2009). Measures of 

‘behavioral complexity’, besides involving a semantic issue, tend to be difficult to apply to 

broad spectra of species. Assessing brain size may also be fraught with problems: 

overall brain size (typically quantified as brain mass or volume) is generally easily 

measured. However, overall brain size may fail to represent the cognitive capacities of 

an individual, since brains are organized in anatomically segregated functional modules 

that may evolved independently of each other (Redies and Puelles, 2004; Sporns et al., 
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2004; but see Deaner et al. 2007 for an analysis supporting the relevance of absolute 

brain size in cognitive performance). Thus, identification and measurement of specific 

areas involved in particular cognitive processes appear more appropriate for quantifying 

‘brain size’. Also, it is important to remember that it is not brain size per se that underlies 

predictions (1) and (2), but the changes in internal organization and structure associated 

with variation in brain size (Striedter 2005). Therefore, other measures such as 

connectivity across brain regions and the ratio between volume and neuronal density 

need to be taken into account when available (Tononi et al., 1994; Striedter, 2005; 

Herculano-Houzel et al., 2007). Another issue associated with the ‘brain size’ problem is 

the sometimes overlooked role of the sensory organs in the periphery. This first stage of 

information acquisition varies across species, and its variation may lead to considerable 

differences in behavioral performance as well as brain tissue required to process this 

sensory information. 

Thus, several methodological problems are intrinsic to the approach to the ‘B=B’ 

hypothesis. A fundamental part of the problem seems to be associated to the use of 

interspecific comparisons. This approach allows the inclusion of larger ranges of brain 

sizes and the exploration of evolutionary trends, being more appropriate to approach 

prediction (1). However, regarding prediction (2), interspecific comparisons carry the 

problem of generalized measures of cognition and the difficulty to control for species-

specific adaptations (Tinbergen, 1951, p. 12). Intraspecific comparisons should be much 

more appropriate to test prediction (2). We do not question the validity of the 

comparative approaches to the ‘B=B’ problem, but rather argue that the existing 

theoretical (e.g., Calabretta et al., 2003) and empirical (e.g., Frankhauser et al., 1955) 

support for the hypothesis should encourage the search for more appropriate methods 
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and models that are free of the most challenging problems. We argue that the use of 

single species exhibiting a sufficiently large variation in brain size may be better suited to 

test the specific prediction that larger brains perform better than smaller ones when 

tested under the same cognitive paradigm.  Unfortunately, large intraspecific variation in 

brain size is not a typical feature of vertebrate species. However, the ‘B=B’ hypothesis 

can be addressed in insects, which not only have large intraspecific variation in size, but 

are also easier to manipulate than vertebrates. 

Insect brains are well characterized regarding their functional anatomy (Strausfeld, 

2001). In general, several regions can be identified and associated with processing of 

particular sensory modalities and motor control. The optic lobes (including the medulla 

and the lobula; Figure 1) are involved in processing of visual information. The antennal 

lobes are centers for primary processing of olfactory information gathered through the 

antennae. The central complex is generally considered to integrate multisensory 

information to coordinate complex motor function (Strausfeld, 2001). Other brain areas 

of motor control include the dorsal lobe (associated with antennal movement; 

Kloppenburg, 1995) and the suboesophageal ganglion (associated with control and 

motor coordination of the mouthparts; Altman and Kien, 1987). Finally, the mushroom 

bodies are centers for multimodal integration of information and play a central role in 

learning and memory (Strausfeld et al., 1998; Zars, 2000; Heisenberg, 2003; Fahrbach, 

2006), sleep (Pitman et al., 2006; Joiner et al., 2006) and walking activity (Martin et al., 

1998). Because of their role in information processing and behavioral regulation, the 

mushroom bodies are one of the main targets when considering the association between 

brain component size and behavioral performance in insects (Wither et al. 1993; 
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Gronenberg et al.1996; Farris 2005; Farris and Roberts 2005; Bieber and Fuldner 1979; 

Kuhn-Bulhmann and Wehner 2006). 

Here, as a first step to approach the ‘B=B’ problem, we analyze the pattern of brain 

allometry in the bumblebee, Bombus occidentalis. Bumblebees provide several 

advantages and exclude some of the problems previously discussed. First, bumblebee 

species are characterized by a large continuous variation in body size among individuals 

belonging to the same colony, which is started by a singly mated queen (Goulson, 

2003). For instance, in the bumblebee Bombus terrestris, workers may vary for up to 

four times in body mass (Goulson, 2003). The presence of only one singly mated 

reproductive female assures high genetic homogeneity, yet large variation in body size 

within the same species. Second, bumblebees have become important insect models in 

the study of insect cognition (e.g., Worden et al., 2005; Riveros and Gronenberg, 

2009a,b) because of their capacity to adapt to laboratory conditions and their 

commercial availability. We have recently been able to adapt the proboscis extension 

reflex (PER; a standard laboratory methodology for the study of insect cognition) to the 

study of learning and memory in bumblebees (Riveros and Gronenberg, 2009a), which 

enables a quick evaluation of specific cognitive processes, opening the possibility to 

combine behavioral, neurobiological, and even electrophysiological (e.g., Paulk et al., 

2008, 2009), examinations. Hence, ecologically relevant standard cognitive measures 

(e.g. learning performance, memory, interference) can be applied to individual 

bumblebee sisters across a large size range and compared to brain measures. 

Brain size is not only affected by body size, but also by age and experience (Withers 

et al. 1993; Fahrbach et al., 1998).  Considering the effect of foraging experience on 

insect brains (e.g. Withers et al., 1993; Gronenberg et al., 1996; Kuhn-Buhlmann and 
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Wehner 2006) and the remarkable learning performance found in one day old 

bumblebee workers of B. occidentalis (Riveros and Gronenberg, 2009a), we also 

explore the effect of age and foraging experience on brain allometry. Given the 

phylogenetic proximity, yet contrasting social organization of bumblebees and honey 

bees, we discuss our results in the context of the potential association between brain 

development and social organization in insects. 

 

Materials and Methods 

Rearing conditions and individual tracking 

One colony of B. occidentalis (Biobest, Inc., USA) was maintained at 35% relative 

humidity, 19ºC and 12h/12h photoperiod. The nest was connected to a foraging flight 

cage (2.0 m x 1.2 m x 1.2 m) where the bees collected sugar-water (15% w/w), pollen 

(Bee Healthy Farms, USA) and water from artificial feeders. Only workers were used 

and all individuals were marked using numbered tags (Betterbee, Inc.) glued to their 

thorax. Newly emerged bees were marked every two days, hence our age-estimation 

has an error of ±1 day. To assess very young bees, a group of pupae (n = 18) was 

isolated in individual plastic containers and dissected after eclosion. We collected bees 

ranging between 1 and 48 days old. For morphometric measurements, bees were 

randomly selected and collected either inside the nest or in the foraging cage. 

The nest entrance was continuously video-recorded to assess the individual bees' 

foraging experience, defined as the number of trips to the foraging cage that exceeded 

one minute. Head width and fresh body mass (including only head and thorax) were 

used as measures for individual body size. 
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Brain processing and brain volume estimations 

After collection, individual bees were chilled in ice for 10 minutes. Next, the brains were 

dissected from the head capsule and fixed in 4% phosphate buffered formaldehyde for 

two hours and then rinsed in phosphate buffer. Brains were then stained in the dark 

using 1% osmium-tetroxide for 2 hours at 4 ºC and 30 minutes at room temperature. 

After repeated rinses with distilled water, we dehydrated the brains using 50% ethanol 

(10 min), acidified 2,2-dimethoxypropane (10 min; Thorpe and Harvey, 1979) and 

acetone (10 min). Next, brains were plastic-embedded (low viscosity medium RT 14300 

Electron Microscopy Sciences) and sectioned in a sliding microtome at 10-20 µm, 

mounted and cover-slipped. 

Outlines of the entire brain and individual brain regions (antennal lobes, medullae, 

lobulae, mushroom bodies and the fan shape body of the central complex were drawn 

using a camera lucida attached to a light microscope. Next, drawings were digitized on a 

flatbed scanner at 300 dpi and areas of the brain and brain components were calculated 

using the pixel counting routine in Photoshop v7.0 (Adobe). Volumes were determined 

by multiplying the area of each region by the section thickness. To estimate volumes, we 

outlined and measured every second (20 µm) or every third (10 µm) section. This 

method leads to an error much lower than 5% of the volume compared to measuring 

each section (cf. Mares et al. 2005). 

 

Statistical analysis 

To determine the effect of age, size and foraging experience on individual brain regions, 

we constructed multilinear regression models to predict the volume of each region. The 

effect of each factor was determined using effect leverage plots, which account for the 
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effect of the other two variables. All statistical analyses were performed using the 

program JMP v 7.0 (SAS Institute Inc).   

 

Results 

Brain size and body size 

We found an exponential correlation between body mass and total brain size. Total brain 

volume varied by a factor of almost three fold (0.89 – 2.41 mm3) whereas body mass 

varied almost by six fold (20.2 - 112.8 mg; Figure 2a). Likewise, we found a non-linear 

correlation between brain volume and head width, which varies almost by a factor of two 

(2.35-3.96 mm; Figure 2b). 

 

Effect of age, size and experience on individual brain components 

Including all individuals, our model showed a significant effect of total brain size, age and 

experience on the size of individual brain regions. However, not all the regions were 

equally affected by each factor. As expected, total brain size explained most of the 

variation (67-86%) and was associated with increases in all individual regions (Figure 3). 

The slope of the regression lines varied between 0.86 (fan shaped body) and 1.07 

(Medulla; Figure 3), but in all cases the 95% confidence interval included 1, showing that 

all the regions on average increase isometrically with respect to the total volume of the 

brain. Age was associated with increases in brain component size, with the exception of 

the fan shaped body. However, changes associated with age were slighter (explaining 

between 4-12% of the variation) and were statistically significant only due to the 

inclusion of the one-day-old bees (see below). Foraging experience only affected the 

size of the mushroom bodies (Figure 3), leading to a slight increase in their volume.  
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Given the effect of the one-day-old bees on our first model (see Figure 3), we 

constructed a second model excluding this group of bees (Figure 4). Similar to the first 

model, most of the variation (66-87%) in brain component size was explained by 

changes in total brain volume, with the exception of the fan shaped body (R2 = 0.13; 

Figure 4). Also consistent with the first model, the volume of the mushroom bodies 

increased along with foraging experience. In contrast, our second model showed that 

age did not affect the size of the brain regions evaluated. Thus, one-day-old bees 

seemed to differ from the other individuals, but age did not significantly affect the brain of 

older adults. 

 

Foraging experience and enlargement of the mushroom bodies 

Given the consistent effect of foraging experience on the size of the mushroom bodies, 

we conducted a more detailed evaluation of the bees that actively foraged (range of 

foraging trips = 1-297). We examined potential changes in the volume of the entire 

mushroom bodies, both calyces and each calyx (medial and lateral) separately. This 

analysis showed that increased foraging experience did not significantly affect the total 

size of the mushroom bodies (Figure 5), the total size of the calyces (Figure 5) or the 

size of the lateral calyx (Figure 5). In contrast, we found that foraging experience was 

associated with a significant increase in the size of the medial calyx, explaining about 

25% of the variation in size of the region (Figure 5, Table 1. The slope of this correlation 

was significantly higher than 1 only in foragers (Table 1), whereas the slope of the 

correlation for the lateral calyx was lower and did not differ from 1 (Table 1). 
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Discussion 

We have presented an analysis of brain allometry in bumblebees, emphasizing the 

remarkable variation associated with body size and the effect of age and experience on 

brain size. We have quantified these factors in much greater detail than previous 

approaches, by recording precisely the foraging effort of each bee in the colony, rather 

than broadly defining foragers versus in-hive workers. This approach allowed us to 

determine with more detail the effect of foraging activity on brain size, in particular in the 

mushroom bodies (see below). 

In general, and as expected, our results show a large variation in brain size that goes 

along with the variation in body size. However, the nature of the correlation is 

exponential rather than linear and depends on the estimator of body size. Two common 

measures of size are head width and body mass. Based on these two proxies of size, 

our results show that the brain scales exponentially with body mass and with head width. 

However the scaling relative to head width is close to isometric, probably because the 

brain occupies a large part of the head capsule. A similar pattern is also observed when 

the individual brain regions are evaluated. On average, individual regions increase 

isometrically relative to head width but allometrically relative to body mass.  

In order to better understand the variation of specific regions, as well as the effect of 

diverse factors on their size, we consider the relative size with respect to total brain 

volume rather than to body size. This approach provides a better assessment of the 

relevance of a region among the different components of the brain. Thus, our models for 

individual brain regions included total brain volume in order to control for the expected 

effects of size (Figures 3, 4). Excluding the effect of size allows determining potential 

significant changes in a brain component's size associated with age or foraging 
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experience. In our sample, a positive effect of age was evident on most structures with 

the exception of the fan shape body. However, this effect seemed to result from the 

inclusion of one-day-old workers, as it was not significant within mature older adults 

(Figure 4). This may suggest a dramatic change within the first week of life, although our 

results do not enable us to determine the nature of the change. However, even if 

bumblebee brains require a few days in order to fully develop, such differences seem not 

to be crucial at least for some aspects of their behavior. Young bumblebee workers may 

start foraging within one or two days after emergence (Riveros, unpublished) and, when 

trained using Pavlovian olfactory conditioning, they exhibit adult-like levels of learning 

and memory as early as two hours after emergence (Riveros and Gronenberg, 2009a). 

These elaborate behaviors at such an early age contrast with honey bees, which take 

much longer to mature (Ichikawa and Sasaki 2003). For their first two weeks of life, 

young honey bees engage in in-hive activities, which in several respects are considered 

by some to be less cognitively challenging than foraging. Thus, under normal 

circumstances, chronological age, brain and behavioral maturation may go along and 

appear to be tuned with the social organization of the honey bees. Indeed, the transition 

toward foraging behavior in honey bees is preceded by a significant increase in neuropil 

volume in the mushroom bodies, which has been regarded as an example of 

experience-expectant brain maturation (Farhbach et al., 1998). The strong association 

between brain and behavioral maturation is supported by the accelerated changes 

occurring in precocious foragers (Withers et al., 1993, Durst et al., 1994). In short, in 

bumblebees the brain matures within about one day, preparing them to start cognitively 

demanding foraging tasks early in life, while honey bee brains mature more slowly and 

seem not to be ready for foraging tasks before the age of about two weeks.  
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In contrast to age, the effect of experience was independent of the inclusion of one-

day old bees in the models, yet it was limited to a specific region in the bumblebee brain, 

the mushroom bodies. The fact that the mushroom bodies exhibited plasticity associated 

with foraging experience is not unexpected, as it has been previously reported mainly in 

social species, including honey bees (Withers et al., 1993, Durst et al., 1994), ants 

(Gronenberg et al., 1996; Kuhn-Buhlmann and Wehner, 2006) and wasps (O’donell et 

al., 2004). However, the observed plasticity associated with foraging experience is 

expected to occur in solitary as well as social species. Also, in the case of social 

species, increases in mushroom bodies’ volume presumably reflect the necessity to 

cope with higher complexity of foraging activities relative to in-nest activities. In our case, 

a more detailed analysis of the mushroom bodies including only foragers showed that 

the effect of experience was limited to the medial calyx (Figure 5; Table 1). Previous 

reports on honey bees, wasps and ants have shown that indeed experience does not 

lead to a global increase in volume of the mushroom body, but rather is limited to the 

calyces (Withers et al., 1993; Durst et al., 1994). Furthermore, the effect can be selective 

to some regions within the calyx depending on the modality that dominates the 

individual’s experience. Thus, honey bee nurses, which are typically exposed to an 

olfactory dominated environment, exhibit a significantly expanded lip region (which 

receives olfactory input from the antennal lobes) when compared with one-day old bees 

or even foragers (Withers et al., 1993). Similar situation is observed in ants, for which 

olfaction is the dominant sensory modality (Gronenberg et al., 1996; Kun-Buhlmann and 

Wehner, 2006). In contrast, for honey bee foragers, the environment is mostly visually 

enriched, due to navigation and resource discrimination tasks, and an increase in the 

mushroom body calyx' collar region (which receives visual input from the optic lobes) is 
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observed (Withers et al., 1993; Durst et al., 1994). Our current results suggest further 

exploration of the development of the lip, collar and basal ring regions in bumblebees, in 

particular in the medial calyx, which we found to be significantly affected by experience. 

This finding is unexpected as we are not aware of previous accounts suggesting 

functional differences between the calyces. In general, the two calyces are viewed as 

very similar, receiving identical or almost identical input and serving the same functions. 

This view is evident from the fact that most quantitative studies do not discriminate 

between the two calyces. Only a single study suggests a slight difference in the 

innervation pattern of the lateral and median calyx in honey bees (Abel et al. 2001). 

However, like other studies, this study (Abel et al. 2001) implies that both calyces 

receive identical input. We therefore cannot explain our finding that the medial calyx 

appears to correspond more with foraging experience than the lateral one, but the 

problem may be relevant for understanding the evolution of double-calyx mushroom 

bodies in advanced hymenoptera, cockroaches and beetles and some other insects 

(Farris 2005). 

 

Bumblebee brain allometry and behavioral performance 

We assessed the variation of brain size in bumblebees envisioning their use to approach 

the “bigger=better’ (B=B) question in neurobiology and cognition. As expected, we found 

a strong correlation between body size and brain size (Figure 2), which makes 

bumblebees particularly suited for examining correlations between behavioral 

performance and brain size. From our results, we highlight two main elements that 

support the use of bumblebees as models in future neurobiological studies. First, our 

results show a significant selective increase in the mushroom bodies as a consequence 
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of foraging experience (Figure 3, Table 1). Interestingly, our previous results evaluating 

learning and memory performance in bumblebees showed a significant improvement in 

learning associated with increased foraging experience (Riveros and Gronenberg, 

2009a). Whether these two correlates of foraging experience exhibit a causal 

relationship is currently unknown, but, given the central role of mushroom bodies in 

learning and memory, certainly warrants further investigation. 

A second important result is the difference in brain allometry between one-day-old 

bees and older adults. When compared with our previous results on learning, the 

remarkable learning performance of the youngest bees, which learned as well as the 

older workers (Riveros and Gronenberg, 2009a), is intriguing. Thus, it seems that the 

change in brain allometry found here is not associated with changes in our measures of 

behavioral performance. However, the fact that inexperienced young bees can be 

reliably tested in a learning and memory paradigm opens up new opportunities to 

examine in more detail correlations between brain composition and behavioral 

performance without the compounding effect of experience.  

It is also important to consider the effect of the variation in size at the level of the 

sensory organs. In bumblebees, larger body size correlates with longer antenna (and 

greater number of olfactory receptors; Spaethe et al., 2007) and larger eyes (and greater 

number of ommatidia; Kapustjanskij et al., 2007), which leads to higher sensory 

sensitivity in large bees. Thus, differences in performance are not exclusively associated 

with differences in the brain but may be strongly influenced by the amount of information 

being captured by the sensory organs.  

Finally, it is important to consider the link between brain composition, size and 

behavior in the context of the bumblebee social organization. Large bees compose most 
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of the foraging work force, which probably relies on their higher performance in resource 

detection and exploitation (Spaethe et al., 2001; Spaethe and Weidenmüller, 2002). 

Would one expect small workers to experience more or fewer critical changes in the 

brain because of foraging activity? In a different social insect, the desert ant Cataglyphis, 

changes in mushroom body size associated with foraging experience are relatively 

larger in small than in large workers (Kühn-Bühlmann and Wehner, 2006), suggesting 

that within the social group larger individuals are better equipped than smaller ones for 

foraging tasks. As maintenance of neural tissue is energetically very expensive (Laughlin 

et al., 1998; Laughlin, 2001), small individuals might face larger costs of foraging if 

greater investment in brain development is required. At the colony level, however, such 

costs might be minute unless there were only small foragers available. In bumblebees, 

further research on the potential differences in brain plasticity between large and small 

individuals is needed. Also, if smaller bees, indeed, undergo more dramatic changes in 

their brain composition, it will be interesting to determine whether learning and memory 

performance also increase and whether changes in the mushroom bodies are localized 

in a particular region of the calyces.  
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Tables 
 

Table 1. Values for slopes for the correlation between total brain volume and mushroom 
body calyces. * = negative allometry; ** = positive allometry 
 

Group 
Medial Calyx 

Slope 
[95%CI] 

Lateral Calyx 
Slope 

[95%CI] 

One-day old 0.6 [0.4-0.8]* 0.6 [0.3-0.9]* 
Non-

foragers 1.2 [0.8-1.5] 1.0 [0.7-1.3] 

Foragers 1.4 [1.1-1.7]** 0.9 [0.6-1.2] 
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Figures 

Figure 1. Bumblebee size variation and brain composition. A small (a) and a large 
bumblebee worker (b) approximately representing the body size range covered by the 
current study. (c) Bumblebee brain; montage of photomicrographs of three frontal brain 
sections representing different antero-posterior depths and showing major brain 
components. (d) Drawing representing micrograph in (c) and showing in shades of grey 
the brain components analyzed in this study; lateral white areas not included in analysis. 
AL antennal lobe; CB central body; lCa, mCa lateral and medial mushroom body calyx, 
respectively; La lamina; Lo lobula; Me medulla; MBvL, MBmL, Pe vertical lobe, medial 
lobe and peduncle of the mushroom body, respectively; Re retina; SEG subesophageal 
ganglion. 
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Figure 2. Correlation between total brain volume and proxies of body size: A) Body 
mass; B) Head width 
 

 

 

 

 

 

Figure 3. Effect of total brain volume, age and foraging experience on total size of 
individual brain components in bees of all ages. 
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Figure 4. Effect of total brain volume, age and foraging experience on total size of 
individual brain components in bees older than one day. 
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Figure 5. Effect of total brain volume, foraging experience and age on the size of 
individual components of the mushroom bodies of bees that foraged 
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APPENDIX D 
 

BODY SIZE, FORAGING TASK SPECIALIZATION AND RESOURCE EXPLOITATION 
IN HONEY BEES 

 
Andre J. Riveros and Wulfila Gronenberg 

 
Center for Insect Science and Arizona Research Laboratories-Division of Neurobiology, 
The University of Arizona, Tucson, AZ, 85721, USA 

 

 

Abstract.  

Insect societies are important models for evolutionary biology and sociobiology. The 

complexity of eusocial insect societies appears to arise from self-organized task 

allocation and group cohesion. One of the best-supported models explaining self-

organized task allocation in social insects is the response threshold model, which 

predicts specialization due to inter-individual variability in sensitivity to task associated 

stimuli. The model explains the organization of foraging task specialization among honey 

bee workers. However, the factors underlying the differences in individual sensitivity 

remain elusive. Here, we propose that sensory sensitivity correlates with body size in 

honey bees, as it does in solitary species. We introduce and test the hypothesis that 

body size is associated with foraging task specialization and resource exploitation. We 

examined the association between foraging preferences and body size in European and 

Africanized honey bees. We focused on common measures of body size and on the size 

and number of structures associated with olfactory sensitivity. We show that body mass 

and the number of olfactory sensilla are greater in pollen and water foragers, which are 

known to exhibit higher sensory sensitivity, compared to nectar foragers. These 

differences are independent of the distribution of size within a colony. Furthermore, body 
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mass and number of olfactory sensilla are correlated with the concentration of nectar 

gathered by workers, and with the size of pollen loads they carry. We conclude that body 

size is associated with foraging preferences in honey bees, suggesting that size is one 

of the factors underlying an individual’s sensitivity and the self-organized system of task 

specialization in bees. 

 

Introduction 

The origin and organization of social systems are fundamental problems in sociobiology 

(Alexander 1974; Wilson 1975). In insects, societies are organized around a scheme of 

division of labor that in its basic form includes a reproductive and a worker caste. In 

advanced societies, workers may specialize on particular tasks (e.g., brood care, 

foraging), yet they maintain variable levels of behavioral elasticity (Wilson 1975, 1985). 

Thus, the performance of the society is founded on the autonomous, yet coordinated, 

behavior of individuals fulfilling all the tasks. But, what factors govern an individual’s 

behavior and how do they lead to task allocation? 

Early attempts addressing these questions highlighted the association between two 

main factors and worker caste specialization (Hölldobler and Wilson 1990, Michener 

1974). On the one hand, workers may change between different tasks depending on 

their physiological maturation or age (temporal polyethism; Johnson 2002, Michener 

1974). In the honey bee Apis mellifera, for instance, young individuals perform in-hive 

tasks (e.g. nursing, comb construction), and as they age they move to tasks at the hive 

entrance (e.g., guarding) and eventually switch to activities outside of the hive (e.g. 

foraging; Lindauer 1952). On the other hand, worker specialization may be associated 

with anatomical variation between individuals (physical polyethism; Oster and Wilson 
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1978). Physical polyethism is commonly observed in derived ant societies (Hölldobler 

and Wilson 1990, Hölldobler and Wilson 2008) and in most termites (Higashi et al. 

2000), where particular workers may have enlarged heads and bodies to better process 

food or defend the nest (soldiers). In both cases (age dependent and size dependent 

polyethism) morphology and maturation presumably evolved to optimize individual 

performance for a particular task or set of tasks, which ultimately improve global 

performance at the colony level. 

Nevertheless, more recent accounts suggest that division of labor can emerge 

through self-organization as a consequence of group living and may not require adaptive 

evolution (Bonabeau et al. 1997; Page and Mitchell 1998). In this case, intrinsic 

differences between individuals might bias their performance of particular tasks.  One of 

the best-supported models explaining a self-organized system of division of labor is the 

so-called response threshold model (RTM). The RTM states that task specialization 

occurs as a consequence of inter- individual differences in sensitivity to task-associated 

stimuli. Thus, workers specialize on those tasks that are associated with its lowest 

internal thresholds (reviewed by Beshers and Fewell 2001, Beshers et al. 1999, 

Bonabeau et al. 1999, Moritz and Page 1999). So far, the best-studied example of task 

specialization based on response thresholds (RTs) is the foraging system of the honey 

bee Apis mellifera. Foragers of A. mellifera specialize on the exploitation of protein 

(pollen) or carbohydrate (nectar) resources. Artificial selection for their tendency to store 

surplus pollen ('high' and 'low strain' honey bees) has shown that specialization is 

associated with differences in sensory thresholds for sucrose, odors and light (reviewed 

in: Page et al. 2009; Scheiner et al. 2004; Scheiner and Erber 2009). Workers with high 

thresholds (i.e. with low sensitivity) typically forage for nectar; in contrast, workers with 
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low thresholds (i.e. with high sensitivity) are more likely to forage for pollen or water 

(reviewed in: Page et al. 2006; Page et al. 2009; Pankiw and Page 2000). Furthermore, 

during foraging, highly sensitive workers collect larger pollen loads and lower 

concentrations of nectar or even collect water (Page et al 1998; Pankiw and Page 1999; 

Pankiw et al. 2002). In contrast, less sensitive workers collect higher concentrations of 

nectar or even return empty (Page et al 1998; Pankiw and Page 1999; Pankiw et al. 

2002). Importantly, these differences have a genetic component (maturation 

independent) and a developmental component (depending on the bee's maturation or 

age).  

Most of the research regarding the RTM has described multiple correlates of the 

response thresholds, yet the proximate factors remain an open question at the core of 

the model. Why do individuals have different levels of sensitivity? Answering this 

fundamental question may enable experimental manipulations leading to the 

establishment of causal relationships and facilitating the examination of the generality of 

the RTM throughout other species.  

One potential mechanism relies on the fact that sensory sensitivity can be regulated 

at the level of the central nervous system by neuromodulators. In bees, juvenile 

hormone or biogenic amines such as octopamine and tyramine increase sensory 

sensitivity, whereas serotonin and dopamine have an antagonistic effect, decreasing 

sensitivity (Farooqui 2007; reviewed in: Scheiner et al. 2006; Scheiner and Erber 2009). 

However, selected ‘high’ and ‘low’ strains have similar levels of biogenic amines, at least 

over the first 12 days of life (Schulz et al. 2004), a period when differences in sensory 

sensitivity are already significant (e.g. Pankiw and Page 1999).  
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Alternatively (or in addition), differences in sensory sensitivity may already arise in 

the periphery. Specifically, sensitivity may depend on the size, number or structure of 

sensory organs (e.g. eye size and number of photoreceptors), which may vary with body 

size. For instance, the olfactory sensitivity of bumblebees correlates with the length of 

their antennae (Spaethe et al. 2007), presumably because longer antennae carry more 

olfactory sensilla (pore plates; Fig. 1). Similarly, higher light sensitivity and spatial acuity 

correlate with larger eyes and ommatidia (facets) of larger diameter in bumblebees, 

sweat bees and butterflies (Frederiksen and Warrant 2008; Kapustjanskij et al. 2007; 

Kelber et al. 2006; Spaethe and Chittka 2003). 

Here, we address the question of whether the association between task 

specialization and sensory sensitivity in honey bees is associated with variation in size of 

sensory organs (‘size hypothesis’). As the size of sensory organs varies with body size 

(Jander and Jander 2002; Kapustjanskij et al. 2007; Kelber et al. 2006; Spaethe and 

Chittka 2003; Wcislo 1995; Wcislo and Tierney 2009), potential differences might be due 

to global increases of size or to allometric growth of specific organs. To our knowledge, 

there have not been previous attempts to connect sensory sensitivity, body size variation 

and foraging task specialization in honey bees.  

However, previous research showed that bigger honey bee workers become 

foragers earlier than their smaller sisters (Cideciyan 1984, after Waddington 1988; Kerr 

and Hebling 1964; see also Pankiw et al. 2002) and also forage more frequently. These 

two early findings resemble two of the phenotypic features of the selected bees: workers 

of the more sensitive 'high' strain (i.e. those more prone to pollen or water collection) 

exhibit faster behavioral maturation (e.g., Calderone and Page 1988; Pankiw and Page 

2001; Pankiw et al. 2002) and are also more active (Humphries et al. 2005) than bees of 
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the less sensitive 'low' strain (i.e. those more prone to nectar collection). Furthermore, 

the first selected line (Hellmich et al. 1985) had significantly larger corbiculae (basket-

like structures on the bees' hind legs that are involved in pollen collection) than the ‘low’ 

strain (Milne et al. 1986).  

Here, as a first step to test the ‘size hypothesis’, we examine the relationship 

between body size and foraging task specialization in Africanized and European honey 

bees. We focus on commonly used measures of body size (head width and body mass) 

and on specific components potentially associated with sensory sensitivity (flagellum 

length, number of antennal sensilla). We predicted that pollen and water foragers, which 

exhibit higher sensitivity, would have larger bodies or larger (or more) sensory 

structures, than the workers gathering nectar. Also, since sensory sensitivity is 

associated with resource exploitation (reviewed in Page et al. 2009; Pankiw et al. 2002), 

we predicted a correlation between body size (or the specific components evaluated) 

and the quality and/or quantity of the resource exploited. Specifically, here we predicted: 

1. Within nectar foragers: A negative association between body size (or its 

components) and the concentration of nectar gathered by foragers. This prediction 

assumes that larger nectar foragers might accept lower concentrations of sucrose as 

rewarding, whereas small foragers might require higher concentrations to consider a 

resource as suitably sweet for collection.  

2. Within pollen foragers: A positive association between body size and the amount 

of pollen collected. This prediction is based on the finding that more sensitive bees 

collected larger pollen loads (see above). 
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Materials and Methods 

Specimens and Determination of Behavioral Groups 

Africanized honey bees (AHB; Apis mellifera scutellata hybrid) were collected during the 

Spring 2007 on the campus of the University of Arizona in Tucson, Arizona, USA. 

Behavioral groups were determined according to the resource being exploited during 

collection. Nectar foragers (N = 72) were collected while visiting flowers of the species 

Tecoma stans (Bignoniaceae). Honey bees visiting this species were never observed 

collecting pollen and always behaved as nectar robbers. Water foragers (N = 47) were 

captured while collecting water from a pond located 200 m away from the tree where 

nectar foragers were collected. Pollen foragers (N = 41) were collected from sweet 

acacia (Vachellia farnesiana, Fabaceae) located 50 m away from the tree where nectar 

foragers were collected. 

European honey bees (EHB; Apis mellifera ligustica) were collected at the United 

States Department of Agriculture (USDA) Carl Hayden Bee Research Centre, in Tucson, 

Arizona in fall 2007 (Colony 1) and spring 2008 (Colony 2). In both cases, foragers were 

collected between 9:30 am and 11:00 am in front of the colony.  

Behavioral groups were determined by measuring the concentration of the liquids 

carried in the individuals’ crops (Page and Fondrk 1995). Crop content can be obtained 

by gently squeezing the abdomen of the bees. The concentration of the liquid was 

measured using a low volume handheld refractometer (Bellingham and Stanley Ltd) 

calibrated for sucrose concentrations of 0-50%. A pollen forager (Colony 1: N = 50; 

Colony 2: N = 78) would have the crop empty (<5 µL) and a pollen load on its corbicula.  

For bees from Colony 2 the pollen load being carried was weighed. Bees with crop 

contents >5 µL and sucrose concentrations higher than 10 % were classified as nectar 
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foragers (Colony 1: N = 65; Colony 2: N = 41). Bees were classified as water foragers if 

their crop contents were >5µL and sucrose concentrations below 10% (Colony 1: N = 69; 

not observed in Colony 2). We also observed a few bees collecting pollen and nectar 

(Colony 1: N = 15; Colony 2: N = 31) or pollen and water (Colony 1: N = 4; Colony 2: N = 

1) but these bees were not included in any further analysis.  

 

Morphometry and Sensilla Counting 

For each bee, we measured body mass, head width and antennal flagellum length. For 

mass measures we only weighed the head and the thorax (including wings and legs) to 

avoid variation due to crop content in the abdomen. We measured head width and 

flagellum length by removing them from the body. Maximum head width (including the 

compound eyes) was measured in frontal view using a stereoscope at 10x magnification.  

Antennae were flat mounted and cover slipped on microscope slides. Pictures of heads 

and antennae were acquired using a digital microscope camera and measured using the 

software ImageJ v. 1.34s (National Institute of Health, USA).  Flagellum length was 

determined as the average of both antennae.  

For sensilla counting, we randomly selected individuals from each behavioral group. 

We covered each antenna with a thin layer of clear nail polish (Sally Hansen, USA). 

After 5 - 10 minutes the nail polish layer, representing a detailed replica of the antennal 

surface, was removed by cutting along the ventral side of the antenna. The replica was 

then flattened and mounted on a microscope slide so that its entire surface could be 

observed (Fig. 1B). As this technique did not allow taking intact replicas of the entire 

flagellum, we compared the eighth flagellomere. 
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We focused on the pore plates (sensilla placodea) because of their conspicuousness 

and their established function in olfaction (Vareschi 1971), one of the sensory modalities 

differing between pollen and nectar foragers (Scheiner et al. 2004; Scheiner and Erber 

2009). Although other sensilla types can be clearly observed from nail polish 

preparations (e.g. campaniform sensilla; Fig. 1C), they cannot always be unambiguously 

classified from light micrographs. 

In AHB, we counted sensilla on both antenna and used the average for the analysis. 

Since we found little difference between antennae (< 5%), we only counted the sensilla 

on one antenna per bee for the subsequent analysis of EHB.  

 

Control of Age Variation 

Honey bees may switch their foraging preferences as they age (Higginson and Barnard 

2004). Therefore, we only compared young foragers using wing status as a proxy for 

individual age (Hayes and Wall 1999; Higginson and Barnard 2004). We determined four 

states of forewing damage: 0 (no damage), 1 (damage not reaching the wing veins, 

typically a little scratch on the edge), 2 (damage reaching the wing veins), 3 (damage 

reaching the wing cells). For comparisons we only used individuals in categories 0 and 

1.  

For Colony 1, 34% of the individuals were classified as 2 or 3, and excluded from the 

analysis. This proportion varied across behavioral groups and was particularly high in 

water foragers (Water = 78 %; Nectar = 11 %; Pollen = 10 %; Pollen and nectar = 13 %; 

Pollen and water = 25 %). For Colony 2 only bees within category 0 were included. Due 

to the resulting small sample size of water foragers, all further analyses on EHB were 

conducted using only nectar and pollen foragers. 
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For AHB, 46% of the individuals were classified as 2 or 3 and excluded from the 

analysis. This percentage varied between behavioral groups and was particularly high in 

pollen foragers (water = 23 %; nectar = 47 %; pollen = 71 %). Due to the resulting small 

sample size of pollen foragers, we only included water and nectar foragers in our 

analyses of AHB. 

  

Statistical Analysis 

Multivariate outliers were determined using Jackknife distances based on mass, head 

width and flagellum length (the variables measured for most of the individuals). This 

procedure removed univariate outliers and led to normal distributions of all variables 

(based on Shapiro-Wilk Test).  Univariate comparisons were then conducted using one-

tail Student t-tests. Comparisons between colonies were done using two-tailed tests as 

no prediction could be drawn a priori. Error Type I associated with multiple comparisons 

was controlled using the False Discovery Rate Procedure (Benjamini and Hochberg 

1995; Verhoeven et al. 2005).  

We also used multivariate analysis of variance (MANOVA) to evaluate whether the 

behavioral groups differ regarding the measures of body size.  For this analysis, a 

subset of bees (those having measures of all variables) was selected from the sample 

used for the univariate analysis. MANOVA analyses in EHBs included as factors: 

Colony, behavioral group (i.e. pollen or nectar forager) and the interaction 

(Colony*behavioral group). 

All the analyses were performed using the statistical software JMP (v. 7.0 SAS 

Institute Inc.). 
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Results 

Body Size and Task Specialization 

Univariate Comparisons  An analysis of all the EHB showed that pollen foragers were 

heavier (t156=2.20; p=0.0145, False Discovery Rate-corrected alpha (FDR-alpha)=0.025) 

and had more pore plates (t113=3.31; p=0.0006, FDR-alpha=0.0125) than nectar 

foragers. In contrast, pollen and nectar foragers did not significantly differ in head width 

(t154=1.67; p=0.048, FDR-alpha=0.0375) or flagellum length (Fig. 1A; t154=0.4; p=0.34, 

FDR-alpha=0.05).  

We found similar results analyzing each colony independently. In both EHB colonies, 

pollen and nectar foragers did not significantly differ in flagellum length (Fig. 2D; Colony 

1: t84=-0.491; p=0.688, FDR-alpha=0.05; Colony 2: t69=-0.289; p=0.613, FDR-

alpha=0.05) or head width (Fig. 2C; Colony 1: t85=0.823; p=0.206, FDR-alpha=0.0375; 

Colony 2: t68=0.678; p=0.250, FDR-alpha=0.0250). In contrast, pollen foragers were 

heavier in Colony 1 (t85=2.216; p=0.0147, FDR-alpha=0.025; Fig. 2B), but not in Colony 

2  (t70=0.530; p=0.299, FDR-alpha=0.0375). In both EHB colonies, pollen foragers had 

more sensilla placodea (pore plates; Figs. 1A, C; 2A; Colony 1: t61=2.414; p=0.0095, 

FDR-alpha=0.0125; Colony 2: t51=2.412; p=0.0098, FDR-alpha=0.0125). 

In AHB (which probably originated from more than one colony), water and nectar 

foragers did not significantly differ in head width (t63=-0.42; p=0.340, FDR-alpha=0.05; 

Fig. 2G) or body mass (t66=-1.34; p=0.093, FDR-alpha=0.0375; Fig. 2F). However, water 

foragers had significantly more pore plates than nectar foragers (t29=-2.42; p=0.0114, 

FDR-alpha=0.0125; Fig. 2E). We also found a trend for water foragers to have longer 

flagella (t59=-1.93; p=0.029; FDR-alpha=0.025; Fig. 2H). 
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Multivariate Comparisons  We conducted a multivariate analysis (MANOVA) including 

our measures of size as dependent variables and the behavioral groups as predictor 

variables. Given methodological constraints on sensilla counting, our multivariate 

analysis included a random sub-sample of the total bees collected (EHB: Colony 1: 

NNectar=29, NPollen=34; Colony 2: NNectar=25, NPollen=27). In EHB, we included as predictor 

variables: behavioral groups, colonies and their interaction (colony*behavioral group). 

Our analysis showed significant differences between pollen and nectar foragers 

(F4=4.33, p=0.003) and also between colonies (F4=62.13, p<0.0001). In contrast, we did 

not find a significant effect of the interaction between colony and behavioral groups 

(F4=1.61, p=0.178). Thus, further univariate analysis within this sub sample was 

conducted independently for each colony.  

For Colony 1 univariate analysis of this sub sample showed the same pattern 

observed using the entire dataset. Pollen foragers were heavier (t61=2.40; p=0.0098, 

FDR-alpha = 0.025) and had more pore plates (t61=2.41; p=0.0095, FDR-alpha=0.0125). 

However, pollen and nectar foragers did not differ in head width (t61=-0.40; p=0.65, FDR-

alpha=0.0375) or flagellum length t61=-1.16; p=0.88, FDR-alpha=0.05). 

In Colony 2, we found significant differences only in one variable. Pollen foragers 

had more pore plates than nectar foragers (t51=2.41; p=0.0098, FDR-alpha=0.0125), but 

did not differ in head width (t50=0.88; p=0.19, FDR-alpha=0.025), body mass (t51=-0.047; 

p=0.52, FDR-alpha=0.0375), or flagellum length (t51=-0.20; p=0.58, FDR-alpha=0.05).  

For AHB, water (N=17) and nectar (N=13) foragers were not significantly different 

when the four size-associated variables were considered (F: 0.31, p=0.14). The 

univariate Student-t tests of this sub-sample showed no significant differences in head 

width (t28=0.5; NWater=17, NNectar=13; p=0.69, FDR-alpha=0.05), flagellum length (t28=-
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1.00; NWater=17, NNectar=13; p=0.16, FDR-alpha=0.0375), and body mass (t30=-1.00; 

NWater=17, NNectar=13; p=0.16, FDR-alpha=0.025). In contrast, we found that water 

foragers had significantly more antennal sensilla, although significance was not as 

strong as for EHB (t28=-2.18; NWater=17, NNectar=13; p=0.0199, FDR-alpha=0.0125).  

 

Body size and resource exploitation 

Within nectar foragers (both EHB colonies), the concentration of nectar negatively 

correlated with body mass (Fig. 3) and number of pore plates (Fig. 3), but not with head 

width or flagellum length (Fig. 3).  Within pollen foragers (EHB Colony 2), pollen load 

positively correlated with body mass and the number of pore plates, but not with 

flagellum length or head width (Fig. 4).  

 

Discussion 

Size and foraging behavior 

Previous evidence has shown that an association between sensory sensitivity and 

specialization on pollen, water or nectar collection exists (reviewed in Page et al. 2009). 

In this study, we introduced the hypothesis that body size affects foraging task 

specialization in honey bees through its effect on the size of sensory organs and, 

consequently, on sensory sensitivity. Therefore, we predicted body size would vary 

across workers specialized on foraging for different resources. 

Two lines of evidence from our data set support this ‘size hypothesis’. First, body 

mass and number of olfactory sensilla generally differed in the predicted direction. 

Overall, pollen foragers were bigger and had greater absolute and relative number of 

olfactory sensilla than nectar foragers. This latter difference may at least partially explain 
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the reported difference in olfactory sensitivity between those behavioral groups (Erber et 

al. 2006; Page et al. 2009; Scheiner et al. 2004; Scheiner and Erber 2009). More 

sensilla presumably increase the perception of odor molecules in the environment, thus 

lowering the olfactory threshold (Apfelbach et al. 1991; Chapman 1998, p. 643). At the 

level of individual sensilla, these differences might be reinforced by the variation in the 

number of receptor neurons associated with each olfactory sensillum (between 5-35 in 

pore plates in honey bees; Schneider and Steinbrecht 1968). The size of the pore plates 

might correlate with the number of sensory neurons, but we have not tested this notion. 

A second line of evidence is that body size positively correlated with pollen load and 

negatively with nectar concentration (Figs. 3, 4). We predicted such patterns since high 

sensitivity is associated with collection of dilute nectar, water and larger pollen loads 

(Page et al. 1998; Pankiw and Page 1999; Pankiw et al. 2002). According to our 

hypothesis, larger workers, with more sensilla, should assess nectars of lower 

concentration as profitable resources. In contrast, smaller bees with fewer sensilla might 

require higher concentrations to accept a resource as rewarding. 

Nevertheless, our results also suggest that the differences between behavioral 

groups do not reflect global increases in body size. Head width and flagellum length 

varied considerably, but did not differ between groups. Also, although overall differences 

in body mass followed the predicted direction, behavioral groups did not significantly 

differ in one EHB colony and in AHB. These variations in the pattern of body mass may 

occur because body mass is affected by the genotype (Milne and Friars 1984; Milne 

1985; Poklukar and Kezic 1994) and the social environment during rearing (Linksvayer 

et al. 2009; Pankiw et al. 2002). Thus, even if differences in body mass between 

behavioral groups exist, the rearing environment may be able to override them. On the 
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other hand, these results suggest that differences between behavioral groups were 

associated with allometric increases, or decreases, respectively, in particular traits. For 

instance, nectar foragers had fewer antennal sensilla than pollen or water foragers, even 

though their antennae did not differ in size. These allometric differences may have their 

developmental origins in physiological pathways involved in determination of caste and 

body size (e.g., insulin pathway; Nijhout 2003; Wheeler et al. 2006). Furthermore, the 

modularity of imaginal discs’ maturation (and their variation in sensitivity to factors 

determining their development) may play a role in the allometric differences. The 

imaginal discs leading to the common development of antenna and eyes (eye-antennal 

disc; reviewed in Domínguez and Casares 2005) are of particular interest as these 

organs are the bases for much of the sensory information (i.e. vision, olfaction, 

hygroreception, CO2 reception and significant amounts of gustatory and tactile 

information) available to the animal. 

  
Size and social organization in bees 

In honey bees, task specialization is strongly affected by age. Young workers remain 

inside the hive performing tasks such as nursing and comb building, whereas older bees 

work as guards and then as foragers. Once engaged in foraging, they further specialize 

on the exploitation of a particular resource. Such specialization is associated with 

different levels of sensory sensitivity. Our results suggest that differences in sensitivity 

may be at least partially supported by allometric variation in the size of the sensory 

organs. Thus, our results imply that task allocation in honey bees may result from the 

interaction between physical and temporal polyethism. This result is of major relevance, 

especially since physical polyethism has been generally overlooked as a factor 

underlying task specialization in bees (in contrast to ants and termites).  Below, we 
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highlight several aspects that should be considered regarding the role and interaction 

between temporal and physical polyethisms in bees. 

First, both kinds of polyethism correlate with variable degrees of flexibility in the 

worker caste. Temporal polyethism, primarily associated with maturation, limits flexibility 

in those tasks requiring particular physiological states. For example, brood feeding and 

comb building are performed exclusively by young workers with developed 

hypopharyngeal and wax glands. Older workers must undergo physiological regressions 

if required to perform those tasks. Thus, under these conditions, flexibility may be 

constrained by the tradeoff between the costs and benefits of changing between 

physiological states and the time required for such transitions. The costs can be 

decreased if temporal polyethism follows the regular individual maturation. Furthermore, 

optimizing the demographic structure decreases the costs, such that older workers 

perform tasks associated with high mortality risks (e.g. defense, foraging).  

On the other hand, physical polyethism imposes anatomical or morphological 

limitations, which are more costly or even impossible to modify and may constrain the 

performance of particular tasks. In ants, for instance, strong polymorphism may severely 

limit the performance of majors in nursing tasks (Mertl and Traniello 2009). However, 

bees generally exhibit much lower levels of polymorphism than ants, and, accordingly, 

physical polyethism does not seem to strongly decrease behavioral elasticity in bees. 

Nevertheless, even modest morphological variation may affect individual performance 

and group organization in bees (Smith et al. 2008). For instance, larger body size is 

often associated with efficient foraging behavior. In the solitary mason bee Osmia 

lignaria, larger bees have higher provisioning rates than smaller bees (Bosch and Vicens 

2006). In the crepuscular sweat bee Megalopta genalis (Halictidae), larger bees can 
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start foraging under lower light intensities, which may enable more foraging trips (Kelber 

et al. 2006). In the bumblebee Bombus terrestris, larger workers have higher rates of 

nectar foraging (Spaethe and Weidenmuller 2002). Finally, in the honey bee Apis 

mellifera, larger bees exhibit higher frequencies of foraging (Cideciyan 1984). Thus, 

bees seem to benefit from physical polyethism, avoiding excessive size differences and 

their associated costs in flexibility. This seems to be done by fitting the existing variation 

in body size to particular tasks.  

A second element to be considered is the differential role of temporal and physical 

polyethism in groups of different size. In small societies, any inflexible system may have 

negative impacts on the group. For instance, temporal polyethism may limit quick 

replacement of foragers, thus compromising colony energy intake. High physical 

polymorphism might lead to an even stronger effect, in particular in holometabolous 

species (such as bees), which cannot vary their morphology once their development is 

completed. In contrast, large groups may better tolerate more inflexible systems of task 

allocation since there will be more available workers to function as a reserve. These 

ideas are supported by the pattern observed in nature. Honey bees, with the largest 

colonies among bees (up to 60 000 workers), have a system of task allocation strongly 

regulated by temporal polyethism.  In contrast, in bumblebees, which have smaller 

colonies (typically between 200-400 workers), temporal polyethism is very weak or 

inexistent and individuals exhibit higher flexibility. Such flexibility exists despite the 

strong effect of body size on task allocation, probably since differences in size do not 

lead to dramatic variations in shape.  

Thus, as discussed above, physical or temporal polyethism may be favored under 

different conditions. Importantly, the presence of one system does not necessarily 
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preclude the presence of the other, in particularly in large colonies, which can better 

support inflexible systems of task allocation. Our results and previous evidence suggests 

that this is true in honey bees. Within the system of temporal polyethism, larger bees 

switch faster between tasks, thus becoming foragers earlier than smaller workers 

(Cideciyan 1984). Furthermore, as shown in this work, decisions during foraging may be 

biased by sensory constraints associated with differences in size. However, size 

variation in honey bees is small, presumably optimizing the transfer of information during 

recruitment of new foragers through the waggle dance (Waddington 1981; Waddington 

et al. 1986; Waddington 2005). Nevertheless, such potential costs may be reduced 

through spatial organization of “dance groups” of similar size (Waddington 1981; 

Waddington et al. 1986; Waddington 2005). 

 

Concluding remarks 

We conclude that physical polyethism affects task allocation in bees, in particular 

through the effect of variation in sensory structures. The sensory system is the gate for 

the acquisition of information. It thus strongly affects further processes involved in 

decision making, at the individual level as well as at the group level. Further research is 

necessary to determine the role of size in the sensory ecology and social organization of 

other species, thus validating the generality of our hypothesis. Insights into the 

interaction of size and other factors are also critical to understand the organization of 

task allocation in bee societies. 
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Figures 

Figure 1: Honey bee antenna and sensilla.  A shows the autofluorescence of pore 
plates under ultraviolet illumination (note that pore plates are only found on 
flagellomeres 3-10). sc scapus, pe pedicellus, numbers denote the respective 
flagellomere. B and C illustrate the detail revealed by the nail polish replica of the 8th 
flagellomere. Approximate area boxed in B is enlarged in C. Arrows in C indicate 
campaniform sensilla. 
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Figure 2: Univariate comparisons across behavioral groups. A-D: comparisons 
between nectar and pollen foragers in European honey bees. E-H: comparisons 
between water and nectar foragers in Africanized honey bees. * = Significant at p ≤ 
0.0375; ** = Significant at p ≤ 0.0250; *** = Significant at p ≤ 0.0125; **** = Significant at 
p ≤ 0.0001. Threshold for significance assigned in all cases after FDR correction. Bars 
indicate standard error of the mean. NS = not significantly different 
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Figure 3: Correlation between body size-related measures and concentration of 
nectar collected by EHB.  
 

 

 

 

 

 

 

 

 

 

 

Figure 4: Correlation between body size-related measures and pollen load in EHB. 
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Figure 5: Comparison of relative number of pore plates between behavioral 
groups and across colonies. Relative number of pore plates = number of pore plates / 
flagellum length. * = p ≤ 0.01. NS = not significantly different 
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Abstract. 

Division of labor and task specialization are two hallmarks of insect societies. In honey 

bees, temporal polyethism involves young bees doing in-hive duties and older workers 

performing as foragers. During foraging, many workers specialize on the exploitation of 

nectar, pollen or water. Artificial selection on the amount of surplus pollen stored has 

shown a correlation between foraging task specialization and multimodal sensory 

sensitivity. High strain bees (more prone to pollen collection) exhibit higher sensitivity 

than low strain bees (more prone to nectar collection) but the proximate factors 

underlying such differences are currently unknown. Based on previous evidence 

showing differences in size between pollen and nectar foragers from unselected 

colonies, we test the hypothesis that high strain bees are bigger than low strain bees, 

therefore having larger sensory organs that might underlie higher sensitivity. We 

compare high and low strain bees with respect to common measures of size and the 

number of olfactory sensilla. We show that high strain bees indeed tend to be bigger 

than low strain bees, but do not have more olfactory sensilla. We suggest potential 

explanations for the discrepancy between the results using selected versus unselected 

colonies, and suggest further directions to study differences in the sensory organs 

between strains. 
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Introduction 

The honey bee Apis mellifera has been one of the most intensively explored models for 

the study of social insect biology. The honey bee society includes a multiply mated 

queen, and a large number of non-reproductive workers. Within the workers, division of 

labor is strongly affected by an individual’s physiological maturation and age (Seeley 

1995, Johnson 2003, Hölldobler and Wilson 2008). Under this system, referred to as 

temporal polyethism (Oster and Wilson, Wilson 1975; Johnson 2003), young bees work 

inside the hive; as they become older, they switch to activities outside of the hive such 

as guarding and eventually foraging (Lindauer 1952; Seeley 1995). As foragers, workers 

exhibit specialized behavior for the exploitation of different resources, such as nectar, 

pollen or water.  

Foraging specialization in the worker caste has been explained based on inter-

individual variation in the sensitivity to colony needs. Thus, workers may specialize on 

pollen collection if they are more sensitive to decreases in the amount of pollen stored 

than to levels of other resources (e.g. nectar). Likewise, workers specialize on nectar 

collection if they are more responsive to decreases in this resource than others. 

Bidirectional artificial selection on the amount of surplus pollen stored revealed a genetic 

component of such differences in responsiveness. (Hellmich et al. 1985; Page and 

Frondrk 1995). Workers from the selected high pollen-hoarding colonies are prone to 

pollen collection, whereas bees from the low strain are prone to nectar collection. 

Interestingly, such differences in responsiveness to pollen and nectar colony 

requirements go along with differences in multimodal sensory sensitivity. Bees from the 

high strain exhibit higher gustatory, olfactory and visual sensitivity than low strain bees. 

This variation in sensory sensitivity has become one of the components more intensively 
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studied of the selected phenotype, especially for its potential relevance to understand 

the proximate factors associated with the syndrome (e.g. Scheiner and Erber 2009). 

What factors might underlie the differences in sensory sensitivity between selected 

strains?  

Previous attempts at explaining the behavioral differences between the high and low 

strain bees focused on potential differences in the brain, in particular in levels of the 

neuromodulators octopamine or dopamine, known to affect sensory sensitivity. However, 

workers from the high and low strains were not found to differ in levels of these biogenic 

amines during the first twelve days of life (Schulz et al. 2004), a period when sensitivity 

already differs between strains (Pankiw and Page 1999). Recently, Riveros and 

Gronenberg (submitted, see Appendix D) posted an alternative hypothesis suggesting 

that differences in worker sensitivity might be the result of variation in body size, which 

may affect sensory sensitivity through its effect on the size of sensory organs. As a first 

step in testing this ‘size hypothesis’, Riveros and Gronenberg compared different 

measures of size (body mass, head width, antenna length, number of olfactory sensilla) 

between pollen and nectar foragers from unselected European honey bees. Their results 

showed significant differences in some, but not all, the measures of size. Specifically, 

their results showed greater body mass and number of olfactory sensilla in pollen 

foragers, which might contribute to explain the previously reported differences in 

olfactory sensitivity. However, whether such differences also exist in the selected strains 

and might contribute to the observed differences in sensitivity is currently unknown. 

Here, we aim to compare size related measures in workers from the high and low 

strains.  We focused on similar measures as those used by Riveros and Gronenberg 

(submitted, see Appendix D), particularly in body mass and number of olfactory sensilla, 
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which proved to be different in unselected colonies. We predicted larger body size in 

bees from the high strain. We assumed that higher olfactory sensitivity in the high strain 

might at least be partially explained if greater numbers of olfactory sensilla are observed.  

 

Materials and Methods 

Specimens and rearing conditions 

We caged multiply inseminated honey bee queens of the high (N = 2) and the low (N = 

2) pollen hoarding strains (from colonies originally selected by Page and Frondrk (1995). 

After the queens had laid eggs, we transferred the four brood frames to a foster hive of 

wild type (open mated) Italian honey bees. This treatment assured the exclusion of 

effects associated with differences in rearing environment. Two days before the 

expected day of emergence, we transferred the frames to an incubator (34 ºC and 30% 

RH), from which the bees were collected upon emergence. Collection and processing of 

samples were performed blind for the genetic background of each frame.  

 

Morphometry and Sensilla Counting 

For morphological analysis we measured head mass, thorax mass (including wings and 

legs) and flagellum length. Antennae were flat mounted on slides and photographed 

using a digital camera. Flagellum length was measured using the software ImageJ v. 

1.34s (National Institute of Health, USA).  

For sensilla counting, we randomly selected 30 bees from each frame. Detailed 

replicas of the flagellum surface were obtained using nail polish (Sally Hansen, USA; 

see Appendix D for details on this methodology). Replicas were mounted on microscope 
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slides for subsequent sensilla counting. We chose to count sensilla on the eighth 

flagellomere to facilitate comparison with previous work (see Appendix D). 

Among the antennal sensilla, we focused on pore plates (sensilla placodea; Figure 1) 

because of their conspicuity and their role on odor perception, one of the modalities 

previously shown to differ in its sensitivity between pollen hoarding strains (Scheiner et 

al. 2004; Scheiner and Erber 2009). We counted the number of pore plates on the eighth 

flagellomere of one antenna per bee. We also calculated the sensilla density after 

estimating the area of the third flagellomere. For this estimation, we assumed the 

flagellomere to be a cylinder and calculated the area using the equation:  

Flagellomere area (mm2) = flagellomere width (mm) x flagellomere length (mm) x 3.1416 

Width and length of the flagellomere were obtained from digital photographs of the 

antennae. 

 

Statistical Analysis 

Multivariate outliers were determined using Jackknife distances based on thorax mass, 

head mass and antennal area (the variables measured for all the individuals). Genetic 

strains were compared for each measure using a one-way ANOVA including brood 

frames as blocks with random effects. All the analyses were performed using the 

statistical software JMP (v. 7.0 SAS Institute Inc.). 

 

Results 

Our analysis showed large variation within and between strains in all the traits 

measured. The largest deviation was observed in bees from frame B (‘low’ strain), which 

were generally smaller than bees from the other frames (Figure 2). Interestingly, despite 
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of their small size, bees from frame B did not have the lowest counts of olfactory 

sensilla. On the other hand, bees from frame D (‘high’ strain) were generally bigger that 

bees from the other frames (Figure 2), yet they had the fewest numbers of olfactory 

sensilla. In contrast to these divergent patterns of frames B and D, frames A (‘low’ strain) 

and C (‘high’ strain) were mostly similar in all their measures. 

Taking together our data in the one-way ANOVA with blocks showed that workers of 

the ‘high’ strain had longer flagellum (F1,75 = 45.04, P = 0.022). In contrast, honey bee 

strains did not significantly differ in head mass (F1,465 = 2.88, P = 0.232), abdomen mass 

(F1,467 = 1.08, P = 0.408), thorax mass (F1,467 = 1.464, P = 0.3498) or number of pore 

plates (F1,73 = 2.00, P = 0.486). Since bees from the ‘high’ strain had longer flagellum 

(see above), but not greater number of pore plates, we found that ‘low’ strain bees tend 

to display higher pore plate density (F1,73 = 17.7, P = 0.053)  

 

Discussion 

In this study, we tested the hypothesis that honey bee strains selected for surplus 

storage of pollen differed in body size. We predicted that workers from the ‘high’ strain, 

which have higher sensory sensitivity, would be bigger and would have more sensory 

sensilla than bees from the ‘low’ strain.  

Our results show that, as predicted, body size tends to be larger in workers from the 

high strain (Figure 2). However, we found large variation within and between strains, 

which limited the possibility to see a clearer pattern. As bees were reared in the same 

environment, variation in size across frames might be partially due to differences 

between strains (high and low), but also to the effect of multiple mating by the queens 

used. When comparing strains, the only case where significant differences followed the 
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predicted direction was flagellum length. However, despite their longer flagellum, high 

strain bees did not have more olfactory sensilla, and, indeed, the lowest counts were 

observed in a high strain frame. This result, which contradicts our hypothesis, suggests 

that higher olfactory sensitivity in high strain bees is not due to an increased number of 

sensilla. However, it does not rule out the possibility that other components at the 

periphery, such as the number of receptor neurons per sensillum, or neuron sensitivity, 

play an important role in olfactory sensitivity. Sensory sensitivity may also depend on the 

action of different anatomical and physiological mechanisms.  

We predicted larger body size for the high strain bees based on several lines of 

previous evidence. First, earlier studies showed that larger honey bee workers exhibit 

faster maturation and higher levels of activity (Cideciyan 1984, Kerr and Hebling 1964), 

features that coincide with two phenotypic traits of the selected high strain bees 

(reviewed in Page et al. 2009). Second, Riveros and Gronenberg (submitted, see 

Appendix D) showed that pollen foragers, from unselected European honey bees, are 

heavier and have more olfactory sensilla than nectar foragers. Also, body mass, and 

number of olfactory sensilla were found to correlate positively with the amount of pollen 

collected (pollen foragers) and negatively with the concentration of nectar collected 

(nectar foragers). These findings suggested that differences in sensory sensitivity might 

be, at least partially, the result of an allometric increase in the number of the sensory 

sensilla. Also, these results with unselected colonies followed the pattern observed in 

the selected strains. High strain workers are more prone to pollen collection and collect 

larger pollen loads. When collecting nectar, bees from the high strain collect more dilute 

nectar. In contrast, low strain bees are more prone to nectar collection and collect more 

concentrated nectar. Third, one of the QTLs associated with the pollen-hoarding 
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syndrome is known to affect body size (Hunt et al. 1998) and one of the first selected 

lines differed in the size of the corbicula (Milne et al. 1986). 

Nevertheless, our results suggest that in the high and low strains, body size and 

sensory sensitivity are not associated as they are in unselected bees. This may be a 

consequence of the strong selection for the pollen hoarding behavior rather than for 

sensory sensitivity. Although several anatomical (e.g. number of sensory sensilla, 

number of receptor neurons) and physiological factors (e.g. sensitivity of receptor 

neurons, levels of neuromodulators) may determine sensory sensitivity, only those traits 

linked to the pollen-hoarding syndrome would be selected. It is also possible that during 

the high/low strain selection process physiological rather than anatomical traits were 

preferentially selected for as a consequence of the fast and strong selection procedure. 

In conclusion, unlike in wild honey bees, differences in sensory sensitivity in selected 

strains are probably not related to allometric growth in the numbers of sensory sensilla. 

The finding that the more sensitive high strain bees did not have more olfactory sensilla 

than the low strain bees seems to oppose our expectations and leads to the question of 

which other factors might underlie higher sensitivity.  Differences during development 

might lead to changes in physiological parameters or in the number of sensory neurons 

per pore plate, and future research might help to solve these questions. 
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Figures 
 
Figure 1. Honey bee antenna and a view of autoflorescence pore plates under UV 
illumination. a shows a partial ventral view of the antenna lacking olfactory sensilla. b 
dorsal view of antennal showing pore plates on flagelllomeres 2-10. c enlarged view of 
the eight flagellomere shown in b  
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Figure 2. Average measures of body size in bees from the high and low strains. 
Numbers in each bar represent sample sizes. Pore plate density = Number of pore 
plates/area of flagellomere 
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