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ABSTRACT 

 Social insect workers can vary in terms of body size, space use, division of 

labor, and reproductive potential. Here, I begin to ‘dissect’ a social insect colony, 

using the bumble bee Bombus impatiens, to determine how this variation affects 

colony organization. I found that workers are spatially organized inside the nest and 

they remain at a specific distance from the colony center. Bees that feed larvae tend 

to remain in the center, whereas foragers are more often found on the periphery 

when not foraging. Smaller workers are more likely to feed larvae and incubate 

brood, and larger workers are more likely to fan or guard the nest. Still, workers 

perform multiple tasks throughout their life. The size of this task repertoire does not 

depend on body size or age. Furthermore, workers that remain further from the 

queen while inside the nest and avoid energy-expensive tasks during the ergonomic 

phase are more likely to reproduce by the end of the colony cycle. Inactive bees are 

not, however, defensive reserves. Although inactive bees increase their speed inside 

the nest when the nest was disturbed, they were not more likely to leave the nest 

(presumably to attack the simulated attacker) or switch to guarding behavior. This 

suggests that inactive bumble bees that remain farther from the queen may be 

storing fat reserves to later develop reproductive organs. Finally, I examined how 

within-group variation affects colony performance. I reduced variation in body size 

or temperature response thresholds by removing individuals from the colony with 

extreme phenotypes, and compared colony performance to colonies where random 

bees were removed. Colonies took longer to cool down the nest after bees were 
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removed, but this effect was most striking when variation in temperature 

thresholds was reduced. Further, although larger bees are better at carrying items 

and are more likely to fan, the ability of colonies to perform undertaking behavior or 

thermoregulation was not affected when size variation was reduced. These studies 

provide evidence that (1) within-group variation affects colony organization and (2) 

variation among workers in their inherent tendencies to respond to stimuli 

positively affects colony performance. 
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INTRODUCTION 

An explanation of the problem and review of literature 

 One of the most beautiful aspects of social insects can be seen in the 

simplicity of their complexity. As a collective unit, we observe a group creating 

complex structures such as the thermoregulatory termite nest mound, and patterns 

such as recruitment trails or the organization of brood and food storage inside the 

nest (Camazine et al., 2001). When the colony is ‘dissected’ and colony members are 

examined individually, however, it is clear that each of these patterns is formed in 

the absence of a leader/coordinator that tells the individuals what to do, or 

(usually) of a blueprint or template that the individuals use to create these patterns. 

In fact, it is likely that individuals do not even know what the final product looks like 

once it is finished. We refer to patterns that are formed by autonomous units in the 

absence of a leader or blueprint as ‘self-organized’ (Camazine et al., 2001). Self-

organized patterns tend to emerge as a result of the repetition of simple decisions 

made by each individual based on local cues, such as where to place an excavated 

clump of dirt, when to lay a pheromone trail, or where to place a brood item or piece 

of food (Camazine et al., 2001). It is the complexity of these patterns that have 

captivated social insect researchers, yet it is the simplicity of the individual 

behaviors that has allowed the research to flourish. As a result, theoretical models 

have been constructed to test which simple rules could be used to create such 

patterns. Indeed, when individual rules are generalized and repeated, complex 
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patterns emerge (e.g., Bonabeau et al., 1998; Škarka et al., 1990; Theraulaz & 

Bonabeau, 1995). 

 One mechanism by which complex patterns may emerge is through spatial 

organization – either of the nest material, colony members, or both. Individuals 

within a colony that tend to return to particular areas of the nest are said to 

maintain ‘spatial fidelity zones’ (Sendova-Franks & Franks, 1995). Spatial sorting of 

individuals within a group also correlates with division of labor in other social 

insect groups (ants: Odontomachus brunneus: (Powell & Tschinkel, 1999); 

Temnothorax unifasciatus: (Sendova-Franks & Franks, 1995); Temnothorax 

albipennis: (Backen et al., 2000); Pheidole dentata: (Wilson, 1976); wasps: Ropalidia 

marginata: (Robson et al., 2000); bees: Apis mellifera: (Seeley, 1982)). By remaining 

in nonrandom areas of the nest, workers may be able to minimize the distance 

moved between tasks, thereby increasing overall efficiency at the colony level 

(Seeley, 1982; Wilson, 1976). 

 Besides spatial sorting, social insects may employ a variety of other 

mechanisms to divide of labor (rev. in Beshers & Fewell, 2001). Species that use 

temporal polyethism consist of individuals that shift between tasks in a predictable 

sequence over their lifetime. For example, an individual honey bee will usually 

transition from cleaning cells to nursing to maintaining the nest to foraging 

(Johnson, 2008; Seeley, 1982). Temporal polyethism can be contrasted with 

morphological polyethism, in which different fixed adult body sizes (castes) 

predispose individuals to particular task repertoires. The most common examples 
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include the soldier castes in ants, termites, aphids, and thrips, which tend to be 

much larger than other workers and are more likely to perform defensive tasks (e.g., 

Hölldobler & Wilson, 1990; Noirot & Pasteels, 1987; Stern & Foster, 1997; Perry et 

al., 2004; Noirot & Darlington, 2000; Rhoden & Foster, 2002).  

 Some tasks (such as foraging) may be riskier and/or more energetically 

expensive than others (O'Donnell & Jeanne, 1995; West-Eberhard, 1981). This 

allows the potential for some workers to concentrate on less risky in-nest tasks over 

the course of their lives, while others specialize on other tasks such as foraging 

(Yerushalmi et al., 2006; Goulson et al., 2002; Korb & Schmidinger, 2004; Foster et 

al., 2004). Workers that avoid riskier tasks may benefit by an increase in lifespan 

and opportunity for reproduction. This creates potential for conflict: if some 

workers are manipulating colony reproduction in favor of their own direct fitness 

benefits (Ratnieks & Reeve, 1992), they should also avoid being allocated to risky 

tasks. 

 Another consequence of having workers concentrate on particular tasks is 

that not all workers work as often or as efficiently as others (Dornhaus et al., 2008). 

In fact, when the colony is in an undisturbed state, it is common across social insects 

to find inactive workers inside the nest (Cole, 1986; Dornhaus et al., 2008; Lindauer, 

1952; Herbers, 1983). Lindauer (1952) and Michener (1964) proposed that these 

inactive workers act as ‘defensive reserves’. Indeed, there is evidence that when a 

colony is disturbed, additional individuals will respond to meet the needs of the 

colony (Evans, 2006; Breed et al., 1990; Couvillon et al., 2008). However, it is 
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unclear whether those responders were inactive in the nest prior to the disturbance, 

or were instead previously engaged in a different task (Johnson, 2002; Gordon, 

1989).  

 Bumble bees are an ideal model system to address the relationships between 

space use, division of labor, worker reproduction, and defensive behavior. First, 

unlike nests of honey bees (Camazine, 1991), ants (Franks & Sendova-Franks, 1992) 

or paper wasps (Karsai & Pénzes, 1998), bumble bee nests are not arranged in a 

predictable pattern (Cameron, 1989). Egg clumps (3–4 eggs each) are laid in all 

regions of the nest. Therefore, the center of the distribution of workers in the colony 

cannot be arranged around a single ‘brood pile’ or brood area, as it is in other 

species.  

 Furthermore, to some extent bumble bees exhibit both temporal and 

morphological polyethism that affects the division of labor in a colony. Workers 

tend to transition from in-nest to foraging tasks (Brian, 1952; Free, 1955b; 

Yerushalmi et al., 2006); however, transition time varies quite extensively among 

individuals, and some may never forage or may even revert back to in-nest tasks 

(Brian, 1952; Cameron, 1989; Free, 1955b; O'Donnell et al., 2000a; Yerushalmi et al., 

2006). Larger bees are more likely to forage (Goulson et al., 2002; Spaethe & 

Weidenmüller, 2002), whereas smaller bees are more likely to remain inside the 

nest and perform nursing tasks (Alford, 1978; Brian, 1952; Heinrich, 2004; 

Yerushalmi et al., 2006).  
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 Variation among individuals within a colony – both morphological and 

behavioral – likely evolves from selective pressures at the colony level (Powell, 

2008; Powell & Franks, 2005). Although Wilson (1968) proposed that a social group 

could evolve as many morphologically distinct castes to specialize on as many tasks 

as exist in the group, cases of morphological caste evolution are rare. Even in the 

absence of specialized castes, however, variation in body size may still provide an 

adaptive benefit to colony performance (Billick & Carter, 2007; Porter & Tschinkel, 

1985; Cnaani & Hefetz, 1994).  

 Behavioral variation, on the other hand, is most often observed in an 

individual’s probability to respond to particular stimuli (hereafter: response 

thresholds); a factor which also may affect the emergence of division of labor in 

social groups (Beshers & Fewell, 2001; Bonabeau et al., 1998). For example, 

individuals that are more likely to perceive low concentrations of brood pheromone 

may be more inclined to feed brood, whereas others that perceive changes in nest 

temperature may be more likely to thermoregulate (Free, 1987; Weidenmüller, 

2004). These response thresholds can be genetically based (Pankiw & Page, 1999; 

Page et al., 1998), hormonally mediated (Robinson, 1987), and/or mediated by 

experience (Jeanson et al., 2008). 

 Types of variation (e.g., variation in body sizes or response thresholds) are 

not mutually exclusive, nor are they necessarily correlated with one another. Why 

then, would a colony produce so many unrelated types of variation? How is colony 

performance affected if variation is reduced? 
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Explanation of dissertation format 

 In this dissertation, I have begun to ‘dissect’ a social insect colony, using the 

bumble bee Bombus impatiens, to determine the mechanisms by which organization 

emerges . The first pattern I examine is the spatial organization by which individuals 

inside the nest are arranged. I also report on a detailed analysis on the degree to 

which individuals specialize on particular tasks in the nest. I then compare the 

spatial organization of individuals inside the nest with division of labor, probability 

to reproduce, and likelihood to respond to a disturbance. Finally, given the degree to 

which individuals vary inside the nest, both morphologically and behaviorally, I 

report on an experiment where I reduced one type of variation in multiple colonies 

and compared colony performance to colonies where random individuals were 

removed. 

 This document is presented in five appendices, each formatted as an 

independent manuscript. Appendix A describes an in-depth analysis of the spatial 

arrangement of individuals within bumble bee colonies (B. impatiens) to examine 

how these spatial patterns relate to division of labor. Appendix B describes the 

overall degree to which workers specialize on particular tasks and investigates how 

age and body size affect the size of a worker’s task repertoire. Appendix C examines 

the task performance and space use of B. impatiens workers during the ergonomic 

(population plateau) phase and the queenless phase of the annual colony cycle, and 

compares these patterns to the reproductive potential of workers at the end of the 

colony cycle. Appendix D tests the defensive reserve hypothesis in Bombus 
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impatiens by examining responses (in terms of spatial movement and defensive task 

performance) at the colony level as well as those observed at the individual level. 

Finally, Appendix E begins to examine the question: What happens to colony 

performance if variation among workers in a social insect colony is reduced?  
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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 in this document.  

 Appendix A examines the relationship between spatial organization and 

division of labor in colonies of bumble bees. We find that (1) 11–13% of workers 

maintained small spatial fidelity zones inside the nest, and all workers tended to 

remain at a specific distance from the colony center independent of their age; (2) 

smaller individuals maintained smaller spatial zones and tended to be closer to the 

center; and (3) individuals that were more likely to perform the in-nest task of 

larval feeding tended to remain in the center of the nest, whereas foragers were 

more often found on the periphery of the nest when not foraging. Individuals that 

performed other tasks did not maintain a predictable distance to the center, and 

there was no evidence that spatial preferences changed over time. Instead, spatial 

patterns may result from inherent differences between individuals in terms of 

activity level, and may be a self-organized sorting mechanism that influences 

division of labor among workers. 

 Appendix B examines how workers divide in-nest tasks, and the degree to 

which individuals specialize on those tasks. In Bombus impatiens, we have shown 

previously that smaller workers are more likely to feed larvae and incubate brood, 

whereas larger workers are more likely to fan or guard the nest. Here, we show that 

in spite of this, B. impatiens workers generally perform multiple tasks throughout 
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their life. The size of this task repertoire does not depend on body size, nor does it 

change with age. Further, individuals are more likely to perform the task they had 

been performing on the previous day than any other task, a pattern most 

pronounced among individuals who guarded the nest. On the other hand, there is no 

predictable sequence of task switching. Because workers tend to remain in the same 

region of the nest over time, in-nest workers may concentrate on a particular task, 

or subset of tasks, inside that region. This division of space, then, may be an 

important mechanism that leads to this weak specialization among in-nest bumble 

bee workers. 

 Appendix C monitors space use and division of labor among all workers in 

three colonies of Bombus impatiens, during the ergonomic and queenless phases of 

their colony cycle. We measured the two largest oocytes in each worker to estimate 

each individual’s reproductive potential at the end of the colony cycle. We show that 

workers that remained further from the queen while inside the nest and avoided 

risky or more energy-expensive tasks during the ergonomic phase were more likely 

to reproduce by the end of the colony cycle. These reproductively dominant 

individuals also tend to be the largest, oldest workers. After the queen died, these 

workers were more likely than their nestmates to increase brood incubation. Our 

results suggest that inactive bumble bees may be storing fat reserves to later 

develop reproductive organs, and that the spatial organization of workers inside the 

nest, particularly the distance workers remain from the queen, may help determine 

which individuals will later have the greatest reproductive potential in the colony. 
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 Appendix D examines the behavior of those individuals that remain inside 

the nest during a disturbance. Specifically, we test the hypothesis that Bombus 

impatiens workers that usually show high levels of inactivity (“lazy bees”) may 

function as ‘defensive reserves’ that are more likely to respond when the colony is 

disturbed. We explore this hypothesis by simulating vertebrate attacks by vibrating 

or blowing carbon dioxide into two colonies on alternating days and measuring the 

movement and task performed by bees inside the nest. Our results show that 

regardless of the disturbance type, workers increase guarding behavior after a 

disturbance stops. Although inactive bees increased their movement speed inside 

the nest when the disturbance was vibration, they were not more likely to leave the 

nest (presumably to attack the simulated attacker) or switch to guarding behavior 

for any disturbance type. We therefore reject the hypothesis that inactive Bombus 

impatiens act as defensive reserves, and propose alternative hypotheses regarding 

why so many workers remain inactive inside the nest. 

 Appendix E tests how two different types of within-group variation (worker 

body size and response thresholds) affect colony performance in two unrelated 

tasks (thermoregulation and undertaking). Bumble bees are unique in that colonies 

have a wide range of worker body sizes compared to other social bee species. 

Workers also vary in response thresholds (i.e., stimulus level at which workers 

respond) to perform a task, such as foraging, brood care, nest thermoregulation, or 

undertaking. In this study, we measured Bombus impatiens colony performance in 

two different tasks: nest thermoregulation and undertaking (i.e., removing dead 
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corpses from the nest). We tested the role of worker variation on these tasks by 

restricting the range of two types of variation in a bumble bee colony – body size 

and temperature response thresholds. To restrict body size variation, we removed 

the largest and smallest bees, and to restrict temperature response thresholds, we 

removed the bees that began fanning at the lowest and highest temperatures. In 

general, colonies took longer to cool down the nest after bees were removed, but 

this effect was most striking when variation in temperature thresholds was reduced. 

Furthermore, although larger bees are likely to be better at carrying items and are 

more likely to fan, the ability of colonies to perform undertaking behavior or 

thermoregulation was not affected when size variation was reduced. This study 

provides evidence that variation among workers in their inherent tendencies to 

respond to stimuli positively affects colony performance. 
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ABSTRACT 

Individuals in many types of animal groups demonstrate both reproductive and 

task-related division of labor. In some social insect species, such division of labor 

may be related to the spatial organization of workers inside the nest. We examined 

colonies of bumble bees, Bombus impatiens, and show that (1) 11-13% of workers 

maintained small spatial fidelity zones inside the nest, and all workers tended to 

remain at a specific distance from the colony center independent of their age; (2) 

smaller individuals maintained smaller spatial zones and tended to be closer to the 

center; and (3) individuals that were more likely to perform the in-nest task of 

larval feeding tended to remain in the center of the nest, whereas foragers were 

more often found on the periphery of the nest when not foraging. Individuals that 

performed other tasks did not maintain a predictable distance to the center, and 

there was no evidence that spatial preferences changed over time. Instead, spatial 

patterns may result from inherent differences between individuals in terms of 

activity level, and may be a self-organized sorting mechanism influences division of 

labor among workers.  

 

Keywords – Bombus impatiens, bumble bees, division of labor, spatial assortment, 

self-organization  
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INTRODUCTION 

Many animal groups can be described as complex biological systems whose 

components are capable of dividing tasks among one another in the absence of a 

central leader, a process described as self-organization (Beshers & Fewell 2001; 

Camazine et al. 2001). Division of labor occurs when individuals specialize on 

different colony tasks, such as brood care, foraging, or colony defense (rev. in 

Beshers & Fewell 2001). While different mechanisms that may create a division of 

labor have been identified, it is unclear whether there is a more basic property of 

social groups that underlies organization across species. In social insects, for 

example, individuals within some groups organize labor through dominance 

interactions (e.g. paper wasp foundresses: West-Eberhard 1969), whereas others 

divide labor by age, such that there is a sequential order of tasks correlated with an 

age-dependent hormonal change within each individual (e.g. honey bees: Robinson 

1987, 1992; Robinson et al. 1989; Seeley 1982). In other groups, however, task 

allocation may be based on worker size: the larger ‘soldiers’ defend the colony while 

the smaller workers perform the remaining tasks (e.g. army ants: Powell & Franks 

2006; termites: Roux & Korb 2004).  

 In bumble bees, dominance (measured as ovarian development) seems to 

have little effect on division of labor among workers in a queenright colony (Bombus 

terrestris: Duchateau & Velthuis 1989; Geva et al. 2005). There is also little evidence 

of an age sequential pattern of task switching (B. impatiens and B. bimaculatus: 

Cameron & Robinson 1990), although younger bees may be more likely to care for 
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brood (B. griseocollis: Cameron 1989; B. bifarius: O’Donnell et al. 2000; B. terrestris: 

Yerushalmi et al. 2006). Instead, it is widely accepted that in bumble bees, division 

of labor may depend more on worker body size (Brian 1952; Free 1955; Goulson et 

al. 2002; Goulson 2003; Yerushalmi et al. 2006). Bumble bees show a wide range of 

body sizes among workers, and larger individuals are often better at foraging and 

more likely to forage (Alford 1978; Foster et al. 2004; Goulson et al. 2002; Spaethe & 

Weidenmüller 2002; Worden et al. 2005), whereas smaller individuals are more 

often observed remaining inside the nest throughout their lifetime (Brian 1952; 

Goulson et al. 2002; Heinrich 2004; Yerushalmi et al. 2006). However, there is little 

evidence for further division of labor based on body size for those specific tasks 

found inside the nest, such as incubating brood or fanning (Foster et al. 2004; 

Weidenmüller 2004). Therefore there must be some other mechanism that fine-

tunes the division of labor in bumble bees. We propose that the spatial sorting of 

individuals inside the nest may, to some degree, play a role. 

 Spatial sorting of individuals within a group correlates with division of labor 

in other types of social insect (ants: Odontomachus brunneus: Powell & Tschinkel 

1999; Temnothorax unifasciatus: Sendova-Franks & Franks 1995; Temnothorax 

albipennis: Backen et al. 2000; Pheidole dentata: Wilson 1976; wasps: Ropalidia 

marginata: Robson et al. 2000; bees: Apis mellifera: Seeley 1982). Individuals within 

a social insect colony that tend to return to particular areas of the nest are said to 

maintain ‘spatial fidelity zones’ (Sendova-Franks & Franks 1995). By remaining in 

non-random areas of the nest, workers may be able to minimize the distance moved 
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between tasks, thereby increasing overall efficiency at the colony level (Seeley 1982; 

Wilson 1976).  

 Unlike nests of honey bees (Camazine 1991), ants (Franks & Sendova-Franks 

1992), or paper wasps (Karsai & Pénzes 1998), bumble bee nests are not arranged 

in a predictable pattern (Cameron 1989). Egg clumps (3-4 eggs each) are laid in all 

regions of the nest. Therefore, the center of the distribution of workers in the colony 

cannot be arranged around a single ‘brood pile’ or brood area, as it is in other 

species. Because of the small nest area and these interspersed nest characteristics, 

in-nest space use and its relationship to division of labor has not been investigated 

in bumble bees (Cameron 1989). We propose, however, that bumble bee colonies 

allow us a unique opportunity to compare individual space use with other species 

whose nests exhibit more predictable patterns of organization. For example, if 

spatial organization arises because individuals are orienting around particular nest 

characteristics, as may be the case in honey bees (Seeley 1982), we may expect 

bumble bees to divide space into small, concentrated zones throughout the nest. 

Alternatively, if spatial segregation is limited by the size of the nest (Cameron 1989), 

we should not expect to see any spatial patterning emerge, nor should we observe 

correlations between space use and task. Finally, if inherent individual differences 

affect space use, as in Temnothorax ants (Backen et al. 2000), given the lack of 

evidence for age polyethism in bumble bees, we would expect any spatial patterns 

that differ between individuals to be consistent over time. 



 31 

 We performed an in-depth analysis of the spatial arrangement of individuals 

within bumble bee colonies (B. impatiens) to examine how these spatial patterns 

relate to division of labor. Our goals were to determine (1) whether individual 

bumble bees maintain spatial fidelity zones inside the nest, (2) whether use of 

spatial zones can be predicted by age or body size of individuals and (3) how space 

use correlates with division of labor (i.e. whether tasks are zone specific). 

 

METHODS 

 We purchased four queenright colonies of Bombus  impatiens through 

Koppert Biological Systems (Romulus, MI, U.S.A). Colony A was set up on 7 August 

2006, while colonies B, C, and D were established on 28 August 2006. Each colony 

was placed inside a wooden nestbox (13 x 13 x 8cm) that was immediately adjacent 

to an outer box (13 x 13 x 8cm), which was connected to a foraging arena (70 x 60 x 

40 cm; for colony B: 20 x 20 x 8cm) via 2.5cm (ID) Tygon tubing. Both boxes 

contained a 3cm layer of Feline Pine® cat litter (Nature’s Earth Products, Inc., West 

Palm Beach, FL, U.S.A.) to reduce moisture build-up inside the colony. All boxes were 

covered with glass to provide constant viewing of in-nest behavior (bumble bees 

habituate quickly to light in their nest). All colonies were kept under a 10:14 h 

light:dark cycle. While the lights were on, we did not observe bees flying inside the 

nest or behaving in a way that would suggest that the glass cover affected in-nest 

worker behavior. 
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Bees had access to the foraging arena at all times. In the arena, they were 

provided with sugary solution (‘Bee-Happy’, Koppert Biological Systems) and pollen 

(obtained from Apis mellifera colonies and ground to a powder) ad libitum. Food 

was replenished daily after spatial observations for that day were completed to 

ensure that treatment was consistent across colonies and that spatial arrangements 

of individuals were collected in the absence of a rush of activity towards new food. 

All individuals in each colony were marked on the thorax with a color and 

number coded plastic tag (Queen Marking Numbers, Mann Lake Ltd., Hackensack, 

MN, U.S.A.). Newly emerged adult bees were marked on the same day, and their date 

of emergence (eclosion) recorded. Marking took place after all data collection was 

completed for that day. 

 All colonies adjusted to the laboratory conditions except for colony C. On day 

8 of data collection, workers began constructing honeypots and laying male eggs in 

the feeding arena, thus leaving the original nest. Many workers never returned to 

the nestbox where the queen remained. Because of this behavior, there is reason to 

suspect that spatial arrangement of the few remaining individuals inside the nest 

may not be truly representative of what would be observed in a ‘normal’ colony. 

Therefore, we do not present results from colony C here. 

Data were collected for the entire duration that the queen was present 

(colony A: 24 days; colony B: 32d; colony D: 49d) and on all individuals that 

emerged during that time (colony A: 94 bees; colony B: 90 bees; colony D: 154 bees).  
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Recording Positions of Individual Workers 

 Colonies were allowed 2 weeks after set-up to adjust to laboratory conditions 

before data collection began. Spatial data were collected daily between 0700 and 

1000 hours, 4–6 times per week. A 25 x 25cm grid divided into 100 square grid cells 

was placed over the glass top of the nestbox so that the X and Ycoordinates of each 

individual, including the queen, could be recorded. Bees foraging in the arena during 

data collection were recorded as such. Not all bees were recorded every day, as 

some were hidden under the nest substrate.  

To account for changes in nest structure, once a week we recorded the 

dominant nest character present in each grid cell: brood (including egg and larval 

clumps), pupae, honeypots, or nothing (i.e. off nest substrate). The grid cells in the 

center of two sides of the nest-box were designated as ‘window’ cells because a 

screened opening for airflow was located on the wall in these areas.  

 

Comparing Spatial Zone Size to Random Expectation 

 The centroid of the coordinate recordings for each individual bee was 

calculated (i.e. the averages for the X and Y coordinates ± SD). As a measure of the 

size of the area used by each bee, we multiplied double the standard deviations of 

those X and Y averages, yielding the area of a rectangle around the centroid of each 

bee’s distribution. This will be called ‘spatial zone size’. We used this method as 



 34 

opposed to calculating a polygon or convex hull because it takes into account the 

frequency with which different areas are used (Fig. 1). 

We used a Monte Carlo simulation to determine the expected spatial zone 

size for each bee to test the null hypothesis that all bees have the same spatial 

preferences in the nest. We therefore calculated expected spatial zone sizes under 

the assumption that every day all bees chose their locations randomly from the 

overall distribution of bees on the nest. This way we could determine whether each 

bee’s actual spatial zone size was larger or smaller than her expected spatial zone 

size. To calculate a focal bee’s expected spatial zone size, a random set of 

coordinates were picked from individuals recorded on each of the same days as the 

focal bee. The standard deviations of those randomly selected X and Y coordinates 

were multiplied to calculate a random spatial zone size. For each bee, this process 

was repeated until 1000 random spatial zone sizes were calculated. Bees whose 

actual spatial zone size was smaller than 95% of all of the random spatial zone sizes 

were considered to have zones that were significantly smaller than expected (P < 

0.05). On the other hand, individuals whose zones were larger than 95% of all the 

expected spatial zone sizes were considered to have zones that were significantly 

larger than random (P < 0.05; see Fig. 1). By calculating spatial zones in this way, we 

may have, in some cases, overestimated the observed size, and consequently, 

underestimated the total proportion of spatial zones smaller than random within 

each colony. This conservative method provides additional assurance in the results 

on those individuals whose zones we had determined were smaller than random.    
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Calculating Distance to In-nest Reference Points 

 We also investigated space use by calculating an individual’s distance to 

particular reference points inside the nestbox on each day: (1) the colony center, 

defined as the center of the current distribution of workers, (2) the location of the 

queen, (3) the nest entrance (a fixed point) and (4) the bee’s previous day’s 

coordinate. The colony center was re-calculated for each day by averaging all X and 

Y coordinates of all individuals recorded on that day. It is thus a measure of the 

center of the overall distribution of individuals, not of the physical nest structure. 

The location of the queen was determined by her X and Y coordinates recorded on 

that day. The nest entrance was a fixed point in the nestbox where individuals could 

enter. Finally, we measured an individual’s movement over time by comparing its 

location on a given day to that from the previous day. Only data recorded on 

individuals that were inside the nest on 2 consecutive days were included in this 

analysis. We also determined what nest character (i.e. brood or honeypots etc.) each 

individual was on when she was recorded each day. 

 

Recording Task Performance 

 Task data were collected daily between 1030 and 1300 hours after food in 

the arena was replenished. All visible individuals inside the nest, including the 

queen, were spot-checked, and the task they were performing was recorded. In-nest 

active tasks included larval feeding (manipulating wax in larval clumps and feeding), 

incubating (pressing thorax and abdomen against pupal cells), constructing 
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honeypots (manipulating wax around honeypots), guarding (standing near the 

entrance or window and antennating other individuals that approach), fanning 

(quietly buzzing wings inside the nest without attempting to fly) and honeypot 

probing (inserting head into a honeypot, either to deposit or retrieve food). If bees 

were found in the foraging arena during data collection, they were considered to be 

foraging. For each bee that was observed five times or more in an active task, we 

calculated the proportion of time spent performing each of the seven tasks listed 

above. We used Spearman rank correlations to determine the probability of 

performing a task relative to space use. If individuals were motionless while task 

data were collected, they were recorded as ‘inactive’. We calculated the proportion 

of time that individuals with five or more observations (active and inactive) 

remained inactive inside the nest. Because inactivity is not a task, the relationship 

between probability of inactivity and space use was analyzed separately using a 

Spearman rank correlation test. Rare activities such as excavating, undertaking, 

digging, and aggressive interactions were not included in the analyses (for detailed 

ethogram of bumble bee worker tasks, see Cameron 1989). Approximately 80% or 

more of the individuals within a colony were located each day.  

 

Measuring Body Size 

 Head and thorax widths of all bees were measured using digital callipers to 

the nearest 0.1 mm. Both measurements were analyzed and showed similar results. 

Thorax width showed the greater range in values. Therefore, because of the 
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consistency observed between head and thorax measurements, we only report 

results regarding thorax width here.  

 

Calculating Age Effects 

 To determine how space use changed over time, we performed a linear 

regression analysis on all three colonies while blocking for the individual worker 

(average worker lifespan X ± SD: colony A: 35 ± 14 days; colony B: 37 ± 20 days; 

colony D: 37 ± 18 days). To determine whether different age cohorts were found on 

different nest characters or were more likely to perform a specific task, we 

performed an ANOVA on each colony. In these analyses, we blocked for individual 

worker, treated the nest character or task as the discrete factor and age as a 

continuous response variable. When analyzing whether different age cohorts 

participated in certain tasks, we included inactivity. This way we could determine 

whether inactive individuals were of a particular age class as well. 

 

RESULTS 

Do Individual Bumble Bees Maintain Spatial Fidelity Zones Inside the Nest? 

 In each colony, individual worker bees varied in the area of the nest that they 

used. Across colonies, 12.10 ± 1.01% (X ± SD) of workers maintained spatial fidelity 

zones that were significantly smaller than random (colony A: 11.70%; colony B: 

11.36%; colony C: 13.25%). On the other hand, 8.47 ± 1.86% maintained zones that 

were significantly larger than random (colony A: 6.38%; colony B: 9.09%; colony C: 
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9.93%). All together, 20.57 ± 2.55% of bees within each colony were not randomly 

choosing positions from the overall worker distribution. Note that expected 

‘random’ zone size was calculated from the actual overall worker distribution and 

not under the assumption that there was a homogenous, even distribution of 

workers across the whole box.  

In addition, we found significant differences between individuals with 

regards to the distance maintained from the colony center (ANOVA: P < 0.05 for all 

colonies; Table 1). In two of the three colonies, there were significant differences 

between individuals with regards to the distance maintained from the nest entrance 

and the queen (colonies B and D: P < 0.05; colony A: P > 0.05; Table 1). Bees also 

differed in the distances they moved each day from the previous day’s coordinate in 

two of the three colonies (colonies A and D: P < 0.05; colony B: P > 0.05; Table 1). 

When bees that used small zones or large zones were examined separately, there 

were no differences within those groups in distance maintained from the colony 

center (Table 1). In two of three colonies, however, bees that used small zones 

differed from one another in how far they remained from the nest entrance 

(colonies A and D: P < 0.05; colony B: P > 0.05; Table 1).  

Individual bumble bees’ zone sizes increased with their average distance to 

the colony center (Spearman rank correlation: P < 0.001 for all colonies; Fig. 2, Table 

2) and average distance to the queen (P < 0.001 for all colonies; Table 2). Individuals 

that stayed away from the nest entrance also maintained larger spatial zone sizes in 

colonies B and D (P < 0.001) but not in colony A (P > 0.05; Table 2).  
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Finally, we compared spatial zone size with the distance that an individual 

moved from day to day. Individuals with large spatial zone sizes, on average, were 

found further from their previous day’s coordinate than individuals with small 

spatial zone size (Spearman rank correlation: P < 0.001 for all colonies; Table 2). 

There were also positive correlations in all three colonies between the distance 

from the previous day’s coordinate and the average distance that an individual 

maintained from the colony center (P < 0.001 for all colonies; Table 2). While these 

variables were not completely independent of one another, these results illustrate 

that workers that maintained large spatial zone sizes moved widely around the nest. 

This means that large zone sizes are not a by-product of gathering multiple data 

points on individuals that move only short distances from day to day. Instead, bees 

that maintained large zones were more likely to move greater distances across the 

nest space from day to day, while remaining far from the colony center. This finding 

suggests that these bees were probably primarily using the periphery of the nest. 

There was no consistent relationship across all three colonies between 

spatial zone size and proportion of time spent on brood (larvae + eggs), pupae, 

honeypots, or window areas (Table 3). In colony A, smaller zones were located more 

often around brood clumps (P = 0.001), whereas in colonies B and D smaller zones 

were located around pupal clumps (P ≤ 0.01 for both colonies). Individuals with 

larger spatial zone size inside the nestbox were more likely to be found off the nest 

substrate (P < 0.001 for all colonies; Table 3). This result suggests that individuals 

with larger zones were preferentially located at the edge of the nest, as opposed to 
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being randomly dispersed throughout the nest, consistent with the pattern 

described above.  

 

Can the Use of Spatial Zones Be Predicted by Age or Body Size of Individuals? 

 While there were differences between individuals with regard to their 

position in the nest, there was little evidence to suggest that individuals predictably 

adjust their position as they age. We found different effects in each of the three 

colonies. Only in colony A was there evidence that individuals gradually moved 

away from the colony center over time (Linear Regression: colony A: R2 = 0.13; 

individual differences: F1,63 = 1.36, P = 0.04; age effects: F1,1 = 16.64, P < 0.001; 

colony B: R2 = 0.12; individual: F1,50 = 1.74, P = 0.002; age: F1,1 = 0.92, P = 0.34; 

colony D: R2 = 0.14; individual: F1,90 = 2.31, P < 0.001; age: F1,1 = 0.48, P = 0.49). In 

colony A, there was no evidence that individuals adjusted their position relative to 

the queen over time (R2 = 0.13; individual: F1,61 = 1.09, P = 0.31; age: F1,1 = 3.42, P = 

0.07), whereas in colony B, individuals gradually moved closer to the queen (R2 = 

0.10; individual: F1,50 = 1.28, P = 0.10; age: F1,1 = 12.26, P < 0.001), and in colony D 

they moved further away (R2 = 0.09; individual: F1,90 = 1.28, P = 0.05; age: F1,1 = 5.60, 

P = 0.02). There was no evidence of individuals changing their distance from the 

nest entrance with age in any of the colonies (colony A: R2 = 0.11; individual: F1,63 = 

1.36, P = 0.04; age: F1,1 = 2.42, P = 0.12; colony B: R2 = 0.07; individual: F1,50 = 0.92, P 

= 0.64; age: F1,1 = 0.49, P = 0.48; colony D: R2 = 0.09; individual: F1,90 = 1.43, P = 

0.007; age: F1,1 = 0.42, P = 0.52) or the distance moved from the previous day’s 
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coordinate (colony A: R2 = 0.20; individual: F1,45 = 1.73, P = 0.004; age: F1,1 = 3.64, P = 

0.06; colony B: R2 = 0.16; individual: F1,40 = 1.45, P = 0.04; age: F1,1 = 0.09, P = 0.76; 

colony D: R2 = 0.18; individual: F1,65 = 1.89, P < 0.001; age: F1,1 = 0.09, P = 0.77).  

In all colonies, younger bees tended to reside near brood clumps whereas 

older bees were more likely to be found near the window or in the arena (colony A: 

individual differences: F1,80 = 5.35, P < 0.001; nest character differences: F1,6 = 36.75, 

P < 0.001; colony B: individual: F1,73 = 10.93, P < 0.001; nest: F1,6 = 35.64, P < 0.001; 

colony D: individual: F1,109 = 12.29, P < 0.001; nest: F1,6 = 47.75, P < 0.001). Because 

of the patchiness of nest characteristics inside the nest, the results of these analyses 

do not necessarily imply that individuals showed a tendency to move ‘outward’ as 

they grew older. Instead, bees may have been moving to a different nest 

characteristic while remaining within their zone, or the nest characteristics within a 

bee’s zone may have changed as larvae pupated, emerged and left a new honeypot 

behind. 

 Colonies varied with regard to the distribution of worker body size (Kruskal–

Wallis test: H2 = 24.29, P < 0.001; thorax width: colony A: median = 4.34 mm, 

interquartile range (IQR) = 0.62; colony B: median = 4.43 mm, IQR = 0.89; colony D: 

median = 4.11 mm, IQR = 0.72). Even so, in two of three colonies, larger bees were 

likely to use more space (Bonferroni corrected alpha = 0.01; Spearman rank 

regression: colonies B and D: P < 0.001; colony A: P = 0.30; Fig. 3, Table 4), and stay 

further from the colony center (colonies B and D: P < 0.001; colony A: P = 0.15) and 

the nest entrance (colonies B and D: P < 0.005; colony A: P = 0.11). Larger 



 42 

individuals were also more likely to stay away from the queen in all three colonies 

(P ≤ 0.01). Larger bees were not more likely to move further from their previous 

day’s location than smaller bees in two of three colonies (colonies A and B: P ≥ 0.02; 

colony D: P < 0.001), illustrating that body size alone does not necessarily predict 

how much an individual will move around inside the nest. 

 

How Does Space Use Correlate with Division of Labor? 

 In all three colonies, individuals that were more likely to feed larvae were 

more often found closer to the colony center (Bonferroni corrected alpha = 0.007; 

Spearman rank correlation: P ≤ 0.006 for all colonies; Table 5). In two of three 

colonies, these workers maintained smaller zones (colonies B and D: P ≤ 0.007; 

colony A: P = 0.02; Table 5, Fig. 4). On the other hand, foragers maintained larger 

zones (P ≤ 0.003 for all colonies; Fig. 5) and were found further from the colony 

center (P ≤ 0.001 for all colonies). There were no consistent relationships across 

colonies between space use and specialization in any other task (see Table 5). In all 

three colonies, inactive bees remained further from the colony centre (critical alpha 

= 0.05; P ≤ 0.03 for all colonies). In two of three colonies, they tended to use more 

space inside the nest (colonies B and D: P ≤ 0.02; colony A: P = 0.08; Table 5).  

 In all three colonies, we found that tasks were performed by bees of different 

ages (colony A: F1,7 = 3.65, P = 0.001; colony B: F1,7 = 4.64, P < 0.001; colony D: F1,7 = 

6.05, P < 0.001). Younger bees were more likely to feed larvae and, in colonies B and 

D, construct honeypots (Fig. 6). Older bees were more likely to forage or be inactive 
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in colonies B and D as well (Fig. 6). No other consistent age effects were observed 

among other tasks.  

 We pooled individuals from all three colonies and categorized them by body 

size to determine whether different-sized individuals were likely to perform certain 

tasks. We performed an ANOVA on each task and used a Tukey’s post hoc test to 

compare between body size categories. We did not include those bees whose thorax 

width was less than 3 mm or greater than 5.5 mm in the ANOVA, as there were too 

few bees recorded in those categories; however, their data are still presented in Fig. 

7. Our analyses showed that larval feeders and incubators were often the smallest 

bees (larval feeders: P = 0.001; incubators: P = 0.003), whereas guards, fanners or 

foragers were larger (guards: P = 0.008; fanners: P = 0.03; foragers: P = 0.002; Fig. 

7). There was no evidence that constructing or probing honeypots were performed 

by a certain size bee (P > 0.05 for both tasks). There was some evidence to suggest 

that the extraordinarily large bees were more likely to be inactive, but our sample 

size for that group of bee was too small to draw any definitive conclusions on this.  

 

DISCUSSION 

 We have shown that Bombus impatiens workers distribute themselves in a 

non-random way inside the nest, and that, on average, 12% of workers maintain 

restricted spatial zones. All workers maintain a consistent distance from the colony 

center over their entire lifetime. Up until this point, there was only anecdotal 
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evidence that bumble bees arrange themselves inside the nest non-randomly during 

the growth phase of the colony cycle (van Doorn & Heringa 1986). This is the first 

study to provide rigorous statistical analysis that this is indeed the case. Space use 

in bumble bees is related to the performance of some in-nest tasks (such as larval 

feeding). Our finding that spatial patterns did not change over time is consistent 

with what we had predicted for a group whose workers show little age polyethism 

(B. griseocollis: Cameron 1989; B. bifarius: O’Donnell et al. 2000), although we found 

here that age may influence task choice to some extent. The spatial pattern that we 

observed in bumble bees is similar to what has been observed in Temnothorax ants 

(Backen et al. 2000; Sendova-Franks & Franks 1995), whose nests are organized in 

concentric patterns radiating from the center of the nest (Franks & Sendova-Franks 

1992). Spatial sorting in bumble bees, as in Temnothorax, is not dependent on the 

organization of brood in the nest (Backen et al. 2000; Sendova-Franks & Franks 

1994), nor constrained by the small space used by a bumble bee colony, as was 

previously suggested (Cameron 1989). Bees close to the center of the nest in our 

study tended to have small zones, be of small body size, and feed larvae, while bees 

at the periphery tend to have large body size and are more likely to forage. We 

found no evidence that spatial zones were related to performing any other in-nest 

task. 
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Space Use and Division of Labor 

Bees that fed larvae were more likely to be in the center of the nest, whereas 

foragers were more often found on the periphery. This result is similar to what has 

been observed in ants (O. brunneus: Powell & Tschinkel 1999; T. albipennis; 

Sendova-Franks & Franks 1995) and paper wasps (R. marginata; Robson et al. 

2000), in that workers that took care of brood were more likely to be found in the 

center of the colony. What is more surprising about our results is that, unlike in ants, 

bumble bee brood was not necessarily organized around the center of the colony. 

Brood and honey pots (and by extension, task stimuli) were dispersed throughout 

the nest. In one of our colonies, small zones were concentrated around young brood, 

whereas in the other two colonies, they were concentrated around pupae. Bees with 

larger zones, however, are more likely to encounter many of the tasks associated 

with multiple nest characters (and task stimuli) within their zone. Even though we 

found only some evidence of an association between space use and task 

specialization, Wilson (1976) and Seeley (1982) suggested that by remaining in 

nonrandom areas of the nest, workers in a social insect colony can minimize the 

distance that they move between tasks. Among bumble bee species, the next 

important step will be to determine whether spatial organization indeed reduces 

switching costs and how ubiquitous such spatial organization is across species.   
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Age Effects 

 Younger B. impatiens workers were more likely to care for brood or 

construct honey pots, whereas older workers were more likely to forage. While this 

trend may be consistent across colonies and species (see also B. griseocollis: 

Cameron 1989), there does not seem to be a discrete division of labor based on age, 

like that in honey bees (Seeley 1982). Previous work on bumble bee division of 

labor has shown that, in general, younger bees are more likely to perform ‘in-nest’ 

tasks, whereas older bees are more likely to forage (Brian 1952; Free 1955; 

Yerushalmi et al. 2006). These age effects are not strict, however, since many bees 

remain inside the nest throughout their entire lives (Brian 1952; Free 1955; 

Yerushalmi et al. 2006). The fact that bumble bees do not divide labor strictly by age 

(B. griseocollis: Cameron 1989; B. bifarius: O’Donnell et al. 2000), nor is there 

evidence to suggest that they switch between in-nest tasks in a particular order like 

honey bees do (Seeley 1982), so it is perhaps not surprising that space use inside 

the nest also does not change as bees get older either.  

 

Body Size Effects 

 Smaller bees, more often in the center of the nest, were more likely to feed 

larvae or incubate brood. On the other hand, larger bees, more often on the 

periphery when inside the nest, were more likely to guard, fan or forage. Previous 

studies on bumble bees have shown that small bees are more likely to remain inside 

the nest, whereas larger bees are more likely to go out and forage (Alford 1978; 
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Brian 1952; Goulson et al. 2002; Yerushalmi et al. 2006). Foster et al. (2004) found 

no evidence to suggest that B. bifarius workers of a particular size were more or less 

likely to perform an in-nest task at the end of the colony cycle. Our study is the first 

to show quantitative evidence that during the ergonomic phase of the colony cycle, 

some in-nest worker tasks are divided by body size (Fig. 7).  

It is possible that body size, spatial zone and task are all linked in bumble 

bees. As in Temnothorax ants, space use in bumble bees may be determined by an 

individual’s activity level (Backen et al. 2000; Sendova-Franks & Franks 1994). 

Larger individuals may be more active, use more area inside the nest, and end up 

engaging in tasks that are more often performed in those areas – such as guarding. 

On the other hand, smaller individuals may be less active and be more likely to 

remain in a concentrated location (such as a brood clump) where they engage in 

larval feeding or incubating. If this is indeed the case, the spatial sorting may be an 

important link between body size and division of labor in bumble bees. 

 

Inactive Bees 

 In other social insect species, a large percentage of workers are often 

observed remaining motionless inside the nest (55% of Temnothorax allardycei 

ants: Cole 1986; 40% of Apis mellifera honey bees: Lindauer 1978). These inactive 

workers are often hypothesized to be ‘reserve’ workers, ready and capable to 

perform a task when the colony experiences a sudden disturbance (Evans 2006; 

Hölldobler & Wilson 1998; Seeley 1995). When a bumble bee colony is in need, 
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workers that are already engaged in a task are more likely to switch to a different 

task than inactive workers are to become active (B. flavifrons, B. melopygus, B. 

occidentalis: Cartar 1992), suggesting little need for reserves. In our study, 

observations were conducted during the daylight hours; therefore, inactivity of the 

large B. impatiens was probably not due to the circadian resting pattern of foragers 

(Yerushalmi et al. 2006). It is possible that our ad libitum feeding method affected 

the normal foraging rates, and our enclosed experimental design reduced forager 

mortality, leaving unemployed foragers to become ‘lazy’ inside the nest (Sladen 

1912). On the other hand, inactive bees were not as likely to remain in the nest 

periphery as workers that sometimes foraged (Table 5). In B. terrestris, smaller bees 

are less active when the inside of the nest is illuminated (Yerushalmi et al. 2006). 

However, inactive B. impatiens workers were also not significantly smaller than 

other bees in the colony either (Fig. 7). Therefore, although somewhat fewer 

foragers may have been active by using this experimental set-up, the phenomenon 

of inactive bees in the nest is not likely to be a laboratory artifact.   

 

Conclusion 

 Non-random spatial assortment of individuals has been described in a 

variety of social groups (e.g. fish shoals: Hoare et al. 2000; peafowl leks: Loyau et al. 

2007; humpback whales: Weinrich et al. 2006). In order for these patterns to be 

considered self-organized, individuals must not use an external cue or template to 

orient themselves (Camazine et al. 2001). This is the first study to show that 
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individuals within a bumble bee colony maintain spatial assortment inside the nest, 

and that these spatial patterns are not necessarily dependent upon the location of 

nest characteristics. Furthermore, this spatial assortment may either influence 

division of labor among workers or be the result of it. For example, as in 

Temnothorax ants (Backen et al. 2000; Sendova-Franks & Franks 1994), differences 

between individual activity levels may predispose certain workers to use larger or 

smaller areas of the nest where they are likely to encounter different task stimuli. 

On the other hand, spatial organization may be a by-product of workers ‘foraging-

for-work’ (Franks & Tofts 1994), and the spatial organization that arises could be 

the result of each individual’s attraction to a particular task across different areas of 

the nest. Manipulative experiments are needed before determining which 

hypothesis is more likely. Either way, we conclude that the spatial organization 

shown by Bombus impatiens workers may be important role in the division of labor 

within a colony.  
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Table 1. Differences between space use of individual workers inside the nest  

Variable Colony A Colony B Colony D 

 F df P F df P F df P 

All bees          

Center 1.35 1,93 0.02 2.13 1,91 < 0.001 2.39 1,153 < 0.001 

Queen 1.02 1,91 0.43 1.40 1,91 0.009 1.41 1,153 0.001 

Entrance 1.12 1,93 0.21 1.29 1,91 0.04 1.60 1,153 < 0.001 

Previous day 1.44 1,70 0.02 1.25 1,76 0.09 2.10 1,118 < 0.001 

‘Small zone’          

Center 0.56 1,10 0.84 1.61 1,10 0.11 1.23 1,23 0.22 

Queen 1.10 1,10 0.37 2.26 1,10 0.02 0.63 1,23 0.91 

Entrance 2.30 1,10 0.02 1.02 1,10 0.43 2.95 1,23 < 0.001 

Previous day 1.51 1,10 0.16 1.01 1,10 0.45 1.32 1,23 0.16 

‘Large zone’          

Center 0.29 1,6 0.94 0.60 1, 9 0.79 0.85 1,17 0.64 

Queen 0.30 1,6 0.93 0.62 1, 9 0.78 0.69 1,17 0.81 

Entrance 0.52 1,6 0.79 0.72 1, 9 0.69 0.77 1,17 0.73 

Previous day 0.44 1,6 0.85 1.09 1, 9 0.38 1.36 1,17 0.17 

 

Separate ANOVAs were conducted to compare (1) all bees in the colony, (2) only those bees 

whose zone sizes were significantly smaller than random, and (3) only those bees whose 

zone sizes were significantly larger than random. ‘Center’ is the distance of a bee’s position 

from the center of the worker distribution in the nest, ‘Queen’ is the distance of worker 

positions from the queen, and ‘Entrance’ is the distance of worker position from the 

entrance of the nestbox. ‘Previous day’ reflects how workers move around in the nest: it 

measures the distance of a bee’s position from that same bee’s position on the previous day. 

Significant differences between individuals are highlighted in bold.
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Table 2. Space use compared to distance from reference points inside the nest  

 Variables Colony A Colony B Colony D 

  rS N P rS N P rS N P 

Center 0.83 94 < 0.001 0.90 90 < 0.001 0.88 154 < 0.001 

Queen 0.58 91 < 0.001 0.65 90 < 0.001 0.68 154 < 0.001 

Entrance 0.12 94 0.27 0.56 90 < 0.001 0.48 154 < 0.001 

Spatial 
zone 
size 

Previous 
day 

0.70 70 < 0.001 0.68 73 < 0.001 0.75 119 < 0.001 

           
Center Previous 

day 
0.66 70 < 0.001 0.61 73 < 0.001 0.70 119 < 0.001 

 

Spearman rank correlations were used to compare spatial zone size to four different 

reference points; the Bonferroni corrected alpha value of 0.0125 was used as significance 

criterion. Significant correlations are highlighted in bold. Spearman rank correlation 

compared distance to the colony center with distance moved from the previous day 

separately; critical alpha = 0.05.
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Table 3. Spatial zone size as it corresponds to nest character  

Colony A Colony B Colony D Spatial 
zone size 
vs rS N P rS N P rS N P 

Brood -0.34 94 0.001 -0.15 90 0.15 -0.11 154 0.16 

Pupae 0.07 94 0.49 -0.27 90 0.01 -0.29 154 < 0.001 

Honeypot -0.18 94 0.08 -0.07 90 0.53 -0.21 154 0.01 

Window 0.24 94 0.02 0.02 90 0.84 0.22 154 0.007 

Nothing 0.50 94 < 0.001 0.62 90 < 0.001 0.59 154 < 0.001 

 

Spearman rank correlation results of worker spatial zone size relating to the proportion of 

observations in which workers were found on a particular nest character. Because we 

compared spatial zone size to five different nest characters within each colony, we used the 

Bonferroni corrected alpha value of 0.01 as our significance criterion. Significant 

regressions are highlighted in bold.
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Table 4. Worker body size (thorax width) and space use  

Body size 
vs 

Colony A Colony B Colony D 

 rs N P rs  N P rs N P 

SZS 0.11 93 0.30 0.43 89 < 0.001 0.32 154 < 0.001 

Centre 0.15 93 0.15 0.39 89 < 0.001 0.32 154 < 0.001 

Queen 0.27 90 0.01 0.40 89 < 0.001 0.33 154 < 0.001 

Entrance 0.17 93 0.11 0.37 89 < 0.001 0.23 154 0.004 

Previous 
day 

0.01 69 0.93 0.27 73 0.02 0.37 119 < 0.001 

 

Spearman rank correlations were used to compare body size to five different spatial 

statistics within each colony; the Bonferroni corrected alpha value of 0.01 was used as our 

significance criterion. Significant regressions are highlighted in bold. ‘SZS’ is spatial zone 

size as defined in the text.
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Table 5. Space use and task performance 

  Colony A Colony B Colony D 
  rS N P rS N P rS N P 

SZS -0.26 82 0.02 -0.29 84 0.007 -0.33 108 0.001 

Centre -0.30 82 0.006 -0.39 84 < 0.001 -0.43 108 < 0.001 

Queen -0.06 80 0.62 -0.41 84 < 0.001 -0.36 108 < 0.001 

Larval 
feeding 

Entrance 0.04 82 0.71 -0.14 84 0.21 -0.13 108 0.18 
           

SZS -0.12 82 0.30 -0.17 84 0.13 -0.08 108 0.42 
Centre -0.17 82 0.12 -0.18 84 0.11 -0.02 108 0.84 
Queen 0.03 80 0.81 -0.20 84 0.07 -0.10 108 0.31 

Incubating 

Entrance -0.04 82 0.73 -0.08 84 0.47 0.16 108 0.10 
           

SZS -0.19 82 0.09 -0.03 84 0.81 0.12 108 0.21 
Centre -0.17 82 0.13 0.00 84 0.97 0.11 108 0.27 
Queen -0.24 80 0.03 0.10 84 0.37 0.16 108 0.11 

Construct 
honeypot 

Entrance 0.00 82 0.99 -0.05 84 0.67 0.16 108 0.10 
           

SZS 0.12 82 0.28 0.30 84 0.006 0.17 108 0.07 
Centre 0.13 82 0.23 0.33 84 0.002 0.21 108 0.03 
Queen 0.01 80 0.90 0.30 84 0.005 0.23 108 0.02 

Guarding 

Entrance -0.02 82 0.87 0.21 84 0.05 0.28 108 0.003 

           
SZS -0.19 82 0.10 0.04 84 0.71 0.05 108 0.60 
Centre -0.16 82 0.16 0.04 84 0.75 0.04 108 0.70 
Queen 0.05 80 0.68 0.07 84 0.53 0.08 108 0.39 

Fanning 

Entrance -0.02 82 0.87 0.08 84 0.50 -0.05 108 0.62 
           

SZS -0.08 82 0.47 -0.05 84 0.69 -0.03 108 0.76 
Centre -0.04 82 0.72 0.02 84 0.87 -0.09 108 0.37 
Queen -0.06 80 0.60 0.07 84 0.52 -0.16 108 0.10 

Probing a 
honeypot 

Entrance -0.06 82 0.62 -0.13 84 0.23 -0.03 108 0.76 
           

SZS 0.39 82 < 0.001 0.40 84 < 0.001 0.28 108 0.003 

Centre 0.39 82 < 0.001 0.44 84 < 0.001 0.32 108 0.001 

Queen 0.16 80 0.16 0.28 84 0.009 0.29 108 0.002 

Foraging 

Entrance -0.05 82 0.65 0.11 84 0.33 -0.07 108 0.46 
           

SZS 0.18 92 0.08 0.26 87 0.02 0.27 145 0.001 

Centre 0.22 92 0.03 0.25 87 0.02 0.24 145 0.003 

Queen 0.22 89 0.04 0.11 87 0.32 0.31 145 < 0.001 

Inactive 

Entrance 0.06 92 0.61 0.18 87 0.10 -0.35 145 < 0.001 

Spearman rank correlations were used to compare worker space use to proportion of time 

performing one of seven active tasks within each colony; the Bonferroni corrected alpha 

value of 0.007 was used as the significance criterion. Proportion of inactivity was calculated 

on a different data set, so the significance criterion for these analyses remained at alpha = 

0.05. Significant correlations are highlighted in bold. ‘SZS’ is spatial zone size as defined in 

the text.



 59 

Figure 1. Calculating spatial zone size from raw data. Frequency of observations for one bee 

in a grid cell is represented with grey shading. The darker the box, the more often the 

individual was recorded in that grid cell. Here we show examples of individuals whose zone 

sizes were (a) significantly smaller and (b) significantly larger than random. Black dots 

represent the worker’s centroid ± standard deviations (SD). Dashed boxes represent the 

calculated spatial zone size. N’s represent the number of in-nest spatial observations 

recorded on the individual; spatial significance denotes the percentage of random 

calculated spatial distributions that were smaller than an individual’s actual zone size. 

(a) Small Zone (b) Large Zone 

n = 26 

SDX = 2.38cm; SDY = 2.38cm 

Spatial Zone Size = 20.2cm2 

n = 29 

SDX = 3.25cm; SDY = 3.75cm 

Spatial Zone Size = 48.8cm2 
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Figure 2.  Spatial zone size and the mean distance to the colony center for all three colonies. 

Black dots represent individuals whose spatial zone size was significantly smaller than 

random, white dots represent individuals whose spatial zone size was significantly larger 

than random, and grey dots represent individuals that maintained a distribution not 

significantly differing in size from a random distribution. Stars represent the queen. We 

used Spearman rank correlations to calculate rS and P values. 

rS = 0.83, N = 94 P < 0.001 
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Figure 3. Worker body size (measured as thorax width) and spatial zone size. Black dots 

represent individuals whose spatial zone size was significantly smaller than random, white 

dots represent individuals whose spatial zone size was significantly larger than random, 

and grey dots represent individuals that maintained a distribution not significantly differing 

in size from a random distribution. We used Spearman rank correlations to calculate rs and 

P values.  
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Figure 4. Spatial zone size and the proportion of time that an individual was observed 

feeding larvae inside the nest. Black dots represent individuals whose spatial zone size was 

significantly smaller than random, white dots represent individuals whose spatial zone size 

was significantly larger than random, and grey dots represent individuals that maintained a 

distribution not significantly differing in size from a random distribution. Stars represent 

the queen for each colony. We used Spearman rank correlations to calculate rS and P values. 

rS = -0.26, N = 82, P = 0.02 

rS = -0.29, N = 84, P = 0.007 

rS = -0.33, N = 108, P = 0.001 
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Figure 5. Spatial zone size and the proportion of time an individual foraged. Black dots 

represent individuals whose spatial zone size was significantly smaller than random, white 

dots represent individuals whose spatial zone size was significantly larger than random, 

and grey dots represent individuals who maintained a distribution not significantly 

differing in size from a random distribution. Stars represent the queen for each colony. We 

used Spearman rank correlations to calculate rS and P values.  

rS = 0.39, N = 82, P < 0.001 

rS = 0.40, N = 84, P < 0.001 

rS = 0.28, N = 108, P = 0.003 
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Fig. 6. Box plots showing the age range (in days) of individuals from each colony that 

performed each task. Boxes represent medians (solid line) ± 25th percentile range. 

Whiskers denote 10th–90th percentiles, while dots denote outliers. Sample size for each 

task is listed inside each box. ANOVA results show that different ages performed different 

tasks in all three colonies (colony A: F1,7 = 3.65, P = 0.001; colony B: F1,7 = 4.64, P < 0.001; 

colony D: F1,7 = 6.05, P < 0.001). Letters denote Tukey’s post hoc comparison results. 
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Fig. 7. Box plots showing the probability that bumble bees of a particular size range would 

perform each task or remain inactive in the nest. Boxes represent medians (solid line) ± 25th 

percentile range. Whiskers denote 10th-90th percentiles, while dots denote outliers. Sample 

sizes for each size range are listed above the graph. ANOVA results (listed to the right of the 

graph) do not include the smallest (2.5-3mm) or largest (5.5-6mm) size ranges as the 

sample sizes were too small. Letters above each box denote Tukey’s post-hoc comparison 

results. Probability of performing a task was calculated from the frequency that individuals 

performed one of seven active tasks, whereas inactivity was calculated from the frequency 

that individuals were inactive or active when they were observed. Only bees observed five 

or more times were included in either analysis. Data from all three colonies were pooled for 

analyses.   
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ABSTRACT 

 Division of labor is common across social groups. In social insects, many 

studies focus on the differentiation of in-nest and foraging workers, and/or the 

division of foraging tasks. Few studies have specifically examined how workers 

divide in-nest tasks. In the bumble bee, Bombus impatiens, we have shown 

previously that smaller workers are more likely to feed larvae and incubate brood, 

whereas larger workers are more likely to fan or guard the nest. Here, we show that 

in spite of this, B. impatiens workers generally perform multiple tasks throughout 

their life. The size of this task repertoire size does not depend on body size, nor does 

it change with age. Further, individuals were more likely to perform the task they 

had been performing on the previous day than any other task, a pattern most 

pronounced amongst individuals who guarded the nest. On the other hand, there 

was no predictable sequence of task switching. Because workers tend to remain in 

the same region of the nest over time, in-nest workers may concentrate on a 

particular task, or subset of tasks, inside that region. This division of space, then, 

may be an important mechanism that leads to this weak specialization among in-

nest bumble bee workers. 

 

Keywords: Bombus impatiens, bumble bee, division of labor, division of labor index, 

task repertoire size, task specialization 
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INTRODUCTION 

When work is divided within a group, multiple tasks can be performed 

simultaneously by different members of that group. In social insects a variety of 

mechanisms give rise to a division of labor (rev. in Beshers and Fewell 2001). 

Species that use temporal polyethism contain individuals that shift between tasks in 

a predictable sequence over their lifetime. For example, an individual honey bee will 

usually transition from cleaning cells to nursing to nest maintenance to foraging 

(Johnson 2008; Seeley 1982). These transitions have been linked to physiological 

changes that predispose an individual to recognize and perform the next task 

(Robinson 1987; Withers et al. 1993). Temporal polyethism can be contrasted with 

morphological polyethism, in which different fixed adult body sizes (castes) 

predispose individuals to particular task repertoires. The most common examples 

include the soldier castes in ants, termites, and aphids, which tend to be much larger 

than other workers and are more likely to perform defensive tasks (e.g. Hölldobler 

and Wilson 1998; Noirot and Pasteels 1987; Stern and Foster 1997). 

 To some extent, bumble bees exhibit both temporal and morphological 

polyethism. Large workers will transition from in-nest to foraging tasks (Brian 

1952; Free 1955; Yerushalmi 2006); however, transition time varies quite 

extensively among individuals, and some may never forage or may even revert back 

to in-nest tasks (Brian 1952; Cameron 1989; Free 1955; O’Donnell et al. 2000; 

Yerushalmi 2006). Furthermore, while changes in levels of juvenile hormone (JH) 

are correlated with task switching in honey bees (Robinson 1987), there is no 
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evidence to suggest that changes in JH are related to task performance in bumble 

bees (Cameron and Robinson 1990), nor does there seem to be a correlation 

between particular in-nest tasks and worker age for most tasks (Jandt and Dornhaus 

2009; O’Donnell et al. 2000), with the exception of callow workers (1-36 h old) that 

are more likely to incubate brood (Cameron 1989).  

 Across bumble bee species, there is a substantial body of evidence showing 

distinct physiological and behavioral differences between large and small workers 

within a colony (Goulson et al. 2002; Heinrich 1975; Spaethe and Chittka 2003; 

Spaethe and Weidenmüller 2002; Worden et al. 2005; Yerushalmi 2006). In general, 

these differences lead to larger bees being more likely to forage (Goulson et al. 

2002; Spaethe and Weidenmüller 2002), whereas smaller bees are more likely to 

remain inside the nest and perform nursing tasks (Alford 1975; Brian 1952; 

Heinrich 2004; Jandt and Dornhaus 2009; Yerushalmi et al. 2006). 

 There is evidence that some in-nest tasks are divided by body size as well: 

smaller bees are more likely to feed larvae or incubate, whereas larger bees are 

more likely to fan or guard (Jandt and Dornhaus 2009). In-nest specialization for 

fanning and incubation tasks has been described in Bombus bifarius (O’Donnell et al. 

2000), but the degree to which individual workers specialize on tasks throughout 

their entire life is unknown. Likewise, the probability of switching from one task to 

another has never been directly quantified for individual bumble bees. Colonies may 

maintain behavioral cohorts, such as nurses, guards, or foragers (Cameron 1989), 

yet we have yet to quantify the degree to which individuals switch tasks within and 
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between behavioral cohorts throughout their lifetime. Previously, we have shown 

that age plays a small role in allocation of in-nest tasks among B. impatiens workers 

(Jandt and Dornhaus 2009).  

Here we determine the overall degree to which workers specialize on 

particular tasks, and investigate how age and body size affect the size of a worker’s 

task repertoire. In particular, we ask: (1) if some bees are specialists, are they more 

likely to be a particular size; (2) does the number of tasks a bee performs (i.e. task 

repertoire size) change with age; (3) is there a predictable order in which bees 

switch between tasks; and (4) do bees primarily switch between tasks within a 

cluster of related activities? By examining the behaviors of each individual within a 

colony, we can begin to discuss not only the degree to which specialization occurs, 

but also its impact on colony function across species. 

 

METHODS 

We obtained four queenright colonies of B. impatiens (Koppert Biological Systems, 

Romulus, MI) and placed each inside a wooden nest box with Plexiglas covers to 

provide constant viewing of in-nest behavior. The same colonies were used in a 

study on spatial sorting of workers inside the nest (Jandt and Dornhaus 2009). Bees 

had access to a foraging arena at all times where they were provided with sugary 

solution (‘Bee-Happy’, Koppert Biological Systems) and pollen ad libitum.  

All individuals in each colony were marked on the thorax with a color and 

number coded plastic tag (Queen Marking Numbers, Mann Lake Ltd., Hackensack, 
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MN). Marking of newly eclosed bees took place after all data collection was 

completed for that day.  

 All colonies adjusted to the laboratory conditions except for one (see Jandt 

and Dornhaus 2009). On day 8 of data collection, workers from one colony began 

constructing honeypots and laying male eggs in the feeding arena, thus leaving the 

original nest. Many workers never returned to the nestbox where the queen 

remained. Because of this behavior, there is reason to suspect that task performance 

data from the few remaining individuals inside the nest may not be truly 

representative of what would be observed in a colony that maintained a full set of 

in-nest workers. Therefore, we do not present results from that colony here.  

 Colonies were relatively small when they arrived (25-50 workers), and were 

identified as being near the end of the growth phase of their colony cycle (Cameron 

1989), as the population size remained constant throughout data collection 

(Average colony size ± SE: Colony 1: 97.75 ± 1.03; Colony 2: 85.2 ± 5.25; Colony 3: 

111 ± 6.36). Data were collected up until the point when the queen died, or males or 

adult gynes emerged (Colony 1: 24 days; Colony 2: 32d; Colony 3: 49d), and on all 

individuals that were marked during that time (Colony 1: 94 bees; Colony 2: 90 

bees; Colony 3: 154 bees). After all data had been collected, thorax widths of all bees 

were measured post mortem using digital calipers to the nearest 0.01 mm. 

Instantaneous Scan Sampling of Worker Task Performance 

Colonies were allowed two weeks after set-up to adjust to lab conditions before data 

collection began. Task data were collected daily between 1030 and 1300 hours after 
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food in the arena was replenished, 4 – 6 times per week, and this took 30-50min per 

colony (Colony 1: 46 ± 2.45min; Colony 2: 37 ± 1.77min; Colony 3: 47 ± 1.87min). 

We used instantaneous scan sampling to record the task each worker 

performed each day (Altmann 1976). We located all visible workers inside the nest 

and individually recorded the task that each bee was performing when it was 

spotted. In-nest tasks included: larval feeding (manipulating wax in larval clumps 

and feeding), incubating (pressing thorax and abdomen against pupal cells), 

constructing honeypots (manipulating wax around honeypots), guarding (standing 

near the entrance or window and antennating other individuals that approach), 

fanning (quietly buzzing wings inside the nest without attempting to fly), and 

honeypot probing (inserting head into a honeypot, either to inspect or to deposit or 

retrieve food). If bees were in the foraging arena, we recorded them as foraging. 

Finally, if an individual was not moving for 30s after being located, she was recorded 

as inactive. Rare activities included excavating, undertaking, digging, and aggressive 

interactions, and were recorded but not included in analyses (for detailed ethogram 

of bumble bee worker tasks, see Cameron 1989). Approximately 80% or more of the 

individuals within a colony were located each day, but only those individuals 

observed on five or more different days performing active tasks were included in 

analyses of task performance (Average number of active task observations per 

worker ± SE: Colony 1: 7.90 ± 0.22; Colony 2: 10.05 ± 0.29; Colony 3: 7.73 ± 0.21). 
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Determining Task Repertoire Size 

We analyzed the effect of body size and age on task repertoire size, i.e. total number 

of different tasks performed. First, for each colony, thorax widths of all workers 

were ranked, and workers were divided equally into three groups: small (mm ± SE: 

Colony 1: 3.89 ± 0.05; Colony 2: 3.89 ± 0.09; Colony 3: 3.64 ± 0.05), medium (Colony 

1: 4.37 ± 0.02; Colony 2: 4.57 ± 0.02; Colony 3: 4.21 ± 0.02), and large (Colony 1: 

4.88 ± 0.05; Colony 2: 4.98 ± 0.03; Colony 3: 4.69 ± 0.04). Due to inter-colony 

variation in body size, we compared task repertoire size of small, medium, and large 

bees in each colony separately using an ANOVA.  

 Second, to ensure a sufficient number of observations within each age group, 

we compared task repertoire size of bees when they were young (0-15 days) to 

when they were old (16-30 days). Although some bees lived to be up to 60 days old, 

the majority of bees reached 30 days while the queen was alive. Only those bees 

with at least 10 total observations (a minimum of five per age group) were included 

in the age analysis. We analyzed each colony separately using a paired t test to 

compare the sizes of the task repertoires as bees transitioned from young to old. 

 

Calculating Task-Switching 

 We wanted to determine whether tasks tended to be performed in a 

particular sequence or if individuals switched randomly between tasks from day to 

day. We combined all observations (including in-nest tasks, foraging, and inactive) 

collected on two consecutive days from all three colonies, and entered them into a 
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transition matrix (Lehner 1996; Slater 1973). According to Lehner (1996), when 

eight behaviors (R = 8) are being analyzed in a Markov chain, then 10*R2 (= 640 in 

our case) will yield a sufficient sample size. We used 1,170 observations from 311 

bees to calculate expected values for all first-order behavioral transitions. We then 

calculated chi-square values for each row. That is, we calculated whether the 

distribution of tasks performed on any day could be predicted by what had been 

performed on the previous day.  

 We also calculated switching probability between behavioral clusters. Four 

behavioral clusters, adapted from Cameron (1989) for B. griseocollis, were used for 

B. impatiens: nursing (larval feeding, incubating, constructing honey pots, and 

inspecting, i.e. walking and antennating nest substrate); guarding (guarding and 

fanning); foraging (foraging and probing honey pots); and inactive. We repeated the 

transition matrix as described above using 1,262 observations from 314 bees, and 

calculated chi-square values to determine whether the distribution of performing a 

task within a particular behavioral cluster could be predicted by what behavioral 

cluster they performed on the previous day. 

 We repeated chi-square analyses after removing observed frequencies of 

performing the same task or behavioral cluster from the transition matrix. This 

meant that the only variables left in the table were the observed frequencies of tasks 

or clusters that bees switched to on the following day. This way we could determine 

whether, when individuals did switch to a different task or behavioral cluster, they 
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did so randomly or in a predictable order as observed in honey bees (Johnson 2008; 

Seeley 1982).  

 

Calculating DOL Indices 

 We used the Division of Labor (DOL) index from Gorelick et al. (2004; but see 

also Gorelick and Bertram 2007; and Dornhaus et al. 2009 for updated definitions) 

to determine the degree of specialization within a colony. The DOL index is derived 

from Shannon’s mutual entropy/information theory and allows us to determine the 

degree to which individuals specialize on only one or a few tasks over their entire 

lives (individual predicts task: DOLi→t), and the degree to which certain tasks are 

consistently performed by a particular subset of individuals (task predicts worker: 

DOLt→i).  

 We calculated DOL indices using the frequency that each individual 

performed a task within the three behavioral clusters: nursing, guarding, and 

foraging. The frequency of ‘inactive’ was not included in these analyses. We then 

compared our DOL values with those previously calculated for communal and 

solitary bees (Lasioglossum spp., Jeanson et al. 2005), where they too examined 

three tasks (excavating, pushing loose dirt, and guarding). This allows us to begin 

estimating the adaptive significance of DOL as sociality evolved in bees.  
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Statistical Analyses 

 All statistical analyses were run using Minitab v. 14. Means are listed as X ± 

SE. All data sets were normally distributed (Kolmogorov-Smirnov Test: P > 0.15); 

therefore we used parametric statistics for all our analyses. Results were considered 

statistically significant at α = 0.05. 

 

RESULTS 

 Out of the seven active tasks (six in-nest tasks plus foraging) that we 

recorded, we observed workers perform between 3 and 4 tasks across their lifetime 

(Figure 1: Colony 1: 3.34 ± 0.10; Colony 2: 3.94 ± 0.12; Colony 3: 3.15 ± 0.08). This 

was significantly different from an average of one (1-sample t test, μ = 1: Colony 1: 

t84 = 23.35, P < 0.001; Colony 2: t83 = 24.77, P < 0.001; Colony 3: t107 = 28.50, P < 

0.001) or two tasks (μ = 2: Colony 1: t84 = 13.36, P < 0.001; Colony 2: t83 = 16.35, P < 

0.001; Colony 3: t107 = 15.24, P < 0.001) that would characterize a colony of extreme 

specialists. When we divided bees from each colony equally into small, medium, and 

large body size categories, we found no effect of worker body size on task repertoire 

size (Figure 1a; one-way ANOVA: Colony 1: F2,84 = 0.94, P = 0.40; Colony 2: F2,83 = 

0.51, P = 0.60; Colony 3: F2,107 = 0.97, P = 0.38), and no change in task repertoire size 

with worker age (Figure 1b; paired t test: Colony 1: t19 = 0.00, P = 1.00; Colony 2: t24 

= -0.17, P = 0.87; Colony 3: t14 = 1.16, P = 0.27).  

 Using the Markov Chain analysis, we were able to conclude that individuals 

who fed larvae, incubated pupae, guarded, fanned, foraged, or were inactive one day 
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were more likely to do the same on the following day (P < 0.005 for all of these; 

Figure 2). Bees that constructed or probed honeypots did not show this pattern (P > 

0.15; Figure 2). To determine whether bees switched to a random task if they did 

switch, we removed the observed frequencies of performing the same task from the 

transition matrix and re-ran the analyses. Larval feeders were more likely to 

incubate or construct honey pots (other nursing behaviors). We found no evidence 

to suggest that bees that performed any other task were more likely to switch to 

another particular task (P ≥ 0.13 for all comparisons). With the exception of the 

larval feeding results, these results contradict the hypothesis that bees may be more 

likely to transition between tasks within behavioral clusters, or tasks that are 

primarily performed by a particular size of bee.  

 We also analyzed specialization in ‘behavioral clusters’, i.e. groups of related 

tasks. We found that nurses, guards, foragers, and inactive bees were more likely to 

perform another task within their behavioral cluster than they were to switch to a 

different cluster (P ≤ 0.002; Figure 3a). Furthermore, contrary to the results when 

all tasks were analyzed separately, we found that guards, foragers, and inactive bees 

were more likely than random to switch to nursing if they were to switch at all (P ≤ 

0.03; Figure 3b). This shows that bees from all behavioral clusters are likely to also 

participate in nursing behavior. The high frequencies of nursing behavior in our 

study show that in general larval care may be the most time-consuming activity in 

bumble bee nests. These results warrant further investigation. 
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 None of our calculated DOL indices measuring the degree of specialization 

within a colony were particularly high (clusters = 3; DOLi→t: 0.28 ± 0.03; DOLt→i: 

0.04 ± 0.003; DOLtotal: 0.16 ± 0.01; Table 1a). DOL values did not change if we 

compared the frequency of performing each task separately (tasks = 7; DOLi→t: 0.28 

± 0.02; DOLt→i: 0.10 ± 0.004; DOLtotal: 0.16 ± 0.01). We compared our calculated 

indices to those that have been reported for two Lasioglossum spp., a genus that 

contains communal species as well as solitary species that have been experimentally 

induced to nest together (Jeanson et al. 2005). We found no difference in either DOL 

index (neither DOLi→t nor DOLt→i) between B. impatiens and Lasioglossum spp. 

(Wilcoxon signed rank test: P = 0.181 for all comparisons, N = 3, Table 1). There are 

few reported DOL statistics that we can use to compare to our B. impatiens values. 

Values for more species, particularly other Bombus species, would be desirable for 

further comparisons.  

 

DISCUSSION 

 We found no evidence to suggest a high degree of specialization among 

bumble bee workers inside the nest. Of the 7 possible tasks, we observed most bees 

perform 3-4 tasks over their lifetime (calculated from on average 7-10 observations 

per worker, Figure 1), and unlike honey bees or Pheidole dentata ants (Johnson 

2008; Seid and Traniello 2006), task repertoire size did not change with the 

worker’s age. On a shorter time scale, workers that fed larvae, incubated brood, 

guarded, fanned, foraged, or were inactive were more likely to continue doing this 
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same task on the following day than they were to switch. However, when bees did 

switch to different tasks, they were not more likely to switch to another task within 

the same behavioral cohort. That is, they switch tasks randomly. We suggest that if 

bumble bee workers do exhibit specialization within in-nest tasks, it is weak 

specialization. 

 Comparing our results to Jeanson and colleagues (2005), we find that solitary 

and communal bees (Lasioglossum spp.), which typically maintain a wide repertoire 

of tasks, can be coerced into an experimental social situation and induced to exhibit 

degrees of individual specialization similar to bumble bees that have evolved to live 

in social groups and divide tasks. The fact that bumble bees do not maintain higher 

degrees of task specialization than these naturally solitary or communal species is 

somewhat surprising. However, Fewell and Page (1999) have previously found a 

similar effect in ants: solitary ant foundresses (Pogonomyrmex barbatus), when 

placed in forced social situations, can exhibit higher degrees of task specialization 

than cooperative foundresses (Pogonomyrmex californicus). If division of labor is 

simply an epiphenomenon of unavoidable individual differences, it is possible that 

division of labor is not adaptive (Fewell and Page 1999). While we cannot conclude 

this here, our results are consistent with this idea, and we suggest that more 

research on this topic is warranted. 

 Why do bumble bees not maintain a higher degree of specialization inside 

the nest? Although there are behavioral and physiological differences between large 

and small bees (Bombus agrorum: Brian 1952; B. impatiens: Worden et al. 2005; B. 
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terrestris: Goulson et al. 2002; Spaethe and Chittka 2003; Spaethe and Weidenmuller 

2002; Spaethe et al. 2007; Yerushalmi et al. 2006), we observed that large and small 

bees still performed multiple tasks inside the nest (Figure 1a), and that the degree 

of task switching observed was not what would have been expected within a 

particular ‘behavioral cohort’, with the exception of larval feeding (Figure 2). 

Furthermore, task repertoire size did not change over time. In Pheidole dentata ants, 

for example, task repertoire size increases with age and experience (Seid and 

Traniello 2006), that is, ants perform a greater number of tasks as they learn and 

encounter them. This was not the case for B. impatiens. While bumble bee foragers 

can become specialized at pollen foraging over time (B. terrestris: Raine and Chittka 

2007), we conclude that this is not necessarily the case for in-nest workers (Figure 

1b). 

 We speculate that a high degree of specialization inside the nest would 

provide little advantage for B. impatiens. First, although we did not directly measure 

it, there is little evidence that repetition of in-nest tasks leads to an increase in the 

efficiency of performing that task. Few studies compare specialization to task 

efficiency, but some of those that do show that specialists may be no more efficient 

than other workers (Dornhaus 2008, but see Julian and Cahan 1999). Second, unlike 

for in-nest honey bee workers (Apis mellifera: Seeley 1982) or Polybia wasp foragers 

(O’Donnell and Jeanne 1990), there is minimal travel or wait time for bumble bees 

to switch tasks. This is likely due to the fact that bumble bees do not show task 

partitioning, where workers pass materials from one to another (O’Donnell and 
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Jeanne 1990), and that nest space is small relative to worker body size (Cameron 

1989; Jandt and Dornhaus 2009) compared to that of honey bees or Polybia wasps. 

Further, the ‘disorganized’ distribution of larval, pupal, and honey pot clumps also 

means that every task is within a relatively short distance from another. Still, B. 

impatiens workers tend to remain in the same region of the nest throughout their 

entire life (Jandt and Dornhaus 2009). If tasks are somewhat clumped within an 

individual’s in-nest area, bees would be more likely to continue performing the 

same task from day to day, as we show here. However, as larvae become pupae and 

pupae emerge so that their cell can be converted into a honey or pollen storage 

container, a workers’ probability to perform a given task should change. Yet since 

bees do not transition between tasks in a particular order (Figure 2), our results 

disprove the idea that bees switch tasks within a zone only as the characteristics of 

that zone change.  

In conclusion, we have shown that most bumble bee workers do not 

specialize on one or two tasks throughout their entire life. Instead, bees perform a 

suite of tasks and switch frequently. Even so, they have a tendency to perform the 

same task from day to day. Previous observational studies on bumble bees have 

concluded that colonies can be divided into in-nest, foraging, and ‘flexible’ worker 

cohorts (Free 1955; O’Donnell et al. 2000). We break down the in-nest workers and 

‘flexible’ workers to show how these individuals still have a tendency to stick to 

particular tasks from day to day. By understanding the role of each individual 

worker inside the nest, we have identified that Bombus impatiens workers exhibit a 
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weak degree of in-nest specialization, and that workers perform multiple tasks 

throughout their life, but in no particular order. It may be that a high degree of in-

nest specialization would provide too little benefit to the colony to be evolutionarily 

adaptive. Instead, a weak degree of specialization allows an individual to specialize 

on a particular area or task for a short period of time, which may instead be more 

valuable to a colony with an annual lifespan and relatively small in-nest space. 
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Table 1. Division of labor (DOL) indices for Bombus impatiens a and Lasioglossum spp. b 

(from Jeanson et al. 2005).  

Colony # Tasks N DOLi→t DOLt→i DOLTotal 
(a)      

1 3 87 0.31 0.05 0.12 

2 3 89 0.22 0.04 0.09 

3 3 119 0.31 0.04 0.11 

Average 3 98.3 0.28 0.04 0.11 

(b)      
Lasioglossum 

(Ctenonomia) NDA-1  

(Solitary) 
3 24 0.21 0.13 

Jeanson et al. 
(2005) 

Lasioglossum (Chilalictus) 

hemichalceum 

(Communal) 
3 25 0.10 0.08 

Jeanson et al. 
(2005) 

a Division of labor indices for all three colonies of Bombus impatiens. DOL indices were 

calculated by analyzing the frequency that individuals performed each of the three 

behavioral clusters (nursing, guarding, and foraging) throughout their lifetime. Workers 

were included if they had been observed performing a task on at least 5 separate occasions. 

DOLi→t represents the probability that individuals specialize on one or two tasks throughout 

their entire lives. DOLt→i represents the probability that tasks are being performed by the 

same subset of individuals consistently over the lifetime of the colony. DOLtotal represents 

the overall division of labor statistic. 

b Division of labor indices reported for solitary or communal bee species where sociality 

had been induced. 
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Figure 1. Task repertoire size of bumble bees from Colonies 1 (white boxes), 2 (light grey), 

and 3 (dark grey). (a) There was no difference in the number of tasks performed by small, 

medium, and large bees in a colony. (b) There was no difference in the number of tasks 

performed by workers as they got older. Boxes represent medians (solid line) ± 25th 

percentile range. Whiskers denote 10th-90th percentiles, while asterisks denote outliers. 

Numbers represent the sample size analyzed within that category. Only bees observed five 

or more times were included in these analyses.  
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Figure 2. Task switching behavior of workers from all three colonies combined. Small = 

Task is most often performed by smaller bees; Large = Task is most often performed by 

larger bees (from Jandt & Dornhaus 2009). Each graph illustrates the frequency that an 

individual performed a particular task on the day after performing the task listed on the left. 

Black bars represent observed frequencies, grey bars represent observed frequencies of 

performing the same task, and white bars indicate expected values (calculated from the 

complete behavioral transition matrix). If individuals switch randomly between tasks, 

observed and expected values should not differ. If individuals switch tasks in a particular 

sequence, then individuals should be more likely to perform a different task on a 

subsequent day. Chi-square values indicate the likelihood that (a) individuals perform tasks 

irrespective of the task performed on the previous day and (b) when individuals do switch 

tasks, the chosen task is random. Significant values are highlighted in bold. 
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Figure 3. Frequency of switching between behavioral task clusters (adapted from Cameron 

1989). Nursing cluster includes: larval feeding, incubating, inspecting, and honey pot 

construction; Guarding cluster includes: guarding and fanning; Foraging cluster includes 

foraging in the arena and probing honey pots inside the nest, Inactive includes complete 

inactivity. Each graph illustrates the frequency that an individual performed a task from a 

behavioral cluster on the day after performing a task from the behavioral cluster listed on 

the left. Black bars represent observed frequencies, grey bars represent observed 

frequencies of performing a task within the same behavioral cluster, and white bars indicate 

expected values (calculated from the complete behavioral transition matrix). If individuals 

switch randomly between behavioral clusters, observed and expected values should not 

differ. Chi-square values were calculated to test the likelihood that (a) individuals perform 

tasks irrespective of the behavioral cluster they performed on the previous day and (b) 

when individuals do switch clusters, the chosen task is random. Significant values are 

highlighted in bold. 
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ABSTRACT 

Within-group conflict may influence the degree to which individuals within a group 

cooperate. For example, the most dominant individuals within a group often gain 

access to the best resources and may be less inclined to perform risky tasks. We 

monitored space use and division of labor among all workers in three colonies of 

bumble bees, Bombus impatiens, during the ergonomic and queenless phases of their 

colony cycle. We then measured the two largest oocytes in each worker to estimate 

each individual’s reproductive potential at the end of the colony cycle. We show that 

workers who remained farther from the queen while inside the nest and avoided 

risky or more energy-expensive tasks during the ergonomic phase were more likely 

to reproduce by the end of the colony cycle. These reproductively dominant 

individuals also tend to be the largest, oldest workers. After the queen died, these 

workers were more likely than their nestmates to increase brood incubation. Our 

results suggest that inactive bumble bees may be storing fat reserves to later 

develop reproductive organs, and that the spatial organization of workers inside the 

nest, particularly the distance workers remain from the queen, may help determine 

which individuals will later have the greatest reproductive potential in the colony. 

 

Key Words: Division of labor, Multi-level selection, Ovary, Reproductive potential, 

Spatial organization, Worker competition  
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INTRODUCTION 

Individuals that cooperate in a group may still compete with one another. Dominant 

individuals, for example, often achieve access to the best food, mates, protection, 

and in some cases, the opportunity to be the primary reproductive (Hemelrijk, 

2002). In some groups, the members may be so functionally integrated that an 

individual cannot survive in the absence of the group, regardless of their position in 

a dominance hierarchy. It is at this point that major evolutionary transitions are 

observed, such as the switch from single-cell to multi-cellular organisms as well as 

the switch from solitary to eusociality (Pepper & Herron, 2008; Wilson & Hölldobler, 

2005; Maynard Smith & Szathmáry, 1995).  

 Individuals within eusocial groups, such as in social insect colonies, have 

developed elaborate mechanisms to maintain high levels of cooperation. This can 

lead to groups exhibiting physiological properties similar to those of an organism 

(Human et al., 2006; Korb, 2003). However, it has been suggested that within-group 

competition, not cooperation, may have had a stronger influence on the evolution of 

colony organization (Molina & O'Donnell, 2009; West-Eberhard, 1981). Even within 

the most functionally integrated eusocial species, within-group conflicts persist. For 

example, many workers within a colony (often referred to as functionally sterile) 

still retain the potential to lay unfertilized eggs (Cole, 1986; Ratnieks et al., 2006; 

Ratnieks & Reeve, 1992). In hymenopteran insects such as wasps, bees, and ants, 

these unfertilized eggs will develop into males. It is not uncommon then to observe 

workers competing with one another, and the queen, to increase their own direct 
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fitness by laying eggs (Cole, 1986; Ratnieks et al., 2006; Ratnieks & Reeve, 1992; 

Wenseleers et al., 2004). If this conflict over worker reproduction is detrimental to 

colony fitness, mechanisms should evolve to sufficiently suppress worker 

reproduction, either through ovarian suppression or policing of worker-laid eggs 

(Ratnieks & Reeve, 1992). In annual species, however, there may be an advantage to 

allowing a subset of workers to reproduce after the queen dies in order to maximize 

total colony production of males (Ratnieks & Reeve, 1992).   

 Furthermore, some tasks (such as foraging) may be riskier and/or more 

energy expensive than others (O'Donnell & Jeanne, 1995; West-Eberhard, 1981). In 

species in which workers exhibit temporal polyethism (e.g. honey bees: Seeley, 

1982), individuals tend to perform less risky in-nest tasks when they are younger, 

saving the riskier tasks to be performed when they are older and more expendable 

(O'Donnell & Jeanne, 1995; i.e. a 'disposable caste': Porter & Jorgensen, 1981; 

Woyciechowski & Kozłowski, 1998; Tofilski, 2002), thus engaging in essentially all 

colony tasks at some point in their lives. However, in other species there is potential 

for some workers to concentrate on less risky in-nest tasks over the course of their 

lives, while others specialize on other tasks such as foraging (Yerushalmi et al., 

2006; Goulson et al., 2002; Jandt & Dornhaus, 2009; Jandt et al., 2009; Korb & 

Schmidinger, 2004; Foster et al., 2004). Workers that avoid riskier tasks may benefit 

by an increase in lifespan and opportunity for reproduction. This creates potential 

for conflict: if some workers are manipulating colony reproduction in favor of their 
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own direct fitness benefits (Ratnieks & Reeve, 1992), they should also avoid being 

allocated to risky tasks. 

 In bumble bees (Bombus spp.), the presence of the queen inside the nest 

suppresses ovary development in workers early in the colony cycle (Alaux et al., 

2004; Bloch & Hefetz, 1999b; Bloch & Hefetz, 1999a; Cnaani et al., 2002), a factor 

that is probably an evolutionary benefit to both the queen and workers (Bourke & 

Ratnieks, 1999; Ratnieks et al., 2006; Ratnieks & Reeve, 1992). During this time, 

workers may concentrate their efforts on particular in-nest tasks or foraging, or 

they may engage in a variety of tasks (Jandt & Dornhaus, 2009; Jandt et al., 2009; 

O'Donnell et al., 2000b). Unlike the large proportion of B. terrestris workers (~50%) 

that begin developing ovaries while the queen is still active in the colony (Duchateau 

& Velthuis, 1989), B. impatiens workers generally do not develop ovaries until after 

the queen dies (or in some cases is physically killed from the colony by the workers; 

Bourke, 1994). After the queen has been dead for 7-8 days (Cnaani et al., 2002; Jandt 

unpublished data), a small proportion of workers (~9%; Cnaani et al., 2002) inside 

the nest develop their ovaries and begin laying eggs that can develop into males 

(Cnaani et al., 2002; Bourke, 1994; Ratnieks et al., 2006; Ratnieks & Reeve, 1992). 

These reproductively dominant individuals have a distinct cuticular chemical 

profile, and may also be capable of suppressing ovarian development in the 

remaining workers in the nest as the queen did (Ayasse et al., 1995; Bloch & Hefetz, 

1999b; Sramkova et al., 2008).  
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 B. impatiens workers are also spatially organized inside the nest (Jandt & 

Dornhaus, 2009). There are no physical barriers to keep them in place, yet about 

10% of workers remain in the center of the nest, whereas another 10% remain on 

the periphery throughout their lives. The queen is most often found near the center 

of the group (Jandt & Dornhaus, 2009). As she is the primary egg-layer in the colony, 

the spatial pattern is similar to what is observed in other social groups in which the 

dominant or primary reproductive individual is also often found in the center 

(Hamilton, 1971; Hemelrijk, 2002; Hemelrijk, 2000). Furthermore, in the related 

species B. terrestris, it has been reported that workers that remain close to the 

queen are more likely to dominate their nestmates, to develop their ovaries, and to 

lay eggs (van Doorn & Heringa, 1986). Non-reproductive division of labor in B. 

impatiens has also been linked to spatial organization (Jandt & Dornhaus, 2009). For 

example, workers that are more likely to feed larvae are often found near the center 

of the colony, whereas workers who are more likely to forage remain at the nest 

periphery (Couvillon & Dornhaus, 2009; Jandt & Dornhaus, 2009). It is unknown for 

any Bombus spp., however, how space use and task performance change after the 

queen dies, and whether these factors are affected by the variation among workers 

in their potential to reproduce.  

 B. impatiens workers are closely related to one another because the queens 

tend to mate only once (Payne et al., 2003), yet there is still potential for conflict to 

arise among workers for the opportunity to produce sons at the end of the colony 

cycle (Ratnieks & Reeve, 1992). Given that workers are likely to continue 
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performing the same task from day to day (Jandt et al., 2009), it may be possible to 

see early effects of this conflict on division of labor, even though actual reproduction 

takes place much later (Cnaani et al., 2002).  

 Here we examine the task performance and space use of B. impatiens 

workers during the ergonomic (population plateau) phase and the queenless phase 

of the annual colony cycle. If division of labor affects a worker’s probability to 

develop ovaries, then this creates potential for conflict: workers may remain 

inactive and/or perform less risky or energy-demanding tasks in order to ensure 

that they can reproduce later (Korb & Schmidinger, 2004; Tindo & Dejean, 2000; 

Cant & Field, 2005; Foster et al., 2004). If spatial arrangement affects a worker’s 

probability to develop ovaries, then some individuals may avoid conflict by 

maintaining spatial fidelity zones (Sendova-Franks & Franks, 1995), either in the 

center of the nest or on the nest periphery (Jandt & Dornhaus, 2009). If the 

observations of van Doorn & Heringa (1986) hold true for B. impatiens, then we 

would expect workers with the greatest reproductive potential to be found in the 

center of the nest and closer to the queen while she is alive. However, if proximity to 

the queen and her ovary suppressing pheromone negatively affects worker ovary 

development (Alaux et al., 2004), then workers that remain further from the queen 

should have the greatest reproductive potential.  
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METHODS 

We used data collected from three Bombus impatiens colonies for these analyses 

(see Jandt & Dornhaus, 2009 for colony set-up). In-nest position data based on a 

two-dimensional 10 x 10 grid and instantaneous scan samples of task (e.g. larval 

feeding, incubating, cell building, guarding, fanning, probing honeypots, foraging, or 

remaining inactive; see Cameron, 1989 for ethograms of these behaviors) were 

collected on all workers in each colony approximately daily between 1300 and 

1500h (Colony 1: 94 bees; Colony 2: 90 bees; Colony 3: 154 bees). Using the spatial 

data, we calculated the 2-D area that an individual used inside the nest, as well as 

the distance maintained from the center of the colony and from the queen. Using the 

task data, we determined the proportion of time each individual was observed 

performing a task or remaining inactive (for more detail, see Jandt & Dornhaus, 

2009). 

 Space and task data were both collected while the queen was present (i.e., 

ergonomic phase: Colony 1: 24 days; Colony 2: 32d; Colony 3: 49d), and for at least 

two weeks after the queen died (i.e., queenless phase: Colony 1: 14 days; Colony 3: 

20 days) or was removed from the colony (Colony 2: 20 days). In Colony 2, the 

queen was removed when males began to emerge in the colony. Queenless B. 

impatiens workers need at least 7-8 days to develop ovaries (Cnaani et al., 2002; 

Jandt unpublished data). After collecting data for at least two weeks during the 

queenless phase, the remaining worker bees were removed and preserved in 80% 
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ethanol. Thorax widths of all bees were measured post mortem to the nearest 0.01 

mm using digital calipers. 

 

Assessing Reproductive Potential of Workers 

 To examine reproductive potential, we dissected all preserved worker 

abdomens, and measured the length and width of the largest oocyte in each ovary to 

the nearest 0.05 mm using a micrometer under a dissecting microscope. The length 

of the largest oocyte in bumble bees is tightly correlated with a worker’s 

reproductive status; therefore, the average length of the largest oocytes from each 

ovary was used as a proxy for reproductive potential in workers (Cnaani et al., 2002; 

Foster et al., 2004; Geva et al., 2005).  

 

Statistical Analyses 

 The distribution of ovary development within each colony was analyzed for 

normality using Kolmogorov-Smirnov Tests. All proportions of task performance 

and probability to remain inactive were arcsine transformed (Sokal & Rohlf, 1995). 

Multiple linear regression, blocked for colony level effects, was used to determine 

the effects that age and body size had on ovarian development. Simple linear 

regressions, blocked for colony, were used to determine the relationship between 

task performance during the ergonomic phase and future ovarian development. For 
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all analyses examining how behavior differed between the ergonomic and queenless 

phases, and whether this behavior varied among individuals that would develop 

large or small ovaries, we used repeated measures MANOVA. For these analyses, we 

categorized workers as having ‘large’ or ‘well-developed’ ovaries (average oocyte > 

2mm), or as having ‘small’ or ‘under-developed’ ovaries (average oocyte < 2mm) (as 

in Cnaani et al., 2002). Tested variables included space use (i.e. the total area used 

inside the nest and the distance an individual remained from the colony center; 

Jandt & Dornhaus, 2009), individual tasks (i.e., feeding larvae, incubating pupae, 

constructing honey pots, fanning, guarding, foraging; Cameron, 1989), and 

proportion of time spent being inactive. Linear regression, blocked for colony, was 

used to determine whether there was a relationship between ovarian development 

and distance maintained from the queen. All statistical analyses were run using 

JMP® v. 8.0.02.  

 

RESULTS 

Distribution of Reproductive Potential 

 The distribution of ovarian development was not normal in any colony 

(Figure 1; Kolmogorov-Smirnov Test: P < 0.005 for all colonies). On average, 11% ± 

4% (SE) of workers in a colony developed large oocytes (≥ 2mm), which was not 

significantly different than 9% found by Cnaani et al. (2002) (Wilcoxon Signed Rank 

Test of Median = 9%, P = 0.79). Larger and older workers were more likely to have 
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larger oocytes (Multiple Regression: R2 = 0.45; Body Size: P < 0.001; Age: p < 0.001; 

Colony: P = 0.81), although these were not necessarily the very largest and oldest 

bees in the colony (Figure 2). 

Reproductive Potential and Division of Labor During the Ergonomic Phase 

 Individuals that developed large ovaries late in the colony cycle differed in 

task performance from their nestmates during the ergonomic phase, even while the 

queen was alive. Workers that were more likely to feed larvae during the ergonomic 

phase developed smaller ovaries (R2 = 0.04, P = 0.04), whereas workers that 

remained inactive during this phase developed larger ovaries (R2 = 0.06, P = 0.01). 

No relationship was found between task performance and ovary development for 

any other task performed during the ergonomic phase (incubating: R2 = 0.002, P = 

0.66; constructing honeypots: R2 = 0.02, P = 0.18; perching: R2 < 0.01, P = 0.75; 

fanning: R2 = 0.01, P = 0.25; probing honeypots: R2 < 0.01; P = 0.54; foraging: R2 < 

0.01, P = 0.88).  

 

Reproductive Potential and Division of Labor During the Ergonomic and Queenless 

Phases 

 All results from analyses to determine the effects of colony phase and oocyte 

development on task performance can be found in Table 1. During the queenless 

phase, there was a significant decrease in larval feeding by workers that kept 

ovaries small compared to those that developed larger ovaries (colony phase x 
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oocyte size: P = 0.03; Figure 3a). During this phase there was also an overall 

increase in incubating (P < 0.001), although this increase was greater among those 

individuals that developed large oocytes (colony phase x oocyte size: P < 0.001; 

Figure 3b). There was no evidence that the performance of any other task was 

affected by colony phase (Table 1).  

 More workers remained inactive during the queenless phase compared to 

the ergonomic phase (colony phase: P < 0.001; Table 1, Figure 3c). There was no 

evidence to suggest that workers with small oocytes changed their level of inactivity 

more or less than those workers that produced large oocytes. 

 

Reproductive Potential and In-nest Space Use 

Contrary to the finding of van Doorn & Heringa (1986) for Bombus terrestris, we 

found in B. impatiens that individuals that remained significantly farther from the 

queen developed larger oocytes (R2 = 0.05, P = 0.01; Figure 5). There was no 

difference, however, between reproductive and non-reproductive workers in the 

area they used inside the nest, before or after the queen died (P > 0.05, Table 1; 

Figure 4a). In general, all workers moved closer to the colony center after the queen 

died (P = 0.03, Table 1; Figure 4b).  
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DISCUSSION 

The goal of this study was to determine the extent to which division of labor and 

spatial organization during the ergonomic and queenless phases of an annual social 

bumble bee species, Bombus impatiens, relate to worker fecundity at the end of the 

colony cycle. We show that workers that remain farther from the queen and are 

more inactive during the ergonomic phase, i.e., before worker reproduction actually 

begins, are more likely to reproduce at the end of the colony cycle. In order to 

observe ovarian development in B. impatiens workers, the colony must be queenless 

for at least 7-8 days (Cnaani et al., 2002; Jandt unpublished data). During a 14-20 

day queenless phase, we observed that reproductively dominant workers begin 

caring for brood and incubating more often. These results suggest that conflict 

among nestmates for the opportunity to reproduce, although it is not openly 

expressed until the queen dies in B. impatiens, correlates with the division of labor 

in the colony even early in the colony cycle. Workers that do not lay eggs spend less 

time feeding larvae during the queenless phase, but they do continue performing 

other colony tasks, thus probably helping to raise their worker-sisters’ offspring.  

 In other bumble bee species observed after the competition point (i.e., after 

workers begin developing reproductive organs), individuals that are more likely to 

forage have lower reproductive potential, whereas those individuals with higher 

reproductive potential were more likely to incubate (B. hypnorum (Ayasse et al., 

1995); B. bifarius (Foster et al., 2004); B. pratorum (Free, 1955a)). We show for B. 

impatiens, that reproducing workers are more likely to be inactive early in the 
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colony cycle, before ovary development begins. Activity level of nestmates may also 

be a spatial sorting mechanism (Backen et al., 2000). For example, higher-ranking 

wasps near the center of the nest tend to be less active and less likely to forage (Cant 

& Field, 2001; Tindo & Dejean, 2000). These individuals, then, may be able to 

reserve energy in the form of fat bodies that can be used to develop ovaries (Korb & 

Schmidinger, 2004). The fact that bumble bee workers with higher reproductive 

potential were more likely to incubate after the queen died suggests that these 

workers may also be choosing tasks that ensure the care of their own brood while 

simultaneously protecting their brood from being policed by other workers 

(Ratnieks & Wenseleers, 2008). 

 In species that exhibit high degrees of temporal polyethism, worker ovaries 

often gradually degenerate over time if they are not used (Fénéron et al., 1996; Lin 

et al., 1999; O'Donnell, 2001; Tsuji & Tsuji, 2005). Interestingly, though, 

reproductive potential should still correlate with task: as workers transition 

through reproductive stages, they are simultaneously transitioning between colony 

behaviors. In species that do not exhibit strong temporal polyethism, reproductive 

potential has been shown to correlate with the probability of performing particular 

tasks. For example, in Odontomachus brunneus ants and Ropalidia revolutionalis 

wasps, egg-layers are more likely to care for brood, and less likely to forage (Powell 

& Tschinkel, 1999; Robson et al., 2000). On the other hand, in Polistes fuscatus wasps 

and Liostenogaster flavolineata hover wasps, egg-layers are more likely to guard the 

nest (Cronin & Field, 2007; Judd, 2000). In bumble bees, which also do not exhibit 
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strong temporal polyethism (Cameron, 1989; Jandt & Dornhaus, 2009; Jandt et al., 

2009; O'Donnell et al., 2000b), we show here that reproductive potential positively 

correlates not only with inactivity and brood care (in terms of incubating behavior) 

after the queen dies, but also with age (older workers tend to have greater 

reproductive potential) and body size (larger individuals tend to have greater 

reproductive potential as well).  

 Spatial organization has also been linked with reproductive potential in a 

variety of social insect species (e.g. Polistes spp (Robson et al., 2000; West-Eberhard, 

1969) and Odontomachus brunneus (Powell & Tschinkel, 1999)). In many of these 

cases, however, this spatial organization is achieved through a series of aggressive 

interactions, resulting in a stable hierarchy (Hemelrijk, 2002). The winners of these 

contests gradually move towards the center of the nest, near the brood, while the 

losers gradually move away from the brood to the edge of the nest, where they often 

leave to go forage (Hemelrijk, 2002; Powell & Tschinkel, 1999). Moreover, the 

higher-ranking subordinates have a higher probability than their lower-ranking 

nestmates of taking over egg-laying if something happens to the dominant 

individual (West-Eberhard, 1969; Bridge & Field, 2007). If individuals were 

organized spatially inside a bumble bee nest based on such a mechanism, then we 

might observe the workers with the greatest reproductive potential to situate 

themselves near the center of the nest, similar to what has been found in other 

social groups (Hamilton, 1971; Hemelrijk, 2002; Hemelrijk, 2000), either while the 

queen was present (which would situate them closer to the queen as well, Jandt & 
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Dornhaus, 2009), after she left the nest, or both. However, we found that those 

individuals with the highest reproductive potential were more likely to remain 

farther from the queen (Fig. 5), and we found no evidence to suggest that workers 

with the highest reproductive potential were more likely to move closer to the 

center of the nest once the queen died (Fig. 4). These fecund workers instead 

maintained spatial fidelity zones on the periphery of the nest throughout both the 

ergonomic and queenless phases of the colony cycle. 

 Queen proximity could have been an important factor affecting reproductive 

potential of workers. The queen pheromone that suppresses ovary development in 

bumble bee workers is not highly volatile, and it seems the queen needs to be in 

close contact with workers in order for this suppressant to remain effective (Alaux 

et al., 2004). Indeed, there was a relationship between queen proximity and ovary 

development (Fig. 5). However, we also found evidence that larger B. impatiens 

workers, which tend to remain further from the queen while inside the nest (Jandt & 

Dornhaus, 2009), were more likely to have higher reproductive potential (Fig. 2). 

Therefore, we do not yet know whether the distance from the queen had an effect 

on ovary development on top of the body size effect. Positive correlations between 

body size and ovary development have also been observed in B. hypnorum (Ayasse 

et al., 1995) and Camponotus ants (Clémencet et al., 2008) leaving open the 

possibility that small workers are unable to develop ovaries to the same degree that 

larger workers can.   
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 It is difficult to determine whether the large, inactive bees that remain on the 

periphery of the nest are acting selfishly to manipulate their own reproductive 

interests, or whether it benefits the colony to allow a subset of workers to lay eggs 

at the end of an annual colony cycle. We have shown that fecund bumble bee 

workers behave differently than their nestmates, even during the ergonomic colony 

cycle phase before ovarian development begins. Previous studies have focused on 

the aggressive nature by which these individuals achieve reproductive status in the 

colony. We approached this issue differently, by focusing on how spatial 

organization and division of labor changes after the queen dies with respect to 

worker fecundity. Within eusocial groups, there are often mechanisms by which 

conflict over worker reproduction is resolved within the colony (Ratnieks et al., 

2006; Ratnieks & Reeve, 1992; Wenseleers et al., 2004; Wenseleers & Ratnieks, 

2006). Indeed, we found that early cooperation (task allocation early in the colony 

cycle) may predict future conflict (worker reproduction at the end of the colony 

cycle). Spatial organization, furthermore, may be a mechanism for workers to avoid 

reproductive conflicts of interests, by allowing some individuals an opportunity to 

avoid higher levels of ovary suppressing pheromone from the queen. We found no 

breakdown in the overall level of cooperation among workers after the queen died, 

since non-reproductive workers continued working in all tasks. Still, it remains 

possible that individual selfish interests may shape the division of labor in Bombus 

impatiens, even while the queen is alive. 
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Table 1. Results from repeated measures MANOVA (blocked for colony level effects) 

showing how tasks, degree of inactivity, and space use were affected by the colony phase 

(ergonomic vs queenless), the high or low reproductive potential of workers (‘oocyte’), or 

the interaction of these two factors (‘phase x oocyte’). All individuals that were observed 5 

or more times during each phase were included in analyses. All task and inactive data was 

arcsine transformed prior to analysis. 

 parameter factor F P 
    

larval feeding colony phase F1,73 = 3.39 P = 0.07 

 oocyte F1,73 = 0.17 P = 0.68 

 phase x oocyte 
 

F1,73 = 4.94 P = 0.03 

incubating colony phase F1,73 = 6.40 P = 0.01 

 oocyte F1,73 = 15.49 P < 0.001 

 phase x oocyte 
 

F1,73 = 7.47 P = 0.008 

cell building colony phase F1,73 = 0.79 P = 0.38 

 oocyte F1,73 = 0.01 P = 0.94 

 phase x oocyte 
 

F1,73 = 3.11 P = 0.08 

guarding colony phase F1,73 = 1.34 P = 0.25 

 oocyte F1,73 = 1.85 P = 0.18 

 phase x oocyte 
 

F1,73 = 1.16 P = 0.29 

fanning colony phase F1,73 = 0.05 P = 0.83 

 oocyte F1,73 = 0.01 P = 0.94 

 phase x oocyte 
 

F1,73 = 0.15 P = 0.70 

probing honey pots colony phase F1,73 = 3.18 P = 0.08 

 oocyte F1,73 = 0.11 P = 0.74 

 phase x oocyte 
 

F1,73 = 1.38 P = 0.24 

foraging colony phase F1,73 = 0.49 P = 0.49 

 oocyte F1,73 = 0.40 P = 0.53 

ta
s

k
s 

 phase x oocyte 
 

F1,73 = 0.42 P = 0.52 
    

inactivity colony phase F1,106 = 10.63 P = 0.002 

 oocyte F1,106 = 2.82 P = 0.10  

 phase x oocyte 
 

F1,106 = 0.87 P = 0.35 
    

in-nest area colony phase F1,97 = 2.50 P = 0.12 

 oocyte F1,97 = 1.37 P = 0.25 

 phase x oocyte 
 

F1,97 = 0.32 P = 0.57 

distance to center colony phase F1,97 = 4.67 P = 0.03 

 oocyte  F1,97 = 0.83 P = 0.36 sp
a

c
e

 u
s

e
 

 phase x oocyte 
 

F1,97 = 0.40 P = 0.53 



 120

  

 

Figure 1. Frequency histogram showing the distribution of reproductive potential in three 

colonies that had been queenless for at least 14 days. Oocyte sizes of queens from two 

colonies are represented with stars. Oocytes ≥ 2mm in length were considered ‘large’, 

whereas those < 2mm were considered ‘small’(from Cnaani et al., 2002).  
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Figure 2. Thorax width and age were significant predictors of which individuals would be 

likely to have the largest oocytes. Each color represents data from a different colony.  
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Figure 3. Average (± SE) of proportion of time spent (a) larval feeding, (b) incubating, or (c) 

remaining inactive during the ergonomic and queenless phases. Larval feeding significantly 

decreased in workers with small oocytes, but increased slightly in workers with large 

oocytes during the queenless phase (P = 0.03). Workers with large oocytes were more likely 

to remain inactive during the ergonomic phase, and increased incubating behavior during 

the queenless phase (P ≤ 0.01). Gray circles represent those individuals that developed 

small oocytes, and white circles represent those individuals that developed large oocytes by 

the end of the colony cycle. See Table 1 for results of statistical analyses. 
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Figure 4. Average (± SE) space use by large and small oocyte workers during the ergonomic 

and queenless phases. Stars represent the average space used by the queens from the three 

colonies analyzed. (a) Overall, the in-nest spatial area used by individuals did not change 

after the queen died or was removed. (b) Distance to the center did change after the queen 

died; individuals tended to move closer to the colony center.  
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developed larger oocytes by the end of the colony cycle. Each color represents data from a 
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ABSTRACT 

In the event of an attack on their nest, bees may leave their nest and sting, but that is 

not their only response. Here we examine the behavior of those individuals that 

remain inside the nest during a disturbance. Specifically, we test the hypothesis that 

bee workers that usually show high levels of inactivity (i.e., lazy bees) may function 

as ‘defensive reserves’ that are more likely to respond when the colony is disturbed. 

We explore this hypothesis by simulating vertebrate attacks by vibrating or blowing 

carbon dioxide into two colonies on alternating days and measuring the movement 

and task performed by bees inside the nest. Our results show that regardless of the 

disturbance type, workers increase guarding behavior after a disturbance stops. 

Although inactive bees increased their movement speed inside the nest when the 

disturbance was vibration, they were not more likely to leave the nest (presumably 

to attack the simulated attacker) or switch to guarding behavior for any disturbance 

type. We therefore reject the hypothesis that inactive Bombus impatiens bumble 

bees act as defensive reserves, and propose alternative hypotheses regarding why 

so many workers remain inactive inside the nest.  
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INTRODUCTION 

 Social insects, particularly Hymenopteran bees and wasps, are well-known 

for their ability to inflict pain upon an ‘unsuspecting’ intruder, either through their 

painful stings, bites, or swarming behavior. Therefore, many studies that measure 

the defensive responses of social insects have focused on the individuals that leave 

the nest to attack a target (e.g., Visscher & Vetter, 1995; Jeanne, 1981). This attack 

behavior, however, is not necessarily the only line of defense possessed by these 

insects. For example, cavity nesting and envelope constructing species rely upon the 

structure of their nest as the colony’s first line of defense (Ramirez & Cameron, 

2003; O'Donnell & Jeanne, 2002; Bruschini et al., 2005). Secondary defensive 

strategies include those bees that leave the nest to attack as well as those 

individuals that remain inside the nest during an attack, as they will be the ones to 

directly confront a successful intruder (Bruschini et al., 2005). 

 When the colony is in an undisturbed state, it is common across social insects 

to find inactive workers inside the nest (Cole, 1986; Dornhaus et al., 2008; Jandt & 

Dornhaus, 2009; Lindauer, 1952; Herbers, 1983). Lindauer (1952) and Michener 

(1964) proposed that these inactive workers act as ‘defensive reserves’. Indeed, 

there is evidence that when a colony is disturbed, additional individuals will 

respond to meet the needs of the colony (Evans, 2006; Breed et al., 1990; Couvillon 

et al., 2008). However, it is unclear whether those responders were inactive in the 

nest prior to the disturbance, or were instead previously engaged in a different task 

(Johnson, 2002; Gordon, 1989)  
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 Besides the inactive ‘defensive reserves’ inside a nest, often there is a 

division of labor such that a particular subset of individuals are more likely to guard 

or defend the nest (Judd, 2000; Jeanne et al., 1992; Breed et al., 1990; Cronin & Field, 

2007; Jandt et al., 2009). Defenders, both those that leave the nest as well as those 

remain in the nest to guard the brood, might be of a particular age (Breed et al., 

1990; Jeanne et al., 1992), dominance rank (Cronin & Field, 2007; Judd, 2000), or 

even body size (Jandt & Dornhaus, 2009).  

 Even though only a subset of individuals are responsible for leaving the nest 

to attack an intruder (Ramirez & Cameron, 2003), few studies examine what 

happens inside the nest when the colony is attacked (Kirchner & Röschard, 1999), 

and whether workers that do not participate in the attack itself change their 

behavior in response to such events. These workers may contribute to nest defense 

by producing an acoustic signal that may either alert nestmates of a potential threat 

(Fletcher, 2007; Sarma et al., 2002; Rohrig et al., 1999) or act as a warning directed 

towards the intruder (Kirchner & Röschard, 1999; Bura et al., 2009; Brown et al., 

2007; Jeanne, 1981). Certain individuals perch inside the nest or stand motionless 

with their antennae raised to examine those who pass by them (Cameron, 1989); 

others begin fanning if there is a build-up of CO2 (Weidenmüller, 2004), as might be 

the case if a predator comes near (Kirchner & Röschard, 1999). Finally, many 

workers remain inside the nest where they may begin “running around in their nest 

as if they were searching for the source of disturbance” (Kirchner & Röschard, 

1999). 
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 Here we test the defensive reserve hypothesis in Bombus impatiens by 

examining responses (in terms of spatial movement and defensive task 

performance) at the colony level as well as those observed at the individual level. If 

inactive bumble bees (i.e., ‘lazy bees’) are acting as defensive reserves, we predict 

that those individuals that are most often observed as inactive or idle inside the nest 

under undisturbed conditions should exhibit the greatest increase in guarding 

behavior during a disturbance, measured as the amount of time spent perching, 

fanning or moving around the nest. We focus on those workers that remain inside 

the nest during a disturbance.  Finally, since inactive individuals are most often 

found on the nest periphery (Jandt & Dornhaus, 2009) and B. impatiens workers 

tend to maintain spatial fidelity inside the nest with respect to the nest center (Jandt 

& Dornhaus, 2009), we also compare individual level responses with the spatial 

organization of workers inside the nest. 

 

METHODS 

Experimental Setup 

Two queenright colonies of Bombus impatiens (also used in Jandt & Dornhaus 

2009; hereafter referred to as colony B and D), were purchased from Koppert 

Biological Distribution, MI, and set up on 28 August 2006. The bees were 

individually marked using color-coded number tags (‘Opalithplättchen’).  At the time 

of data collection, each colony consisted of 60-110 worker bees and a queen, and 
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could be described as being in its ergonomic (population plateaus) phase. Each 

colony was placed in a wooden box (13 x 13 x 8cm) that was immediately adjacent 

to an outer box (13 x 13 x 8cm). The outer box was connected to a foraging arena 

(for Colony B: 20 x 20 x 8cm; for Colony D: 70 x 60 x 40 cm) via 2.5 cm (ID) Tygon 

tubing. Both boxes contained a 3cm layer of Feline Pine® cat litter to reduce 

moisture build-up inside the colony. All boxes were covered with glass to provide 

viewing of in-nest behavior (bumble bees habituate quickly to light in their nest; 

Jandt & Dornhaus 2009). All colonies were kept under a 10:14 light:dark cycle (see 

Jandt & Dornhaus 2009 for more details). 

Bees had access to the foraging arena at all times. In the arena, they were 

provided with sugary solution (‘Bee-Happy’, Koppert) and pollen (obtained from 

Apis mellifera colonies and ground to a powder) ad libitum. Food was replenished 

daily at least 4 hours before disturbance experiments began. 

 

Colony Disturbance Experiments 

 Each disturbance experiment consisted of three phases: baseline, treatment, 

and post-treatment. Before the treatment was administered, the colony was 

videotaped for 90s (baseline), using a Panasonic® Leica Dicomar DV camera 

recorder mounted 49.5cm above the glass lid of the nest box containing the brood 

and worker bees of the colony. After baseline data were collected, the treatment 

(CO2, air, or vibration) was administered for 60-90s, and the colony was videotaped. 

Two repetitions of the three disturbance treatments were administered to each 
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colony (for a total of 6 treatments per colony). Treatment order was randomized for 

each colony, and colonies received no more than one treatment type on a given day. 

Pure CO2 was used to simulate the breath of an attacking vertebrate (Kirchner & 

Röschard, 1999), air as a control to determine whether the response to CO2 was due 

to the gas itself or a change in air movement in the nest (Kirchner & Röschard, 

1999). Vibration was used to simulate the presence of primary physical disturbance 

(Fletcher, 1978), such as a small mammal, (e.g., a mouse) on or  near the nest 

(Kirchner & Röschard, 1999). Once the treatment was removed or stopped, post-

treatment behavior was videotaped for an additional 60-90s. The first 60s of each 

phase were used in the analyses to capture immediate change in response. 

  CO2 and air treatments were conducted by pumping the respective gas into 

the nest box through a screened window on one side of the box using 1cm rubber 

tubing at a flow rate of 6.5-7.5ml/sec (Kirchner & Röschard (1999) used 28ml/s to 

simulate the presence of a disturbance). The side on which CO2 or air was pumped 

into the colony was alternated when the experiment was repeated. The vibration 

treatment was administered using a vibrating back massager. Vibration was applied 

to the nest box directly for 60s by placing the device against the rear wall of the nest 

box. The location of the vibration treatment did not change for the second 

experimental trial.   

 To analyze the videos, a 10x10 square grid (each grid square corresponded to 

1.25 x 1.25cm of in-nest area) was drawn on a transparency and laid atop the video 

monitor for data collection. Twenty individually marked bees were chosen 
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randomly from a list before viewing a disturbance experiment. Once an individual 

was located, its position on the grid was recorded every 5s for 60s during each 

phase of the experiment (this is the record of movement, see below). For each 5 

second interval that the bee could be seen on screen, its task was also recorded. 

Bees were not restricted from leaving or entering the nest during any part of the 

experiment. The video analyses, therefore, only included those bees that were inside 

the nest box. Recorded tasks include only those that could be observed inside the 

nest: larval feeding, incubating, inspecting brood, guarding tasks (perching and 

fanning), constructing honey pots and probing honeypots (Cameron, 1989). Only 

guarding tasks were included in task data analyses.  

 

Data Analyses 

 For each individual that could be recorded, we calculated time spent inactive 

(defined as remaining idle in the nest with antennae folded), perching (standing 

motionless with antennae raised), and fanning (perching or walking while beating 

wings), as well as speed (average distance travelled in mm per 5s intervals) during 

all three phases separately. The effects of in-nest worker spatial organization were 

analyzed by relating individuals’ change in speed and defensive task performance 

(perching or fanning) to (1) their average distance from the colony center 

(calculated from daily census over their entire life, see Jandt & Dornhaus 2009 for 

details); (2) their average distance from the source of the disturbance (N or S 

window for CO2 or air, E wall for vibration; calculated from the observations during 
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the 60s treatment phase) or (3) from the nest entrance during the 60s baseline 

phase. Because bees were chosen randomly for each experiment, if data were 

collected on the same bee when the disturbance type was repeated on the colony, 

we averaged the values from each experiment for each phase so that each individual 

was only represented once.  

 We analyzed colony level response to disturbance by comparing all 

individuals across phases in terms of distance from the disturbance or entrance, 

distance traveled per 5s interval (speed), and time spent perching, fanning and 

remaining inactive. We used General Linear Models for these analyses, which 

allowed us to block for colony and individual level effects. We also calculated the 

number of focal individuals that left the nest box during the treatment and used Chi-

square to determine whether this number varied between disturbance types. 

  We calculated an individual’s degree of response to a disturbance by 

subtracting its measured value in baseline from the value in the treatment. 

Spearman rank correlations were used to determine if the response to a disturbance 

(e.g., an increase in speed or change in perching or fanning behavior) was based on 

(1) the baseline probability to remain inactive inside the nest, (2) the average 

distance one remained from the colony center (data from Jandt & Dornhaus 2009), 

and/or (3) baseline distance to the disturbance. Ranks were calculated separately 

for each colony to block for colony level effects in the correlation analyses. Finally, 

we used binary logistic regression to determine whether individuals that spent a 

greater proportion of time inactive were more likely to leave the nest during a 
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disturbance (presumably to attack the simulated threat) or whether leaving was 

based on in-nest spatial organization of workers (i.e., distance to the disturbance or 

distance to the colony center).  

 

RESULTS 

Colony Response to Disturbance 

 We examined the overall colony patterns of task performance before, during, 

and after a disturbance (Table 1). For all three disturbance types, there was a 

significant increase in perching behavior post-treatment (Fig. 1). While CO2 was 

pumped into the colony, workers increased fanning behavior, but the level of 

fanning went back down to baseline levels post-treatment (Fig. 1a). For all three 

disturbance types, inactivity was significantly reduced (i.e. activity increased) 

during the treatment, but only in the CO2 experiment did inactivity return to 

baseline level post-treatment (Fig. 1).  

 There was no evidence to suggest that bees moved towards the source of the 

disturbance (Table 1, Fig. 2). During the air and vibration experiment, workers 

moved closer to the entrance after the disturbance was removed or stopped (Figs. 

2b&c). Because the source of the vibration was on the opposite wall from the 

entrance, there was also a significant shift of individuals moving away from the 

source of the disturbance after it stopped (Fig. 2c).  

 For all three disturbance types, there was a change in worker speed across 

experimental phases (Table 1). During the CO2 experiment, workers did not increase 
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speed while the CO2 was being pumped into the nest, but instead reduced their 

speed inside the nest after the disturbance was removed (Fig. 2a). This significant 

decrease in movement was likely due to the significant increase in perching 

behavior (a stationary pose) in the post-treatment phase. On the other hand, during 

the air and vibration experiments, workers did increase speed while the disturbance 

was present, and they maintained this increased level of speed for the 60s after the 

disturbance was gone (i.e., post-treatment; Figs. 2b&c).  

 The number of focal individuals that left the nest at least once during the 

treatment phase was low (X ± SD: CO2: 3.5 ± 0.7; Air: 2 ± 0; Vibration: 2.0 ± 0). There 

was no difference in the number of individuals that left or stayed in the nest across 

treatments (χ2 = 0.98, df = 2, p = 0.31). 

 

Individual Responses to Disturbance 

 Regardless of disturbance type, there was no evidence to suggest that 

previously inactive individuals were more likely to begin perching (Fig 3a-c) or 

fanning during any disturbance (P > 0.15 for all analyses; Table 2). Inactive 

individuals also did not change speed when CO2 was blown into the nest (P = 0.50; 

Fig. 3d), but they were more likely to increase speed when air was blown into the 

nest (P = 0.01; Fig. 3e) or when the nest was vibrated (P = 0.003; Fig. 3f; Table 2). 

 In-nest spatial organization (Fig. 4) could not be used to predict which 

individuals would respond to CO2 or vibration (P > 0.10 for all analyses; Table 3). 

When air was blown into the nest, however, bees that remained near the nest 
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periphery and closer to the source of the air (which entered on the nest periphery) 

were more likely to begin perching (P ≤ 0.05; Fig. 4b) but were not more likely to 

begin fanning or to increase their speed (P ≥ 0.75; Fig. 4e, Table 3). 

 The individuals that left the nest during the disturbance could not be 

predicted by the percent time spent inactive before the disturbance began (Binary 

Logistic Regression: CO2: P = 0.93, Odds Ratio = 1.15, CI = -2.31-4.21; Air: P = 0.94, 

Odds Ratio < 0.001, CI = n/a, Vibration: P = 0.42, Odds Ratio = 4.74, CI = -1.52-7.71); 

by an individual’s distance to the disturbance before it began (CO2: P = 0.18, Odds 

Ratio = 1.40, CI = -0.11-0.89; Air: P = 0.26, Odds Ratio = 1.41, CI = -0.16-1.14, 

Vibration: P = 0.82, Odds Ratio = 0.95, CI = n/a); or by the distance an individual 

remained from the center of the nest (CO2: P = 0.77, Odds Ratio = 1.01, CI = -0.04-

0.05; Air: P = 0.80, Odds Ratio = 0.99, CI = -0.06-0.04, Vibration: P = 0.40, Odds Ratio 

= 1.03, CI = -0.03-0.11). 

 

DISCUSSION 

 Here we tested the hypothesis that inactive Bombus impatiens workers (i.e., 

lazy bees) act as defensive reserves in case of an attack on the nest. We predicted a 

greater increase in defensive behavior or movement during a disturbance among 

those workers that spent a greater proportion of their time idle or inactive inside 

the nest. Although inactive bees increased their movement speed when the 

disturbance was air or vibration (Fig. 3), they were not more likely to leave the nest 

or switch to perching or fanning behavior for any disturbance type. It is unclear at 
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this point whether this “running around in their nest as if they were searching for 

the source of disturbance” (Kirchner & Röschard, 1999) qualifies as defensive 

behavior, particularly since there was no evidence that workers moved toward the 

source of disturbance (Fig. 2). In fact, when the nest was disturbed by vibration, the 

majority of workers moved away from the source of the disturbance (Fig. 2c). At the 

colony level, we found an increase in fanning when CO2 was introduced, a pattern 

shown in the related species B. terrestris (Weidenmüller et al., 2002), but it was not 

through the employment of inactive bees that this increase in fanning was reached. 

Instead, other previously engaged bees likely switched from another task to begin 

fanning when CO2 increased inside the nest (Gordon, 1989; Johnson, 2002). 

Therefore, we reject the hypothesis that lazy bees act as defensive reserves.  

 One of the most striking results was that perching behavior significantly 

increased after the disturbance was removed or stopped (Fig. 1). This suggests that 

although individuals may respond immediately to a disturbance by increasing 

movement and/or leaving the nest to attack the source of the disturbance, those 

individuals that remain inside the nest continue to be prepared for another attack or 

for the encounter of a successful intruder.  

 We found no evidence to suggest that the spatial organization of B. impatiens 

workers inside the nest affected the probability of response to a disturbance. In 

general, inactive individuals are more likely to remain on the nest periphery (Jandt 

& Dornhaus, 2009), and indeed, the individuals on the periphery of the nest and 

closer to the introduction of air were more likely to perch (Fig. 4). However, even 
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though inactive bees may have increased their movement speed when air or 

vibration was introduced, there is no evidence to suggest the inactive individuals 

that responded originated on the nest periphery or closer to the source of the 

disturbance.  It may be that we did not find evidence that spatial organization 

predicted defensive behavior because the types of disturbances applied to the 

colonies may have diffused too quickly throughout the nest space. In this case, each 

individual in the nest would have received and responded to a similar level of 

disturbance stimulus. We instead report a spatial shift of workers inside the nest 

during a disturbance (Fig. 2b&c), but there is no evidence that workers in particular 

areas of the nest were more likely to shift than others. 

 ‘Lazy’ workers have been hypothesized to function as reserve laborers for 

honeybees and termites (Breed et al., 1990; Evans, 2006; Lindauer, 1952; Michener, 

1964). Evans (2006) tested this hypothesis in termites and showed that an 

unmarked, novel group of termites responded to  a colony disturbance. Due to the 

large size of the termite colony, however, it is unclear whether these responders 

were recruited from another task, as is likely the case for bumble bees, or whether 

those recruited individuals represent an inactive reserve labor force. In some ant 

species, over 50% of a colony has been described as inactive, or ‘quiescent’ (e.g. 

Leptothorax allardycei (Cole, 1986)). Even when a colony experiences a substantial 

disturbance, a number of individuals may refrain from participating in colony tasks 

(e.g. Temnothorax albipennis (Dornhaus et al., 2008)). It may be that the colony does 

not require each individual to work at full capacity at all times. If this is true, then 
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inactivity should decrease when a proportion of workers are removed from the nest 

(as proposed in Dornhaus et al., 2008; but see Dornhaus et al., 2009). Manipulating 

colony size and measuring inactivity will be an important next step in addressing 

the role of inactive individuals in a bumble bee colony.     

 The stimuli used in this study simulated the presence of a vertebrate attack. 

Vibratory and CO2 cues have been delivered to colonies of social insects in previous 

studies to measure defensive response (e.g., Bruschini et al., 2005; Judd, 2000; 

Kirchner & Röschard, 1999). Kirchner and Röschard (1999) showed that hissing 

behavior in B. terrestris (their measure of defensive response) increased when 

CO2was blown into the colony at 28ml/s as compared to air. Our results were 

similar in B. impatiens in that the total amount of fanning increased when CO2, not 

air, was blown into the nest at only 7.5ml/s, suggesting that the lower flow rate used 

here had little effect on colony level response. Similarly, we show B. impatiens 

workers increase activity and speed when the colony was vibrated, a pattern 

described, but not directly measured, in B. terrestris (Kirchner & Röschard, 1999). 

This increase in defensive behavior in response to vibrational stimuli has also been 

shown in paper wasps, Polistes fuscatus (Judd, 2000), and P. dominulus (Bruschini et 

al., 2005). Other studies have also artificially disturbed, jarred, or jostled the nest to 

induce defensive response in, for example, honeybees (Collins et al., 1989; Sarma et 

al., 2002), and Polybia occidentalis wasps (Jeanne, 1981; Jeanne et al., 1992). 

Besides a defensive reserve cohort of workers, inactive workers may just be 

resting between tasks (Klein et al., 2008), or hoarding fat reserves, which might 
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increase their likelihood to become the dominant egg-layer once the queen has 

perished (Schmid-Hempel, 1990; Korb & Schmidinger, 2004; Tindo & Dejean, 2000; 

Jandt & Dornhaus, In Review). Future comparative studies will help to determine if 

these inactive individuals are in fact waiting for a particular stimulus, what the 

stimulus might be, and how might those stimuli types vary across species. In 

conclusion, inactive workers are a widespread phenomenon across social species, 

yet there does not appear to be a single explanation for their presence. In bumble 

bees, there is no evidence that they act as a defensive reserve force. The question 

remains then, what is the evolutionary benefit to producing so many workers in a 

colony that a substantial proportion of them can remain disproportionately more 

inactive than their nestmates?   
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Table 1. Colony patterns before, during, and after disturbance.  

Factor CO2 Air Vibration 

Colony χ2 = 32.37, df = 1, p < 0.001 χ2 = 3.21, df = 1, p = 0.07 χ2 = 8.16, df = 1, p = 0.004 

Bee χ2 = 105.0, df = 55, p < 0.001 χ2 = 209.1, df = 52, p < 0.001 χ2 = 67.9, df = 52, p = 0.07 

%
 P

e
rc

h
in

g
 

Phase χ2 = 28.75, df = 2, p < 0.001 χ2 = 6.60, df = 2, p = 0.04 χ2 = 16.26, df = 2, p < 0.001 

Colony χ2 = 1.16, df = 1, p = 0.28 χ2 = 5.80, df = 1, p = 0.02 χ2 = 0.00, df = 1, p = 1.00 

Bee χ2 = 72.3, df = 55, p = 0.06 χ2 = 92.1, df = 52, p < 0.001 χ2 = 79.0, df = 52, p = 0.009 

%
 F

a
n

n
in

g
 

Phase χ2 = 41.93, df = 2, p < 0.001 χ2 = 1.92, df = 2, p = 0.38 χ2 = 2.40, df = 2, p = 0.30 

Colony χ2 = 7.47, df = 1, p = 0.006 χ2 = 0.14, df = 1, p = 0.70 χ2 = 14.91, df = 1, p < 0.001 

Bee χ2 = 121.2, df = 55, p < 0.001 χ2 = 131.6, df = 52, p < 0.001 χ2 = 96.36, df = 52, p < 0.001 

%
 I

n
a

ct
iv

e
 

Phase χ2 = 11.87, df = 2, p = 0.003 χ2 = 16.95, df = 2, p < 0.001 χ2 = 31.24, df = 2, p < 0.001 

Colony χ2 = 0.81, df = 1, p = 0.37 χ2 = 3.18, df = 1, p = 0.07 χ2 = 9.63, df = 1, p = 0.002 

Bee χ2 = 133.2, df = 55, p < 0.001 χ2 = 158.1, df = 52, p < 0.001 χ2 = 219.2, df = 52, p < 0.001 

D
is

ta
n

ce
 t

o
 

D
is

tu
rb

 

Phase χ2 = 2.23, df = 2, p = 0.33 χ2 = 2.21, df = 2, p = 0.33 χ2 = 14.96, df = 2, p < 0.001 

Colony χ2 = 3.51, df = 1, p = 0.06 χ2 = 0.37, df = 1, p = 0.54 χ2 = 17.71, df = 1, p < 0.001 

Bee χ2 = 139.7, df = 55, p < 0.001 χ2 = 222.7, df = 52, p < 0.001 χ2 = 237.4, df = 52, p < 0.001 

D
is

ta
n

ce
 t

o
 

E
n

tr
a

n
ce

 

Phase χ2 = 0.21, df = 2, p = 0.90 χ2 = 11.60, df = 2, p = 0.003 χ2 = 9.88, df = 2, p = 0.007 

Colony χ2 = 0.15, df = 1, p = 0.70 χ2 = 2.17, df = 1, p = 0.14 χ2 = 12.55, df = 1, p = 0.004 

Bee χ2 = 78.8, df = 55, p = 0.02 χ2 = 110.8, df = 52, p < 0.001 χ2 = 86.0, df = 52, p = 0.002 

S
p

e
e

d
 

Phase χ2 = 10.13, df = 2, p = 0.006 χ2 = 21.08, df = 2, p < 0.001 χ2 = 25.25, df = 2, p < 0.001 

Results from General Linear Model, blocking for colony and bees, show change in % of time 

spent perching, fanning, or remaining inactive, distance to disturbance (Dist to Disturb) or 

entrance (Dist to Entrance), and distance moved/5s (Speed) during the Baseline, 

Treatment, or Post-Treatment phases for all three treatments (CO2, Air, Vibration). 

Significant differences between phases are highlighed in bold. 
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Table 2. Individual change in behavior during a disturbance.  

Baseline Factor Change in Perching Change in Fanning Change in Speed 

% Inactive rs = 0.13, P = 0.37 rs = -0.09, P = 0.16 rs = 0.28, P = 0.50 

Dist to Center rs = 0.01, P = 0.94 rs = -0.05, P = 0.69 rs = -0.19, P = 0.13 C
O

2
 

Dist to Disturbance rs = 0.02, P = 0.89 rs = -0.16, P = 0.21 rs = -0.004, P = 0.98 

% Inactive rs = 0.06, P = 0.67 rs = 0.06, P = 0.67 rs = 0.34, P = 0.01 

Dist to Center rs = 0.27, P = 0.05 rs = -0.04, P = 0.75 rs = 0.01, P = 0.96 A
ir

 

Dist to Disturbance rs = -0.27, P = 0.03 rs = -0.03, P = 0.81 rs = -0.02, P = 0.89 

% Inactive rs = 0.16, P = 0.22 rs = 0.07, P = 0.57 rs = 0.37, P = 0.003 

Dist to Center rs = -0.08, P = 0.57 rs = 0.20, P = 0.13 rs = 0.15, P = 0.25 

V
ib

ra
ti

on
 

Dist to Disturbance rs = 0.09, P = 0.49 rs = -0.06, P = 0.64 rs = 0.02, P = 0.86 

Results from Spearman Rank Correlation show relationship between % of time spent 

inactive, distance to colony center (Dist to Cent) or disturbance (Dist to Disturb) during 60s 

of baseline with change in proportion of time spent perching or fanning, and change in 

speed for all three treatments (CO2, Air, Vibration). Significant differences between phases 

are highlighted in bold. 
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Figure 1. Disturbance affects colony behavior. Here we illustrate change in perching and 
fanning (two measurements of guarding behavior), and inactivity during three phases – 
Baseline (light grey), Treatment (white), and Post-Treatment (dark grey) – for each 
disturbance type: (a) CO2, (b) Air, and (c) Vibration. The y-axis represents the proportion of 
observations an individual performed a task during each 60s phase. Letters above bars 
represent significant differences between phases; n.s. denotes no significant difference. 
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Figure 2. Disturbance affects worker activity, measured as in-nest space use. Here we 
illustrate change in distance to the disturbance, distance to the entrance, and distance 
moved every five seconds (i.e., speed) during three phases – Baseline (light grey), 
Treatment (white), and Post-Treatment (dark grey) - for each disturbance type: (a) CO2, (b) 
Air, and (c) Vibration. Letters above bars represent significant differences between phases; 
n.s. denotes no significant difference. 
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Figure 3. Individuals that spent a greater amount of time inactive were not more likely to 

increase the amount of time spent perching (a-c) during any of the disturbance types 

administered. Inactive bees were more likely to increase speed (d-f) when the disturbance 

was Air (b) or Vibration (c), but not when it was CO2 (a). Grey and black symbols represent 

workers from two different colonies.
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Figure 4. Spatial organization does not predict defensive behavior of in-nest bees. 

Individuals that spent more time on the nest periphery (i.e., further from the center) were 

not more likely than those individuals in the center to increase the amount of time spent 

perching (a-c) or increase speed (d-f) during any of the disturbance types administered. 

Grey and black symbols represent workers from two different colonies. 
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ABSTRACT 

Although theories of organization in social insects rely on the assumption that 

within-group variation increases group fitness, there is little empirical support. 

Here we test how two different types of within-group variation (worker body size 

and response thresholds) affect colony performance in two unrelated tasks 

(thermoregulation and undertaking). Bumblebees are unique in that colonies have a 

wide range of worker body sizes compared to other social bee species. Workers also 

vary in response thresholds (i.e., stimulus level at which workers respond) to 

perform a task, such as foraging, brood care, nest thermoregulation, or undertaking. 

In this study, we measured Bombus impatiens colony performance in two different 

tasks: nest thermoregulation and undertaking (i.e., removing dead corpses from the 

nest). We tested the role of worker variation on these tasks by restricting the range 

of two types of variation in a bumble bee colony, variation in body size and in 

temperature response thresholds. To restrict body size variation, we removed the 

largest and smallest bees, and to restrict temperature response thresholds, we 

removed the bees that began fanning at the lowest and highest temperatures. In 

general, colonies took longer to cool down the nest after bees were removed, but 

this effect was most striking when variation in temperature thresholds was reduced. 

Furthermore, although larger bees are likely to be better at carrying items and are 

more likely to fan, the ability of colonies to perform undertaking behavior or 

thermoregulation was not affected when size variation was reduced. This study 

provides evidence that variation among workers in their inherent tendencies to 

respond to stimuli positively affects colony performance.  
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INTRODUCTION 

One of the most enigmatic consequences of self-organization is that complex group 

patterns can emerge from simple individual rules (Camazine et al., 2001). Social 

insects are often used as models of self-organization; that is, individuals create 

complex group-level patterns in the absence of a central coordinator or a template 

(e.g. ant foraging trail patterns, honey bee parallel comb construction, termite 

thermoregulatory and air circulatory nest chambers; reviewed in Camazine et al., 

2001). Individual rules required to create these patterns have often been studied 

through the use of computer simulations in which autonomous components are 

treated as identical individuals, and behaviors are generalized and repetitive (e.g. 

Theraulaz & Bonabeau, 1995; Škarka et al., 1990).  

 However, individuals within the colony can vary genetically, morphologically, 

and behaviorally (Sendova-Franks & Franks, 1999). Genetic variation within a social 

insect colony occurs when queens mate multiple times, such as in honey bees, or 

when colonies are founded by multiple, unrelated queens, as in some ant and wasp 

species. In fact, honey bee colonies that maintain higher genetic diversity among 

workers can outperform colonies with lower genetic variation (Page et al., 1995; 

Mattila & Seeley, 2007). Phenotypic variation in social insects is most apparent in 

colonies that have morphologically specialized individuals, referred to as castes. For 

example, some species of ants, termites, aphids, and thrips have evolved a 

morphologically distinct soldier caste (Hölldobler & Wilson, 1990; Perry et al., 2004; 

Noirot & Darlington, 2000; Rhoden & Foster, 2002). These soldiers may be larger, 
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more highly sclerotized, and/or develop specialized structures (e.g., the nasute in 

Nasutitermes termites (Roux & Korb, 2004)). Variation of this type likely evolves 

from ecological selective pressures at the colony level (Powell, 2008; Powell & 

Franks, 2005). Although Wilson (1968) proposed that a social group could evolve as 

many morphologically distinct castes to specialize on as many tasks as exist in the 

group, cases of morphological caste evolution are rare (Oster & Wilson, 1979; 

Fjerdingstad & Crozier, 2006). Even in the absence of specialized castes, however, 

isometric variation in body size may still provide an adaptive benefit to colony 

performance (Billick & Carter, 2007; Porter & Tschinkel, 1985; Cnaani & Hefetz, 

1994).  

 Individuals within a social insect colony may also vary behaviorally. Most 

often this is observed in terms of individual response thresholds, i.e., the stimulus 

level at which workers respond; a factor which also may affect the emergence of 

division of labor in social groups (Beshers & Fewell, 2001; Bonabeau et al., 1998). 

For example, individuals that are more likely to perceive low concentrations of 

brood pheromone may be more inclined to feed brood, whereas others that are 

more likely to perceive changes in nest temperature may be more likely to 

thermoregulate (Free, 1987; Weidenmüller, 2004). These behavioral differences can 

be genetically based (Pankiw & Page, 1999; Page et al., 1998), hormonally mediated 

(Robinson, 1987), and/or mediated by experience (Jeanson et al., 2008). 

 These different types of variation among workers (e.g., in body sizes or 

response thresholds) are not mutually exclusive, nor are they necessarily correlated 
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with one another. For example, bumble bees within a colony may exhibit up to 

tenfold variation in mass, an exceptional size range compared to honey bees and 

stingless bees, which may exhibit less than twofold variation within a colony 

(Goulson et al., 2002; Roulston & Cane, 2000; DeGrandi-Hoffman et al., 2004; 

Goulson et al., 2005; Ramalho et al., 1998; Waddington et al., 1986; Peat et al., 2005). 

The distribution of Bombus impatiens bumble bee worker body sizes is normal: most 

workers are of average body size, and a small proportion represent the extremely 

small and large bees (Couvillon et al., 2010). Nevertheless, body size of bumble bee 

workers correlates to some extent with division of labor: smaller bees are more 

likely to care for brood, whereas the larger bees are more likely to fan 

(thermoregulate), guard, or forage (Brian, 1952; Free, 1955b; Jandt & Dornhaus, 

2009; Goulson et al., 2002). Even though individual tasks can be performed by 

workers of all body sizes (Jandt et al., 2009; Jandt & Dornhaus, 2009), larger bees 

tend to be better than smaller bees at performing many tasks. In general, larger bees 

are better foragers in that they can carry more nectar to the colony per foraging 

time (Spaethe & Weidenmuller, 2002), and may be better at learning and retaining 

visual information than smaller workers (Worden et al., 2005; Riveros & 

Gronenberg, 2009; although see Raine et al., 2006; Raine & Chittka, 2008). Inside the 

nest, larger individuals also seem to be more efficient at removing corpses from the 

nest (Walton & Jandt in prep.), and can rear brood as efficiently as small bees 

(Cnaani & Hefetz, 1994). This begs the question, if larger individuals are better at 

performing most tasks, why do colonies produce such a wide range of worker sizes, 
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as opposed to producing a narrower range like other social bees? Aside from 

increased task performance, larger bees may be particularly costly to produce 

(Duong & Dornhaus in prep.), and producing the smallest bees may be a bet-hedging 

strategy to ensure survival under extended durations of colony starvation 

(Couvillon & Dornhaus, 2010). 

 Similarly, the fitness consequences of variation in response thresholds are 

not well understood. Bumble bee response thresholds have been measured in terms 

of an individual’s predisposition to respond to temperature or CO2 fluctuation in the 

nest (O'Donnell & Foster, 2001; Weidenmüller, 2004). The majority of bumble bee 

species are found in temperate areas (Heinrich, 2004), and therefore need to 

respond to fluctuating temperatures in order to keep the brood at a stable 

temperature essential for development (Jones et al., 2005; Mardan & Kevan, 2002). 

An increase in temperature produces a fanning response that circulates the air and 

cools the nest (Heinrich, 2004). Low threshold individuals begin fanning when the 

temperature inside the nest increases slightly, whereas high threshold individuals 

will not start fanning until the temperature is extremely, perhaps dangerously, high. 

Individual bumble bees within a colony tend to be consistently low- or high-

threshold with regard to fanning behavior (Weidenmüller, 2004). Still, the adaptive 

value of having a wide range of a variety of thresholds, while assumed to positively 

affect division of labor in many task allocation models (Beshers & Fewell, 2001; 

Bonabeau et al., 1998), has not been empirically tested.  
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 In this study, we address the question: What happens to colony performance 

if variation among workers in a social insect colony is reduced? We manipulated the 

phenotype of bumble bee colonies (Bombus impatiens) by decreasing variation 

among workers in one of two traits: body size and response thresholds to 

temperature (fanning). We test two specific hypotheses: (1) If wide-range variation 

in thresholds affects colony performance in certain tasks, then when we remove 

workers with the lowest and highest thresholds to respond to temperature increase, 

colonies should not be able to thermoregulate as well as they did before those 

workers were removed, or as well as in colonies in which random individuals were 

removed. (2) If a wide range in worker body sizes is adaptive, and not simply a side-

effect of spatial heterogeneity in the nest (Couvillon & Dornhaus, 2009; Jandt & 

Dornhaus, 2009; Plowright & Jay, 1977), then group performance, in terms of 

thermoregulation or undertaking behavior, will deteriorate when only a narrow 

range of body sizes (i.e., medium-sized bees) are present.  

 

METHODS 

 Between September 2008 and May 2010, 21 queenright bumble bee colonies 

(Koppert Biological Systems, Romulus, MI) were housed, two to six at a time, in a 

laboratory at the University of Arizona. Colonies were placed in clear Plexiglass nest 

boxes (15x15x10cm) to provide constant viewing of in-nest behavior. A 

temperature probe was kept in the center of the nest box, above the nest substrate, 

to monitor in-nest air temperature at all times. Each nest box was connected to a 
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foraging arena (35 x 60 x 40 cm) via 2.5cm (ID) Tygon tubing. Bees had access to a 

foraging arena at all times where they were provided sugar solution (‘Bee Happy’, 

Koppert Biological Systems). One tsp of pollen was added directly inside the nest 

box each morning, at least one hour before data collection. A 12h:12h light:dark 

cycle was used for all colonies. 

 99 individuals from each colony were chilled until they were immobile so 

that thorax width, a common measurement of body size (Goulson, 2003), could be 

determined. Bees were then warmed until they were mobile again, marked with a 

number plate (‘Opalithplättchen’) for identification, and returned to the nest. All 

remaining unmarked bees were removed from the nest permanently.  

 Pre-treatment baseline in-nest temperatures were measured between 1-3pm 

for at least 10 days before the treatment. Baseline temperature fanning thresholds 

were recorded on three separate days on all individuals in each colony. To do this, 

colonies were videotaped for 45 minutes. The first 5 minutes were used to 

determine which bees were initially fanning before the nest was artificially warmed. 

For the next 10 minutes, colonies were warmed with a red-spectrum heat-lamp, 

placed 15cm above the nest at a 45° angle. This allowed colonies to reach a 

maximum in-nest air temperature of 32°-36°C. Once the light was shut off, the 

colony was allowed to cool itself for the remaining 30 minutes. At no time were 

workers restricted to remain in the nest area; they were allowed to leave for the 

foraging arena at any time. Video data were analyzed by noting every time that 

temperature increased or decreased 0.5° inside the nest, and which bees were 
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fanning during each of these temperature increments. This provided an estimate of 

the time it took the colony to return to baseline temperature and the lowest and 

highest temperature at which each individual bee would fan. Temperature 

thresholds were calculated for each individual by averaging their lowest 

temperature to begin fanning across the three video recordings. In Bombus 

impatiens, fanning thresholds do not appear to change with age or experience 

(contrary to what Weidenmüller (2004) found for B. terrestris, Duong & Dornhaus in 

prep.). We compared post-treatment thresholds to pre-treatment thresholds to 

determine whether the response thresholds of individuals that remained after 

removing low- and high-threshold bees changed in response to colony need.  

 

Colony Treatments 

 Colonies were randomly assigned to one of three treatments: threshold-

limited, body size-limited, or control. In each of these treatments, colony population 

was reduced to about 50-60 individuals. To keep colony populations around 50 

individuals and to offset worker mortality throughout the post-treatment period, we 

left a little more than 50 bees inside the nest (see Table 1 for sample sizes in all 

colonies across treatments). In the threshold-limited colonies, individuals with the 

highest and lowest response thresholds to temperature (i.e., the lowest temperature 

at which they began fanning) were removed. In the size-limited colonies, individuals 

with the smallest or largest thorax width were removed. In the control colonies, 

random individuals were chosen and removed. After all colonies had been set up for 
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treatment, three additional heating experiments and two undertaking experiments 

were conducted on the manipulated colonies to measure colony performance under 

the new colony phenotype (i.e., treatment).  

 

Heating Experiment 

 Post-treatment baseline temperatures were again collected between 1-3pm 

on at least 10 separate days after the colony population was reduced. Heating 

experiments were replicated three times on each colony and conducted in a similar 

manner as before during the collection of the temperature threshold data. Colonies 

were videotaped for 5 minutes before being heated for the next 10 minutes. In this 

heating experiment, however, colonies were allowed 45 minutes to return to their 

baseline temperature.  

 

Undertaking Experiment 

 At least two separate undertaking experiments were conducted on each 

treated colony. Five unmarked bees from all experimental colonies were collected 

and frozen in colony-specific containers. Dead bees were marked, their thorax width 

and dry weight measured, and randomly sorted into the colonies they would be 

placed. Five randomly selected dead bees were then placed onto the top center of 

each colony. After 24 hours, colonies were checked to determine which dead bees 

were completely removed from the nestbox. 
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RESULTS 

 Baseline in-nest temperatures pre- and post-treatment were highly variable 

across colonies (range: 27°C - 31°C), yet were nevertheless predictable within 

colonies. Baseline temperature did not change significantly after removing 50% of 

the workers (pre-treatment mean temperature = 29.4°C; post-treatment mean = 

29.4°C; Repeated Measures MANOVA: Pre to Post Removal Factor: F1,18 = 0.00, P = 

1.00; Treatment: F2,18 = 1.78, P = 0.20; Interaction: F2,18 = 0.18, P = 0.84). Table 1 

shows the variation in thresholds and body sizes pre- and post-treatment for each 

colony. 

 

Heating Experiment 

 Because of the inter-colony variation in baseline temperature, and to 

accurately compare cool-down time between colonies, the time to reduce the 

temperature the last two degrees until it reached baseline was calculated for each 

heating experiment. One colony did not reach the baseline temperature within 30 

minutes in any of the pre-treatment trials, and therefore was not included in 

temperature experiment analyses.  

 Body size did not predict fanning thresholds recorded pre-treatment (Linear 

Regression blocked for colony level effects: R2 = 0.00, F1,1629 = 1.15, p = 0.28), and 

there was no evidence that individual fanning thresholds changed after 50% of the 

workers were removed from the nest (Paired T-Test: T356 = -1.14, P = 0.87).  
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 To specifically address the hypothesis that threshold-limited colonies would 

take significantly longer to reduce their in-nest temperature after variation in 

thresholds was reduced, we performed one-tailed paired t-tests on all treatment 

groups separately. Colonies in the threshold-limited treatment took significantly 

longer to reduce the in-nest temperature to baseline compared to their pre-

treatment time (Paired T-Test: T = 3.79, N = 7, P = 0.005; Figure 1). This difference 

was not significant in the other two treatments (body size limited: T = 1.71, N = 6, P 

= 0.07; control: T = 1.49, N = 7, P = 0.09), although there was a trend in the same 

direction, body size limited and control colonies also took slightly longer time to 

cool down the nest after bee removal. Moreover, we cannot rule out low sample size 

and high variation within treatments as factors preventing detection of a treatment 

effect.  

 Overall, colonies took significantly longer to cool down after 50% of the 

workers were removed, but there was no evidence that colonies in a particular 

treatment type took significantly longer to cool the nest (Repeated Measures 

MANOVA: Pre- to Post- Removal: F1,17 = 8.64, P = 0.009; Treatment: F2,17 = 0.63, P = 

0.54; Removal x Treatment Interaction: F2,17 = 0.19, P = 0.83). The differences, pre- 

to post-removal, were calculated for each colony. There was no difference among 

mean differences across treatments (F2,17 = 0.19, P = 0.83), yet there was a 

difference among variances across treatments (Bartlett’s Test for homogeneity of 

variance: χ22 = 7.58, P = 0.02; Figure 2).  
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Undertaking Experiment 

 The number of dead bees removed within 24 hours was quite variable within 

a treatment (Figure 3). There was no difference between treatments in the number 

of dead bees removed after 24 hours (ANOVA: F2,18  = 1.94, P = 0.17), nor was there 

a difference between treatments in the average size of dead bees that colonies 

removed (F2,15 = 0.67, P = 0.53). 

 

DISCUSSION 

 In this study we tested two hypotheses regarding the consequences of 

individual variation within social insect colonies. First, if wide-range variation in 

thresholds affects colony performance in certain tasks, then removing workers with 

the lowest and highest thresholds to respond to temperature increase should result 

in colonies that take longer to cool their in-nest temperature after being artificially 

heated. Indeed, colonies in the threshold-reduced treatment showed a stronger 

response compared to the control and body size-reduced treatment colonies. 

However, there was no significant effect in the other treatments. Furthermore, the 

fact that reduced-threshold colonies did not perform worse at undertaking suggests 

that the worker removal did not simply result in loss of the best or most efficient 

workers. The variation in the differences in cooling times (pre- to post-removal) 

was higher in the control and body size-reduced treatment than in the threshold-

reduced treatment (Fig. 2). Our hypothesis would predict that variation might 

increase if random workers are removed, since in some colonies, the removed 
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workers may happen to have been high- or low- threshold ones. It is possible that 

the longer time needed to cool the colony in the threshold-limited treatment was 

partially due to the reduction in worker population. However, if that had been the 

case, we should have observed an equal increase in time to cooling in the other 

treatments. That we do not find this indicates that reducing threshold variation for 

thermoregulation may have particularly high costs for colony performance in the 

task of thermoregulating.  

 The second hypothesis posited that if producing the largest and smallest bees 

results in improved task performance, then group performance, either in terms of 

thermoregulation or undertaking behavior, should deteriorate when only a narrow 

range of body sizes (i.e., medium-sized bees) are present.  This was not the case. In 

fact, there was a trend for colonies with a narrow range of body sizes to perform 

slightly better at undertaking behavior compared to control colonies with the wide 

range of body sizes still present. Therefore, we reject the second hypothesis, that the 

presence of wide-range variation in body size positively affects task performance: 

thermoregulation and undertaking behavior did not deteriorate when only medium-

sized bees were left to perform the task. It may be that larger bees are better at 

carrying dead bees out of the nest (Walton & Jandt in prep.), and are more likely to 

fan inside the nest (Jandt & Dornhaus, 2009), but if they also do not have a low 

threshold to perceive that stimulus, they may be less likely to perform the task. 

 The goal of this study was to begin exploring why social insect colonies 

produce multiple types of variation among workers. If within-group variation is 
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adaptive, it likely evolves from ecological selective pressures at the colony level 

(Powell, 2008; Powell, 2009; Powell & Franks, 2005). Colonies within a population 

may also vary (Cole et al., 2008), and it is interesting that between-colony variation 

in performance was so high in this study that it overshadowed potential treatment 

effects. Strong behavioral differences between colonies have been described for 

other social insect species, including Bombus (e.g., Hannum & Miller, 2008; 

Munidasa & Toquenaga, 2010; Cole et al., 2010).  

 Although readily modeled, within-colony variation in response thresholds in 

social insects is rarely quantified. Foraging thresholds in honey bees to perceive 

sucrose (Page et al., 1998), and temperature thresholds in bumble bees 

(Weidenmüller, 2004), are exceptions. Honey bee sucrose thresholds are genetically 

based (Page et al., 1998), and indeed honey bee colonies that maintain higher 

genetic diversity among workers (when queens mate multiply) outperform colonies 

with lower genetic variation (when queens mate once) (Page et al., 1995; Mattila & 

Seeley, 2007). Although individual thresholds were not measured, reduced genetic 

variation in a honey bee colony has also been shown to have a negative effect on 

colony-level thermoregulatory behavior (Jones et al., 2004). Bumble bees exhibit 

high genetic relatedness within a colony: queens rarely mate more than once (Payne 

et al., 2003). Still, individual bumble bee workers maintain consistent differences 

with regard to the temperature ranges that they will fan inside the nest 

(Weidenmüller, 2004). We show here that these thresholds do not change after the 

lowest and highest threshold workers are removed from the nest. Besides cooling 
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the nest, workers likely have multiple thresholds that correspond to performing 

various tasks. It is unclear, however, whether these thresholds are correlated with 

one another or if they are independent.  

 Multiple types of variation within social insect colonies may be important for 

different reasons. When nestmates within a colony are examined individually, it 

becomes clear that individuals across a variety of social insect species can vary 

considerably in terms of body sizes (Sullivan & Strassman, 1984; Goulson, 2003; 

Billick & Carter, 2007) and response thresholds (Free, 1987; O'Donnell & Foster, 

2001; Page et al., 1998; Robinson, 1987; Weidenmüller, 2004), as well as activity 

levels (Sih et al., 2004; Evans, 2006; Tindo & Dejean, 2000), and space use (Backen 

et al., 2000; Jandt & Dornhaus, 2009; Robson et al., 2000; Sendova-Franks & Franks, 

1995). In bumble bees, workers vary in body size (Couvillon et al., 2010; Goulson et 

al., 2002), response thresholds or likelihood to perform particular tasks (Jandt et al., 

2009; O'Donnell & Foster, 2001; Weidenmüller, 2004), in-nest and foraging space 

use (Jandt & Dornhaus, 2009; Makino & Sakai, 2004; Makino & Sakai, 2005), as well 

as in reproductive status after the queen dies (Cnaani et al., 2002; Jandt & Dornhaus, 

In Review; van Doorn & Heringa, 1986).  When modeling social insect systems, the 

performance of the collective unit, or ‘superorganism’ (Wilson & Sober, 1989; 

Wilson, 1985; Wilson & Hölldobler, 2005) is often measured by treating each 

worker as an identical unit, yet important differences among individuals may 

influence division of labor that may affect overall group performance (Sendova-

Franks & Franks, 1999).  
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Honey bee colonies with high genetic variation tend to outperform those 

with low genetic variation (Jones et al., 2004; Mattila & Seeley, 2007; Page et al., 

1995). Bombus impatiens colonies tend to have low genetic variation, as queens 

rarely mate more than once (Payne et al., 2003). Here, we have begun to test how 

this within-group variation affects colony performance. Wide-range variation in 

body size was not important for colonies to perform thermoregulatory or 

undertaking behaviors. Body size variation may be more important under 

conditions where larger bees are beneficial for foraging and smaller individuals are 

beneficial for the colony to stave off periods of starvation (Couvillon & Dornhaus, 

2010; Goulson et al., 2002; Spaethe & Weidenmuller, 2002). Furthermore, we 

manipulated only one distribution of one type of response threshold, and have 

shown that wide-range variation in this threshold had a positive effect on colony 

performance. Bumble bees likely have thresholds that they use to recognize and 

respond to multiple types of stimuli. Understanding how these types of variation 

contribute to colony performance may be an important next step to more accurately 

understand and demonstrate the elaborate complex collective behavior displayed 

by many of these social insect species (Camazine et al., 2001; Theraulaz & Bonabeau, 

1995). 
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Table 1. Colony fanning thresholds and body sizes pre- and post-treatments.  

 Colony Colony Fanning Thresholds Colony Body Sizes 

  Pre- Post- Pre- Post- 

F.08.01 32.18 ± 1.46 (88) 31.41 ± 1.08 (56) 4.47 ± 0.51 (93) 4.48 ± 0.52 (58) 

F.08.04 31.04 ± 1.51 (77) 30.26 ± 1.08 (52) 4.66 ± 0.53 (93) 4.66 ± 0.50 (53) 

F.08.07 31.79 ± 1.08 (77) 31.50 ± 0.76 (51) 4.38 ± 0.48 (92) 4.39 ± 0.48 (58) 

S.09.07 31.23 ± 1.80 (84) 32.24 ± 1.22 (59) 4.59 ± 0.43 (96) 4.52 ± 0.45 (60) 

S.09.10 30.95 ± 1.63 (86) 30.98 ± 1.40 (48) 4.86 ± 0.45 (95) 4.91 ± 0.38 (55) 

F.09.02 32.92 ± 1.43 (69) 32.36 ± 1.00 (49) 4.35 ± 0.47 (97) 4.44 ± 0.42 (54) 

T
h

re
sh

o
ld

 R
e

d
u

ce
d

 

S.10.02 32.38 ± 1.59 (63) 33.36 ± 1.26 (42) 4.31 ± 0.68 (86) 4.51 ± 0.64 (48) 

F.08.02 32.13 ± 1.13 (86) 32.02 ± 0.55 (50) 4.46 ± 0.60 (93) 4.55 ± 0.29 (54) 

F.08.06 30.86 ± 1.08 (82) 30.11 ± 0.95 (51) 4.26 ± 0.62 (96) 4.37 ± 0.31 (56) 

S.09.04 30.78 ± 1.06 (88) 31.45 ± 1.21 (47) 4.46 ± 0.46 (96) 4.46 ± 0.22 (57) 

S.09.05 31.37 ± 1.28 (90) 31.26 ± 1.18 (47) 4.63 ± 0.42 (95) 4.67 ± 0.17 (53) 

S.09.09 31.97 ± 1.49 (81) 32.21 ± 1.17 (42) 4.66 ± 0.48 (91) 4.66 ± 0.25 (55) 

F.09.03 32.08 ± 1.44 (67) 32.56 ± 1.91 (37) 4.43 ± 0.49 (98) 4.41 ± 0.19 (56) 

B
o

d
y

 S
iz

e
 R

e
d

u
ce

d
 

S.10.01 31.67 ± 1.50 (67) 32.26 ± 1.28 (45) 4.28 ± 0.69 (92) 4.28 ± 0.32 (51) 

F.08.03 31.52 ± 1.20 (90) 29.19 ± 0.80 (55) 4.42 ± 0.32 (92) 4.39 ± 0.34 (55) 

F.08.05 30.54 ± 1.23 (76) 30.77 ± 1.10 (46) 4.27 ± 0.49 (89) 4.26 ± 0.46 (55) 

F.08.08 31.91 ± 1.18 (69) 32.14 ± 0.70 (42) 4.22 ± 0.47 (90) 4.18 ± 0.49 (55) 

S.09.06 30.40 ± 1.06 (85) 30.90 ± 1.12 (48) 4.60 ± 0.51 (90) 4.59 ± 0.52 (53) 

S.09.08 30.81 ± 1.02 (79) 30.82 ± 1.66 (45) 4.39 ± 0.44 (84) 4.40 ± 0.40 (55) 

S.09.11 31.15 ± 1.43 (82) 31.10 ± 1.49 (51) 4.27 ± 0.45 (96) 4.28 ± 0.46 (55) 

C
o

n
tr

o
l 

F.09.01 31.95 ± 1.55 (70) 32.90 ± 0.93 (39) 4.32 ± 0.40 (97) 4.37 ± 0.37 (55) 

Colonies are separated into treatment groups (threshold reduced, body size reduced or 

control). Descriptive statistics are presented as X ± SD (N). N represents the number of bees 

that actually fanned during pre- or post-treatment data collection (fanning thresholds), or 

were alive inside the nest at the time of bee removal (size).
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Figure 1.  Box plots showing the time to return to baseline temperature (minutes), Pre- and 

Post-Treatment, for all three treatment types (threshold limited, body size limited, and 

control). Boxes represent medians ± 25th percentile range. Only in the Threshold-Limited 

treatment did colonies significantly increase the time to reduce their in-nest temperature 

(threshold limited: N = 7, P = 0.035; body size limited: N = 6, P = 0.14; control: N = 7, P = 

0.15). 
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Figure 2. Box plots showing the difference in time to return to baseline temperature (Post- 

minus Pre-Treatment, minutes), for all three treatment types (threshold limited, body size 

limited, and control). Boxes represent medians ± 25th percentile range. While there was no 

difference in the means (P = 0.83), there was a significant difference in the variance 

between treatments (P = 0.02). 
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Figure 3. Box plots showing results from the Undertaking Experiment. Boxes represent 

medians ± 25th percentile. There was no difference between treatments in terms of the 

number of dead bees that colonies removed within 24 hours. 
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