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ABSTRACT 

Variation among the components within complex systems exists at all levels throughout 

biology from molecular networks to ecosystems, and the behavior of these complex systems arises 

from the actions and interactions of their components. Despite the prevalence of differences among  

components in such systems, the trait variation displayed by the components in these systems is 

frequently ignored or assumed beneficial to the system. However, there are situations in which 

component variation can be costly to a system, especially when the composition of components 

exist that do not match the task demands on a system. Therefore, we examine here the 

relationship of component variation to system performance, and why? This dissertation seeks 

to understand the underlying mechanisms that can generate variation within a system, as well as 

the conditions under which this variation is expected to evolve. I tested these questions in bumble 

bees (Bombus spp.), which are a useful system because they exhibit a great variation in body size 

among workers within the colony, and component variation can be experimentally manipulated 

(i.e., different-sized workers can be removed) to determine the effects of component diversity on 

system performance.  

In my first chapter, I find that size variation within bumble bee (Bombus impatiens) 

colonies is a plastic trait that responds to environmental conditions. While size variation increases 

with environmental temperature, temperature itself is not the mechanism that generates size 

variation, and workers maintain the developing workers (i.e. brood) at a uniform temperature. The 

production of variation in worker size could be adaptive, however, my results do not exclude the 

possibility that size variation is a result of an inability of the colony to produce more uniform body 
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sizes. In chapter two, I find that size variation within a colony is not the result of an inability of 

the colony to control size during development, as not all groups of individuals produced by the 

colony display such a large size variation as the worker caste. Males and queens raised together 

with workers display greatly reduced size variation. Additionally, the size variation exhibited by 

colonies is the lab is not greater than that found in wild colonies. These results suggest that size 

variation is not a lab artifact and may be common across environments, and that colonies can 

control the amount of diversity produced. Therefore, is there a benefit to the colony to producing 

variably sized workers? In chapter three, I find that colonies with greater size variation do not 

produce more brood under either constant or variable access to food compared to similarly sized 

colonies with less worker size variation. These results suggest that the commonly assumed 

hypothesis that variation increases system efficiency (i.e. colonies to produce more individuals) 

and system robustness (i.e. colonies to survive environmental perturbations) may not explain body 

size variation within bumble bees, or at least that they do not do so under lab conditions. In chapter 

four, I combine economic theory and empirically-measured phenotypic-specific costs to propose 

a novel hypothesis, that diversity may have evolved as a way to increase group efficiency by 

minimizing opportunity costs to the group through the production of phenotypes that have a 

comparative advantage at different tasks. The model that I built and parametrized from the bumble 

bee literature suggests that colony efficiency increases with size variation. The model results differ 

from the empirical results, suggesting that the benefits of comparative advantage may only be 

apparent in colonies that forage in a more demanding natural environment. This body of work 

thereby suggests that some of the common assumptions about the function of component variation, 
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e.g. that each component type is uniquely suited to one task, do not always explain and why it 

exists.  I propose here a new hypothesis for why variation may evolve: components may vary in 

cost-benefit tradeoff differentially across tasks. This novel hypothesis argues for the importance 

of considering the production costs of the different components within the system relative to their 

performances. This hypothesis may also reconcile the mixed results from previous studies on the 

relationship between component variation and system performance.  

I. Introduction 

A central theme throughout biology, from molecular networks to ecosystems, is that the 

function of complex systems arises from the actions and interactions of their components. These 

interactions form stable patterns and structures that define system function (Ladyman et al., 2013). 

Components can vary along one trait axis such as behavior (e.g. innate differences in firing 

potential in neurons within the brain) (Padmanabhan, and Urban. 2010), or morphology 

(differences in leaf sizes on a single plant) (de Casas, et al. 2011) or along several trait axes forming 

distinct castes (e.g. solider and queen phenotypes in the social trematodes Cerithidea californica) 

(Poulin et al. 2019). Changes in the composition of components can fundamentally alter how 

systems function. Thus, the variation in component traits, not just their average trait value, is 

important for understanding the behavior of a system. While evidence of the effects of trait 

variation on system performance is accumulating, how this trait variation affects system function 

is not always clear. Variable system components have evolved repeatedly at all levels of biological 

organization (Carroll, 2001; Smith and Szathmary, 1997). Here I ask: why and under what 

conditions (if any) is variation beneficial for a system? 
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Variation is often assumed to benefit a system by increasing its efficiency or robustness. 

Components may specialize on different tasks according to their differences (Ferguson-Gow et al., 

2014a). Specialization is thought to increase individual efficiency and therefore the efficiency of 

the system as a whole (Oster and Wilson, 1978). Conversely, component diversity may be 

advantageous because different components are better suited for different conditions, and this 

heterogeneity in the system prevents any catastrophic failure of the system. This concept is 

common in ecological literature; in population biology, it is known as bet-hedging (Seger and 

Brockmann, 1987; Venable, 2007) and in community ecology, it is called insurance (Loreau et al., 

2001). These two system processes, efficiency and robustness, are thought to be in opposition (i.e., 

a jack-of-all-trades is a master of none), so while diversity might improve system performance, it 

could also compromise it (Carroll, 2001; Oster and Wilson, 1978; Smith, 1776). These hypotheses 

suggest that the value of trait variation to a system may change temporally and spatially due to 

changes in biotic and abiotic factors; therefore, the effects of variation need to be tested in a system 

where the environmental conditions can be controlled, and the changes in task demands on a 

system can be calculated. 

Bumble bees, as social insects, provide a unique tool for understanding the conditions 

under which trait variation within a complex system is important. They exhibit great variation in 

body size among workers within the colony (Couvillon et al., 2010), up to 10-fold by mass 

(Goulson, 2003), and component variation can be experimentally manipulated (i.e., by removing 

different-sized workers) to determine the effects of component diversity on system performance. 

Additionally, the social insect colony is a system of integrated components (workers and queens) 
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that has been shaped by ecological and evolutionary processes. In eusocial insects, the colony is 

the reproductive unit, and its success depends on the morphology, demography, and behavior of 

its workers (Schmid‐Hempel, 1992). Therefore, selection on all individuals within a colony is 

generally aligned to favor the success of the colony to raise the most brood (i.e., developing 

workers and reproductives), and if variation among workers makes this system more efficient 

and/or robust it will likely be selected.  

The purpose of this dissertation was to investigate the relationship of component variation 

and system performance in the common eastern bumble bee (Bombus impatiens). I hoped to build 

a more comprehensive conceptual framework of why variation might evolve within groups and to 

test this empirically. Insights into the evolutionary constraints and the benefits of worker size 

variation can reconcile the contradictory hypotheses for why variation exists within systems. I first 

investigate potential mechanisms producing size variation within bumble bee colonies and 

establish that the size variation is ecology-relevant and not a lab artifact. I then test the commonly 

assumed, but somewhat contradictory hypotheses that variation within a system increases system 

efficiency and that variation within a system increases system robustness (i.e., ability to survive 

environmental perturbations). Additionally, I tested a novel hypothesis: that variation within a 

system is driven by the economic advantage gained by producing diverse component with diverse 

costs. 
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II. Present Study 

Below is a brief summary of the four chapters included in this dissertation and a description of 

how they are interrelated. Each chapter includes an introduction, methods, results and discussion 

that are presented in the appendices following this introduction. 

 

Chapter I (Appendix A): Lower temperatures decrease worker size variation but do not 

affect fine-grained thermoregulation in bumble bees 

Variation in complex systems is generated by the behavior of the group. Understanding the 

mechanisms that generate this group-level outcome can yield insights on how selection acts on the 

group. I investigated the role of temperature in producing phenotypic variation by studying if 

microclimatic differences within the nest produce the worker size variation in bumble bee colonies 

(Bombus impatiens). I recorded brood temperature via thermal imaging and measured thorax 

widths of workers produced by colonies. I found that, unlike in other social insects where 

thermoregulation has been studied, bumble bees exhibit fine-grained thermoregulation, where they 

regulate brood temperature but not that of the honeypots intermixed with the brood. The finding 

that workers maintain a uniform environment for the brood differs from previous results examining 

feeding rates across the nest and suggests that while the same workers tend to feed and 

thermoregulate the brood, they do so according to different rules. Thus, I showed that feeding 

behavior of worker appears to be the sole mechanism for generating body size variation in bumble 

bees. 

 



12 
 

Chapter II (Appendix B):  Bumble bees produce high worker body size diversity in the field 

and in the lab, and not as a result of constraint 

Phenotypic variation may be a non-adaptive side effect of a group’s organization. In social 

insects, the presence of body size variation among workers of a colony is generally assumed to be 

adaptive. However, such diversity of sizes may also be the result of poor control over size 

development, in which case we would expect size variation to be present not only in workers but 

across all types of individuals produced in a colony, including males, queens, and workers. Using 

bumble bee colonies (Bombus impatiens), which display a large amount of body size variation 

when raised in the lab, we test (1) whether this phenotypic diversity is also produced field colonies, 

and (2) whether it occurs only in workers or also in concurrently raised, similarly-sized males. We 

found that the size variation in the lab is similar to that in the field and that worker size varies more 

than that of either reproductive caste. These results suggest that diversity is not a lab artifact and 

may be common across environments, and that colonies can control the amount of diversity 

produced. Whether this diversity is the result of positive selection for high variation in worker size 

or lack of strong selection on worker size compared to that of reproductives (queens and males) is 

yet to be determined. However, these results suggest that worker size variation is accessible for 

selection to act on it and that size variation is important enough for selection to act on it in one 

direction or another.   

 

Chapter III (Appendix C): Diversity does not influence performance: the effect of body size 

variation on the efficiency and robustness of bumble bee colonies 
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Diversity may facilitate system performance by increasing system efficiency through 

different components working synergistically (complementarity), or by increasing system 

robustness through the adaptation of different components to different environments, therefore 

buffering the system to environmental change (insurance). These two system processes, efficiency 

and robustness, are thought to be in opposition, so while diversity improves system performance, 

it may also compromise it. By manipulating the amount of body size variation in bumble bee 

colonies through worker removal, I tested if different degrees of naturally occurring variation 

increase fitness (i.e., brood production) under stable or fluctuating food conditions. Variation did 

not increase colony fitness under stable (where efficiency might be important) or fluctuating 

(where robustness matters) food conditions in our experiment. The lack of performance increase 

under stable conditions suggests that despite the previously observed task specialization by size, it 

provides no efficiency advantage. The lack of performance increase under fluctuation food 

conditions suggests that despite differences in worker starvation resistance, it provides no 

robustness advantage. Therefore, while efficiency and robustness are thought to be the major 

selective forces acting on a system, we must investigate other reasons for why trait variation among 

the components within a system may evolve. 

 

Chapter IV (Appendix D): The economics of worse workers: bumble bee colonies benefit 

from poor quality workers 

Our understanding of phenotypic variation within a group may be enriched by 

incorporating economic theory. Therefore, variation may have evolved as a way to increase group 
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efficiency by minimizing opportunity costs to the group through producing phenotypes that vary 

in cost-benefit tradeoff differentially across tasks. I tested this hypothesis by modeling the 

contributions and costs of different worker types and parameterizing the model with empirical data 

from the bumble bee literature. I then compare the performance of colonies with differing amounts 

of worker size variation. Colony performance increased with size variation, suggesting that despite 

the fact that, in bumble bees, smaller workers perform worse at every task compared to other 

workers, they increase colony efficiency through their better output/cost ratio in some tasks, while 

in other tasks larger workers have a better output/cost ratio. This novel hypothesis suggests that 

the underlying mechanism for the evolution of variation within a group may not be increased 

individual efficiency, switching cost, or task allocation costs, but simply a consequence of the fact 

that workers’ costs vary, as does the slope of their benefit-cost tradeoff for different tasks. This 

has important implication for any group manipulation study as the cost of each component must 

be incorporated; not doing so can mask the importance of variation. This may explain why there 

is not a consensus on the importance of variation in the literature, even within the study of social 

insects. Furthermore, the results of this study raise the question of why more variation is not 

produced within systems, further minimizing opportunity costs. 
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Abstract 

Phenotypic variation within biological systems is ubiquitous and often assumed to be adaptive in 

social insects. Local environmental factors, such as temperature, may affect the phenotypic 
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variation produced, and yield insights into the mechanisms that generate this group-level outcome. 

For instance, fine-scale heterogeneity in temperature across the nest may generate phenotypic 

variation by affecting larval development directly, or indirectly by inducing changes in the 

behavior of group members. To understand the role of temperature in producing phenotypic 

variation, we studied whether microclimatic differences within the nest could produce the worker 

size variation commonly observed in bumble bee colonies (Bombus impatiens). We also tested if 

changes to the ambient temperature that colonies are exposed to influences the size variation they 

produced. We recorded brood temperature via thermal imaging and measured thorax widths of 

workers produced by colonies kept at ambient temperatures of 30ºC and 20ºC. Overall, average 

brood temperature did not differ across the nest even while the average temperature of non-brood 

structures (i.e., honeypots) interspersed among the brood decreased towards the periphery, 

demonstrating that bees were able to regulate brood temperature at a fine scale. However, we found 

that the size variation produced was sensitive to ambient temperature, and increased under warmer 

temperatures. These results demonstrate that bumble bees have a unique method of fine-grained 

thermoregulation, where they regulate brood temperature but not the regions between brood. 

Additionally, while temperature is not the mechanism that produces size variation, it indirectly 

influences the mechanism that does.  

Significance Statement 

Morphological variation among group members affects group performance. We studied how the 

thermal environment experienced by developing workers, i.e., brood, influences the between-

worker size-variation produced within bumble bee colonies (Bombus impatiens). We found that 
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temperature only indirectly influences size variation, as size variation increased under warmer nest 

temperatures, yet the temperature of brood did not differ across the nest. Our finding that workers 

maintain a uniform environment for the brood differs from previous results examining feeding 

rates across the nest and suggests that while the same workers tend to feed and thermoregulate the 

brood, they do so according to different rules and that by influencing worker behaviors such as 

feeding rate, temperature affects size variation. 

Keywords: polymorphism, temperature, phenotypic plasticity, social insects, Bombus 

 

Introduction  

Variation within groups exists throughout the levels of biological organization, from multicellular 

organisms, where cell differences determine a cell’s function (Michod, 2007) to eusocial societies, 

where behavioral and morphological differences determine an individual’s caste (Wheeler, 1986; 

Zöttl et al., 2016). Ultimately, phenotypic variation in such systems is often assumed adaptive and 

evolved to improve group performance by enabling efficient division of labor (West Eberhard 

1975, Oster and Wilson 1978, although see Schmid-Hempel 1992). However, phenotypic variation 

may instead be a non-adaptive side effect of a group’s organization, more costly to reduce than the 

benefits from reducing it, rather than being a goal in itself. Variation may also change with the 

environment, regardless of whether it is adaptive (Ghalambor et al., 2007), due to environmentally 

induced changes in group behavior. Here we are interested in studying the mechanisms of how 

such environmental effects, in this case, temperature, affect variation produced within a group. 
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Understanding the mechanisms that generate group-level outcomes can also yield insights on how 

selection acts on the group. 

Eusocial insects provide an excellent system to study environmental influences on 

variation, as workers tend to be highly related and phenotypic variation influences worker life 

history. Workers can vary in behavior (Lichtenstein et al., 2015; Modlmeier and Foitzik, 2011a), 

metabolism (Mason et al., 2015), locomotion (Schilman and Roces, 2005), longevity (Porter and 

Tschinkel, 1985), and body composition (Couvillon et al., 2011). While some variation is the result 

of genomic differences among nestmates, such as from multiple mating (Huang et al., 2013; 

Hughes et al., 2003; Kovacs et al., 2010), most body size variation is a plastic response of 

developing brood to environmental variation (Plowright and Jay, 1977; Smith et al., 2008). The 

environment that brood experience is created by the workers, as workers feed (Brian, 1953; 

Couvillon and Dornhaus, 2009) and thermoregulate (Heinrich, 1974; Jones and Oldroyd, 2006; 

Penick and Tschinkel, 2008) the brood. While food intake has been suggested to produce body 

size variation (Couvillon and Dornhaus, 2009; Wheeler, 1986), the role of temperature remains 

unclear.   

Temperature is one of the most important factors influencing the ultimate size of insects 

(Davidowitz et al., 2004; Radmacher and Strohm, 2010). Individuals exposed to lower 

temperatures typically develop into larger adults (Davidowitz et al. 2004), as declining 

temperatures slow rates of biochemical reactions (Gillooly et al. 2001, Gillooly et al. 2002) 

prolonging the interval to cessation of growth (Davidowitz et al. 2004) and lengthening 

development time. The longer development time usually results in more growth in total, rather 
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than just compensating for the slower growth at lower temperatures. This increase in size can 

change nonlinearly with temperature (Keen and Parker, 1979), and some insects, such as solitary 

bees, grow faster and larger under fluctuating temperatures than under constant temperatures 

(Radmacher and Strohm, 2011). Despite our understanding of the mechanisms that influence body 

size (Davidowitz et al. 2004), and the types of physiological and ecological interactions that can 

cause size variation across a species (Blanckenhorn, 2000; Stillwell et al., 2010), we do not know 

how these factors influence the amount of variation produced within a population as this 

intraspecific variation has been poorly documented (Chown et al., 2004; Gouws et al., 2011).  

In bumble bee colonies (Bombus spp.), differences in larval nutrition, caused by adult 

caretakers feeding brood at different rates, are suggested as the mechanism to produce body size 

variation (Couvillon et al., 2010), but the role of temperature has not been examined. Workers 

exhibit up to a ten-fold variation in weight (Goulson et al., 2002), which influences their task 

preference (Jandt et al., 2009), task performance (Spaethe and Weidenmüller, 2002), and 

physiology (Couvillon et al., 2011). Colonies generate worker size variation throughout their 

ontogeny (Couvillon et al., 2010). Nurse workers in pollen-storing bumble bees such as B. 

impatiens feed their immobile larvae individually until pupation (Sladen, 1912). Larvae in of the 

center of the nest are fed at higher rates (Couvillon and Dornhaus, 2009). While these higher rates 

correspond with larger bees enclosing from the center of the nest than from the periphery, it 

remains unclear if temperature influences these feeding rates or the ultimate worker size produced 

(Barrow and Pickard, 1985). Bumble bees spend a large amount of energy thermoregulating the 

nest (Heinrich and Esch, 1994). They maintain nest temperature well above ambient air 
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temperature (Heinrich, 1974; Padilla et al., 2017; Vogt, 1986). Yet, it is unclear how the 

temperature of developing workers varies across the nest and through time, and if such differences 

are driving the variation in worker body sizes.   

In our study, we investigated temperature’s role in producing size variation within colonies 

of the common eastern bumble bee, B. impatiens. The spatial patterning of sizes produced in the 

nest could be a direct plastic response by developing workers to microclimatic differences across 

the nest. If this were true, we would expect that 1) there is a thermal gradient across the nest, and 

2) that temperature differences across the nest correspond to the worker body size gradient 

produced. Additionally, a colony’s ability to maintain a homogeneous environment for developing 

brood, i.e. how consistently workers maintain brood temperature across the nest or over time, 

might directly affect the variation in worker sizes produced. If this were true, we expect the worker 

body size variation produced to correlate with spatial and temporal thermal consistency in the nest. 

Even if temperature is not the mechanism that produces size variation, it could indirectly influence 

the variation produced by changing demands on the colony: in particular, the stress imposed on 

the colony at lower ambient temperatures may cause higher temperature fluctuations across the 

nest, possibly affecting body size of workers produced. Alternatively, stress imposed by 

temperature may affect the efficiency or consistency with which brood are fed, in turn affecting 

body size variation of new workers. We test these hypotheses by analyzing thermal images of B. 

impatiens colonies kept at 30ºC, where minimal thermoregulation performed, and at a more 

stressful 20ºC (Vogt, 1986) and measuring the worker sizes produced. 

Methods 
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Bumble bee colonies and maintenance 

We obtained commercially produced bumble bee colonies (B. impatiens) from Koppert (MI). Bees 

were housed in nest boxes (22cm x 11cm x 11cm) lined with pine cat litter (Nature’s Earth 

Products, Inc., West Palm Beach, FL, U.S.A) to reduce moisture, and with a clear plastic lid to 

view the bees. We maintained colonies on a 12h: 12h light: dark cycle at 35% humidity. We fed 

all colonies ad lib food (pollen, fresh-frozen and ground, obtained from Koppert, and a 1.43M 

sucrose solution) for 5-7 days before the start of the experiment to the experiment’s end.  

Temperature Experiment  

We compared the distribution of workers produced in colonies kept at 20ºC (n = 5 colonies) and 

30ºC (n = 5 colonies). We marked with paint all newly emerged workers. We measured thorax 

width (a standard measurement of body size for bumble bees (Goulson, 2003)) with a digital 

caliper to the nearest 0.1 mm (Neiko Tools, USA). Since it takes an average of 21 days for workers 

to go from egg to adult (Heinrich, 2004), we included all workers that emerged during the 4th week 

of the treatment; these had thus experienced their entire development in the given temperature 

regime. Colonies were sacrificed after the fourth week.  

We analyzed temperature measurement taken during the last week of the experiment using 

a thermal imaging camera (T-300, FLIR), recording the temperature of brood and non-brood 

structures and calculating the absolute change in temperature of each structure between two time 

points. Thermal imaging was used because it allowed us to track the temperature of hundreds of 

structures in the nest (honeypots and brood cells) with minimal disturbance of the nest. This 

method allowed us to survey the nest environment broadly. For each image, we also calculated the 
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nest center by drawing the smallest rectangle possible around the entire nest structure and 

calculating the center of that rectangle. Additionally, to confirm that the patterns we saw on a short 

time scale correspond to patterns on a longer time scale, we analyzed 5 – 8 thermal images, 

tracking individual structures across the entire 4 weeks of the experiment, for or a subset of the 

colonies (n = 7). 

Statistical Analysis  

Statistical analyses were conducted in R 3.2.5 (R Development Core Team, 2013), and linear 

mixed models were conducted using the package nlme (Pinheiro et al., 2017). Following Zuur et 

al. (Zuur et al., 2009), we verified the underlying assumptions of these linear mixed models by 

visually inspecting their residuals. Only the residuals from the models using the temperature 

fluctuation data did not follow the normal distribution, so we square root transformed this data.  

We tested if the temperature varies across the nest. We used a linear mixed model with nest 

element ID (the identity of each brood or non-brood structures) nested within colony as random 

factors. Nest element ID was nested within colony to control for the repeated measures of each nest 

element ID within each colony. Models were fitted with distance (from the center of the nest), 

treatment, brood vs. non-brood, and the interactions of all factors as main effects. We controlled 

for heteroscedasticity by allowing for a greater residual variance with increasing distance using 

the weights function (varFixed) (Zuur et al., 2009).  

We tested if certain parts of the nest experience greater changes in temperature (difference 

between the two measurements). We used a linear mixed model with colony as a random factor. 

Models were fitted with distance (from the center of the nest), treatment, brood vs. non-brood, and 
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the interactions of all factors as main effects. We controlled for heteroscedasticity by allowing for 

a greater residual variance with increasing distance using the weights function (varFixed) (Zuur et 

al., 2009).  

We tested whether ambient temperature affects size variation (measured as the variance in 

thorax widths produced among treatment). We used a linear mixed model with colony as a random 

factor. We allowed for heterogeneous variance between the temperature treatments using the 

weight function (varIdent) (Zuur et al., 2009). Using a log-likelihood test, we compared this full 

model to a reduced model that did not allow for heterogeneous variance between the treatments. 

Since heterogeneous variance significantly improved the model, we used this full model to test the 

effect of temperature on the average body size produced. 

We analyzed whether the temporal or spatial consistency of brood temperatures at the level 

of the nest predicted the size variation a colony produced. First, we quantified temporal 

consistency, how much brood temperature vary over time, as the standard deviation of the absolute 

change in brood temperatures within each the nest. Then we quantified spatial consistency, how 

much brood temperature varies throughout the nest, as the standard deviation of the temperatures 

within the nest from the last thermal image taken of the colony. Lastly, we ran a two linear 

regression investigating the relationship of a colony’s temporal consistency and its spatial 

consistency to the standard deviation of thorax widths it produced, as well as a linear regression 

investigating the relationship between a colony’s temporal and spatial consistency. 

We analyzed worker body size variation; queens or males were not included. Therefore, 

we excluded one colony in the 30ºC treatment from the analysis because it allocated the majority 
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of its resources into reproductives (62.8% of individuals produced instead of less than 2.5% of 

individuals as for the other colonies; for reproductive sizes see supplemental materials). We did 

not want the potential interaction between an individual’s size during development and its potential 

to become a queen to confound our results. 

Data Availability 

All data analyzed during this study are included in this published article and its supplementary 

information files. 

Results 

Temperature across the nest – Brood temperature did not change with distance from the nest center 

(20ºC p = 0.50, 30ºC p = 0.52), but was lower under the 20ºC treatment (x̅ = 32.5 ºC) than the 30ºC 

treatment (x̅ = 34.8ºC, p = 0.03) (Table 1, Figure 1). The temperature of non-brood elements (i.e. 

honeypots) also did not correlate with distance under the 30ºC treatment (x̅ = 32.7 ºC, p = 0.26), 

but decreased towards the periphery under 20ºC treatment (p < 0.001) (Table 1, Figure 1). The 

temperature of non-brood elements was lower than brood temperatures under both the 20ºC (p = 

0.001) and 30ºC treatments (p = 0.003). We obtained the same results when using more (5-8) 

thermal images for a smaller set of colonies over a longer time span (Table S1, Figure S1). 

 

Table 1: The linear mixed model testing if temperature varies across the nest, between treatments, 
and between brood and non-brood structures. *Models: LMM, fixed: Temperature ~ Distance * 
Brood vs non-brood * Treatment, weights = varFixed(~distance), random: Colony/Element ID.  

Parameter B1 SE2 df3 p 

Intercept 34.708 0.713 354 <0.001 

Distance -0.036 0.056 354 0.52 
Treatment (20ºC) -2.635 0.998 8 0.03 
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Brood vs Non-Brood (Non-Brood) -1.006 0.334 354 0.003 
Distance*Treatment (20ºC) 0.052 0.076 354 0.50 
Distance*Brood vs Non-Brood (Non-Brood) -0.087 0.077 354 0.26 
Treatment (20ºC)*Brood vs Non-Brood (Non-Brood) 1.571 0.479 354 0.001 
Distance*Treatment (20ºC)*Brood vs Non-Brood (Non-
Brood) 

-0.658 0.112 354 <0.001 

 marginal R2 = 0.261  
  conditional R2 = 0.486   

1effect size, 2standard error, 3degrees of freedom    
  

Figure 1: The temperature of brood did not correlate with distance from the center of the nest but 
was lower under the 20ºC ambient temperature treatments. Non-brood structures were colder then 
brood structures in the nest and decreased towards the periphery in the 20ºC ambient temperature 
treatments. Lines are parametrized from Table 1, with solid lines indicating brood and dashed lines 
indicating non-brood structures.  
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Temperature across time – Brood experienced the same changes in temperature across the nest 

(20ºC p = 0.29, 30ºC p = 0.34) and it did not differ between the 20ºC treatment (x̅ = 1.29  ºC) than 

the 30ºC treatment (x̅ = 1.39ºC, p = 0.78) (Table 2, Figure 2).  Non-brood elements experiences 

the same changes in temperature across the nest (20ºC p = 0.45, 30ºC p = 0.51) and it did not differ 

than brood temperatures under both the 20ºC (x̅ = 1.84ºC, p = 0.73) and 30ºC treatments (x̅ = 

1.03ºC, p = 0.94) (Table 2, Figure 2). 

 

Table 2: The linear mixed model testing if the consistency over time in temperature varies across 
the nest, between treatments, and between brood and non-brood structures. *Models: LMM, fixed: 
SQRT(Absolute Temperature Change) ~ Distance * Brood vs non-brood * Treatment, weights = 
varFixed(~distance), random: Colony.  

Parameter B1 SE2 df3 p 

Intercept 0.981 0.133 344 <0.001 
Distance 0.021 0.022 344 0.34 
Treatment (20ºC) -0.034 0.120 8 0.78 
Brood vs Non-Brood (Non-Brood) -0.013 0.173 344 0.94 
Distance*Treatment (20ºC) -0.032 0.030 344 0.29 
Distance*Brood vs Non-Brood (Non-Brood) 0.018 0.028 344 0.51 
Treatment (20ºC)*Brood vs Non-Brood (Non-Brood) 0.061 0.017 344 0.73 
Distance*Treatment (20ºC)*Brood vs Non-Brood (Non-
Brood) 0.033 0.043 344 0.45 

 marginal R2 = 0.026  
  conditional R2 = 0.057   

1effect size, 2standard error, 3degrees of freedom    
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Figure 2: The difference in temperature between two thermal images measured for brood and non-
brood structures did not differ between the 20ºC and 30ºC ambient temperature treatments.  
 

Temperature effects on size variation – Ambient air temperature caused significant variance 

heterogeneity between the two treatments (L-ratio = 9.46, p = 0.002). Warmer ambient temperature 

increased the variation produced by 18.6% (estimated coefficient at 30ºC = 1.159, 20ºC being set 

to 1) (Figure 3).  Ambient temperature did not influence the average size of workers produced (df 

= 8, F = 0.22, p = 0.83). 
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Figure 3: Average worker size did not differ between the 20ºC (n = 535) and 30ºC (n = 349) 
treatments (Marginal R2 = 0.002 and Conditional R2 = 0.47), but the 30ºC treatment produced a 
higher variation in body size. *Model: LMM, fixed: Thorax Width ~ Treatment, 
weights=varIdent(form=~1|treatment),  random: Colony. Arrows indicate the average body size. 
 

Thermal homogeneity on body size - Temporal consistency and spatial consistency in temperature 

did not predict the size variation produced by a colony (p = 0.51, R2 = 0.06 and p = 0.75, R2 = 0.01 

respectively) (Figure 4A, 4B). Temporal consistency and spatial consistency were correlated (p < 

0.001 and R2 = 0.79) (Figure 5). In addition, the spatial consistency measured in the first thermal 

image correlated with the spatial consistency measured in the last (p = 0.007 and R2 = 0.62) (Figure 

S2).  
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Figure 4: (A) The standard deviation (SD) of worker body size for each colony was not correlated 
with the SD of brood temperature across the nest, (B) nor was it predicted by the SD of changes 
in brood temperature within the nest over time. 

 

Figure 5: The standard deviation (SD) of brood temperatures across the nest in the last thermal 
image (spatial consistency) correlated with the SD of changes in brood temperatures across the 
nest (temporal consistency) across colonies in each treatment. 
Discussion 
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Here we have shown that ambient temperature can influence the variation in worker body sizes 

produced in bumble bee colonies. However, this modest, but significant, increase in variation 

under warmer ambient temperatures is not the direct result of increases in thermal heterogeneity. 

In our experiment, ambient temperature affected the average temperature of the brood, but we 

showed that brood temperatures were kept constant across the nest (did not change from center to 

periphery). This is despite the fact that non-brood structures (i.e., honeypots), which are highly 

interspersed with the brood, decrease in temperature towards the nest periphery, at least at lower 

ambient temperatures. This pattern demonstrates that bumble bees are able to maintain a fine-

grained pattern of thermoregulation. It also shows that temperature differences across brood cells 

do not directly cause size differences, as peripheral brood, which become smaller workers 

(Couvillon and Dornhaus, 2009), were not on average kept at different temperatures than central 

brood. Additionally, temperature variation in space or time did not across colonies correlate with 

the amount of worker variation produced.  The temperature variation in space and time were highly 

correlated (R2 = 0.79), suggesting that spatial variation we measured may just be capturing 

temporal variation, i.e. noise over time in temperature at different nest locations. Interestingly, this 

latter result also implies that some colonies experience higher levels of temperature noise than 

others. This difference in temperature noise was not driven by nest size or the total number of 

workers in the colony (p = 0.43, R2 = 0.08 and p = 0.34, R2 = 0.11). In summary, while we found 

that ambient temperature affected the size variation produced, temperature variation in itself was 

not the mechanism that produced different worker sizes. 
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Since temperature does not appear to be the direct mechanism that produces body size 

variation in bumble bees, our study is consistent with the previous finding that worker size 

differences are driven by differences in larval nutrition (Couvillon and Dornhaus, 2009). However, 

it is not clear why size variation in our study increased under warmer temperatures. While this 

could be an adaptive response by workers to invest more into larger workers, enabled by less time 

spent thermoregulating the brood, it may also be the result of stress due to overheating (Molet et 

al., 2017; Schlichting, 2008; Tammaru and Teder, 2012). Bumble bees may not be able to dissipate 

the heat from normal metabolic activity under higher ambient temperature. However, colony 

growth and mortality rates did not differ between treatments (Figure S3 and Figure S4), suggesting 

that any stress induced by either treatment was not enough to influence colony performance, at 

least in the short term. Further investigation is needed to know if conditions that negatively 

influence colony performance induce greater changes in size variation. 

Interestingly, the fine-grained, targeted thermoregulation we saw within bumble bee nests 

is a unique method of thermoregulation among social insects. Honey bees, a well-studied model 

organism for thermoregulation, regulate overall brood nest temperature overall (Fahrenholz et al., 

1989), but many other social insects rely on ‘passive’ thermoregulation by simply bringing the 

brood to the correct temperature in a spatially spread-out nest (Jones and Oldroyd, 2006; Penick 

and Tschinkel, 2008). Bumble bees appear to have a ‘third way’, which involves active, not passive 

thermoregulation, but at a very fine-grained spatial scale (i.e. for individual cells). This fine-

granularity may be consequence of the “messy” nest organization with brood and honeypots 

interspersed (Figure S5) and enabled by the weak specialization of bumble bee workers (Jandt et 
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al., 2009). Individual workers crouch down on brood items to warm them, and this, when done 

selectively on brood, might lead to fine-grained temperature regulation (Heinrich, 2004).   

 Overall, we have shown that ambient temperature can influence body size variation in 

bumble bees, but not directly through temperature-induced plasticity of developing workers. While 

workers are only weakly specialized, and the workers who tend to feed the brood also 

thermoregulate them (Jandt et al., 2009), our results suggest that workers feed and thermoregulate 

the brood according to different rules, such that feeding is not done uniformly across the nest 

(Couvillon and Dornhaus, 2009) but thermoregulation is. Therefore, while brood temperature is 

important for aspects of development, like development time (Cassill and Tschinkel, 2000), our 

results suggest its effect on size variation is likely mediated by influencing other factors such as 

the behavior of adult workers. 
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Abstract 

Body size is a key feature of any organism, influencing almost every aspect of its life 

history. Despite the large literature focusing on body size, much less research has focused on 

intraspecific size variation even though it has important ecological consequences. In social insects, 

the presence of body size variation among workers of a colony is generally assumed adaptive at 

the colony level. However, such diversity of sizes may also be the result of poor control over brood 

development. In this case we would expect size variation to be present not only in workers but 

across all types of individuals concurrently produced in a colony, including males, queens, and 

workers. Using bumble bee colonies (Bombus impatiens), which display a large amount of worker 

body size variation when raised in the lab, we test (1) whether this phenotypic diversity is also 

produced field colonies, and (2) whether it occurs only in workers or also in concurrently raised, 

similarly-sized males or in the larger queens. We found that the size variation in the lab is similar 

to that in the field and that worker size varies more than that of either reproductive caste. These 

results suggest that body size variation is not a lab artefact and may be common across 

environments. They also suggest that the amount of variation produced is accessible to selection, 

possibly actively regulated by nurse behavior. Whether this diversity is the result of positive 

selection for high variation in worker size or relaxed selection on worker size compared to size of 

reproductives (queens and males) is yet to be determined.   

 

Introduction 



43 
 

Body size is one of the most striking and significant traits of all organisms. Relationships exist 

between it and many ecological and physiological features, including an organism’s metabolism, 

fecundity, and survival rate (Brown et al., 2004). While much research has focused on 

understanding the factors that shape the average body size of different species (Ashton, 2002; 

Chown and Gaston, 2010), less research has focused on understanding the factors that shape the 

distribution of body sizes within species, even though this distribution can have major ecological 

ramifications (Jansson et al., 2007). To confound matters, when natural phenomena, such as 

intraspecific size diversity, are studied in the lab, it is possible that the lab environment induces 

phenotypes that differ from those in nature (Såstad, 1999; Schwan et al., 1988; Wolff, 2003). These 

lab artifacts may lead to incorrect conclusions about the evolutionary and ecological importance 

of these phenotypes.  

Social insects provide some of the most spectacular examples of intraspecific size 

variation. Bumble bees (Bombus spp.) are thought to exhibit an approximately 10-fold variation in 

mass among the full-sister workers within the same colony, based on lab-reared colonies (Goulson, 

2003). By comparison, other bee species show far less variation, with the variation within a nest 

generally less than a 2-fold (Ramalho et al., 1998; Roulston and Cane, 2000b; Waddington et al., 

1986b). The size variation within a bumble bee colony is the result of nurse workers feeding the 

developing workers different amounts of food (Couvillon and Dornhaus, 2009). Nevertheless, the 

size variation produced by a bumble bee colony is plastic (Kelemen and Dornhaus, 2018; Rivera 

et al., submitted), so it is important to study ecologically relevant levels of size variation. However, 
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it is currently unclear if the size variation has any function (Jandt and Dornhaus, 2014; Kelemen 

and Dornhaus, in prep). 

Within social insects, intra-colonial worker size variation is commonly thought to be a 

colony-level adaptation, possibly improving colony efficiency through specialization (Oster and 

Wilson, 1978). Alternatively, variation may exist not because it is adaptive per se, but because the 

colony has not evolved a way to reduce the variation, either because of constraints or relaxed 

selection on size. If size variation is due to a constraint, e.g. a lack of mechanism to regulate feeding 

rate across brood items, we would expect that all groups of individuals (i.e. all castes: workers, 

virgin queens, and males) produced within the colony should vary in body size, particularly if they 

are reared concurrently. If size variation is only generated for some but not other castes, this 

suggests that there is a mechanism regulating size variation, which should therfore be a trait that 

is accessible to natural selection. In this case, the size distriubtion differences between castes are 

likely the result of adaptive evoution, suggesting that the fitness impacts of size variation differ 

between castes. 

We compared the size variation produced by wild- and lab-reared colonies, and compared 

the size variation among concurrently reared worker and reproductive castes, in hopes to 

understand (1) whether the phenotypic diversity produced is shared across these environments, 

and (2) whetehr colonies posess mechanisms to regulate the amount of variation produced; if they 

did not, this predicts similar variation in body size across castes. 

 

Methods 
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Wild vs. Lab Colonies 

We obtained six colonies of Bombus impatiens from Koppert Biological Systems (Howell, MI, 

USA.) in 2015 and maintained them in the lab. We housed them in wooden nest boxes (38 cm x 

23 cm x 8 cm) covered with transparent Plexiglas. The colonies were provided with 50% sugar 

solution and pollen ad libitum daily. After five weeks, the colonies were frozen. 

We reared eleven colonies from B. impatiens colonies from wild queens in Erving, 

Massachusetts in 2017 and 2018. Once established, we housed these colonies in outdoor nest 

boxes, where they foraged outside. At the end of the summer, the nest structures with any bees 

remaining on it were frozen. 

After the nests were frozen, we measured the diameter of each pupal case with a digital 

caliper to the nearest 0.1 mm (Neiko Tools, USA). Pupal cases are a good proxy for the size of the 

adults that emerge from them (Couvillon and Dornhaus, 2009), as each pupal case is produced by 

the pupating larva, and bumble bees use each pupal case only once. We measured pupal cases to 

capture the total size variation produced by each colony, not just the size variation of the current 

worker cohort.  

Workers vs. Males vs. Queens 

We obtained seventeen colonies of Bombus impatiens from Koppert Biological Systems (n = 10) 

and Biobest (Romulus, MI, USA; n = 7) in 2017 and 2018. These colonies were housed in the 

same condition as the previous colonies, except as part of another experiment, eight of these 

colonies had a daily chance of 40% not to have access to a 50% sugar solution and pollen ad 
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libitum (colonies were also used to study the impact of resource availability on colony 

performance, [16]).  

Males (B. impatiens) are morphologically distinct from females. The distribution of 

females was bimodal (S1 Fig) with minimal overlap between workers and queens. Females were 

classified as workers or queens based on body size, cohort demography, and behavior. Individuals 

below 6.25 mm were considered workers and above this size were considered queens, except for 

three individuals above 6.25 mm, as they were produced in female cohorts of all workers, and they 

did not leave the nest but remained, performing tasks in the nest, thus showing worker-like 

behavior. 

Weekly we measured the thorax width (a standard measure of body size in bumble bees 

(Goulson, 2003)) of all newly emerged workers with a digital caliper to the nearest 0.1 mm. To 

control for potential confounding factors such as colony size and colony age, we used only data 

for workers produced while males or virgin queens were being produced in the same colonies. 

Analysis 

Statistical analyses were conducted using R 3.2.5 (R Development Core Team, 2013). We 

compared the average pupal case width between the wild and lab rearing environments using a 

linear mixed model with colony as a random factor and environment as a fixed factor. We tested 

for heterogeneous variance by comparing a full model with heterogeneous variances between the 

environments using the weight function (varIdent) (Zuur et al., 2009) and a reduced model using 

a log-likelihood test. If heterogeneous variance significantly improved the model, we used this full 

model to test the effect of environment on the average pupal case width. Likewise, we tested for 
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heterogeneous variance in pupal case width among the colonies, by comparing a full model with 

colony as a fixed factor to a reduced model that did not allow for heterogeneous variance among 

colonies. We followed the same methods to compare the average thorax width between workers, 

males, and virgin queens (i.e., castes) and for heterogeneous variance as we did to compare the 

average pupal case width, except the now caste was the fixed factor.  

 

Results 

Wild- and lab-reared colonies did not differ in their average pupal case width (p = 0.76) (Fig 1A). 

However, the wild colonies were as a group more variable (p < 0.001) (Fig 1A). This greater 

variability was the result of one of the wild colonies having significantly more variation than the 

rest of the colonies (Fig 1B). 

 Worker body sizes were more variable than were male or virgin queen body sizes (p < 

0.001) (Fig 2). The average body size also differed among workers, males, and virgin queens (Fig 

2). 
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Fig 1. Pupal case widths in wild colonies were in aggregate more variable than in lab 

colonies (A), however, there was no pattern to variation among the colonies (B). (A) The 

average pupal case width of wild (n = 11; 501 cases) and lab (n = 6; 2956 cases) reared colonies 

did not differ. Wild colonies had 75% more variation (estimated model heterogeneity coefficient 

of wild colonies = 1.77 and lab colonies = 1.00, L = 337.37, p < 0.001). *Model: LMM, fixed: 

case width~location, weights=varIdent(form=~1|location), random: colony. (B) Colonies ordered 

according to the amount of variation in pupal case width (estimated model heterogeneity 

coefficient from left to right – 3.17, 2.64, 2.03, 1.76, 1.47, 1.32, 1.32, 1.21, 1.18, 1.18, 1.15, 1.12, 

1.07, 1.04, 1.00, 0.95, 0.89, L = 1509.5, p < 0.001). The white dots represent the median. The 
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box represent the inter quartile range. The whiskers represent the upper (max) and lower (min) 

adjacent values. The colored shapes represent the kernel densities. *Model: GLS, fixed: case 

width~colony, weights=varIdent(form=~1|colony). 

 

 

 

Fig 2. The workers were more variable in size than males or queens. The average queen (n = 

830) was larger than the average worker (n = 3758; t = 233.86, p < 0.001), who was larger than 
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the average male (n = 2310; t = 18.73, p < 0.001) from the same colony (n = 17) as measured by 

thorax width of newly emerged bees. Worker had 84% more variation in thorax width than 

males, and 104% more variation than virgin queens (estimated model heterogeneity coefficient 

worker = 1.86, male = 1.00, and queen = 0.84, L = 1305.9, p < 0.001). The white dots represent 

the median. The box represent the inter quartile range. The whiskers represent the upper (max) 

and lower (min) adjacent values. The colored shapes represent the kernel densities. *Model: 

LMM, fixed: thorax width~caste, weights=varIdent(form=~1|caste), random: colony. 

 

Discussion 

We found that wild colonies produced workers who varied more in size than lab colonies. While 

true when the colony data were aggregated (Fig 1A), this pattern was not evident when colonies 

were compared as individuals, as only one wild colony was significantly more variable (Fig 2B). 

While this leaves open the question of whether wild colonies are consistently more variable than 

lab-reared colonies, it clearly demonstrates that they are not less variable. Thus, the size variation 

documented in the literature largely from lab colonies is a natural phenomenon, and appears not 

to be an artifact of the lab environment. While the size variation in one wild colony was particularly 

large, this could be due to that colony having produced queens – since the comparison is based on 

pupal case width, we could not distinguish between different castes with this method. We generally 

measured the colonies before reproductives were produced. The colony with the next largest 
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amount of variation was a lab colony, and this colony did start producing queens right before it 

was sacrificed. 

We also found that there was greater size variation among workers than among males or 

virgin queens (Fig 2). This result suggests that bumble bee colonies can control the body size 

variation they produce, and thus supports the hypothesis that size variation within workers is a 

result of adaptive evolution: either selection on workers to be variable, or relaxed selection on size 

uniformity on workers compared to queens and males. In either case worker size variation is thus 

not merely a ‘constraint’ inaccessible to selection. Diet did influence the size distribution of 

workers produced (S2 Fig, for full analysis see (Kelemen and Dornhaus, in prep)), but removing 

the more variable restricted diet colonies did not change the results overall (S1 Table, S3 Fig). 

Additionally, removing the three individuals who were classified as workers despite being larger 

than the usual cutoff for a worker did not change the results (S4 Fig). 

 In conclusion, our study suggests that the phenotypic diversity among workers in bumble 

bee colonies observed in the lab is not a lab artifact. Therefore, it is appropriate to infer the 

evolutionary and ecological implications of size variation from lab-reared colonies. Additionally, 

while the evolutionary mechanism is unclear, our study suggests that bumble bees possess 

mechanisms to regulate size variation, and therefore that size variation among workers is 

accessible to selection and thus the outcome of evolution. 
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Abstract 

Complex systems exhibit interesting behavior as a result of interactions of their 

components. These components often vary in several traits. This diversity may facilitate system 

performance by increasing system efficiency if different components work synergistically by 

specializing on different co-occurring tasks (complementarity). Alternatively, diversity may, 

increase system robustness through the adaptation of different components to different 

environments, therefore buffering the system to environmental change (insurance). These two 

outcomes, efficiency and robustness, are thought to be in opposition: so while diversity may 

improve system performance in regards, it may also compromise it in another. Environmental 

heterogeneity changes the functional demands on a system and therefore the need for efficiency or 

robustness. Here we aim to understand why diversity persists in a particular system, colonies of 

bumble bee (Bombus impatiens). Workers in these colonies vary in body size, and we examine 

how this variation affects colony performance under different environmental conditions. In bumble 

bees, size influences the task workers perform as well as their resistance to starvation, which 

suggest the potential for complementarity and insurance effect, respectively. We maintained 

colonies of equal size but with either variable or less-variable worker body sizes through worker 

removal, and show that colonies with variable body sizes did not produce more brood (i.e. did not 

show evidence of increased fitness) under predictable or unpredictable food environments. 

Additionally, while previous studies found smaller workers to be more starvation resistant, we 

found smaller workers to confer no benefit to colonies under unpredictable food environments. In 

our study, smaller workers were more sensitive to environmental conditions, living fewer days 
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without food than larger workers despite putting on more fat in unpredictable environments. 

Therefore, size variation did not increase the efficiency or robustness of the colony, suggesting 

variation may have evolved in this system for another reason or condition other than those tested.  

 

Introduction 

A central theme throughout biology, from molecular networks to ecosystems, is that the 

function of complex systems arises from the actions and interactions of their components. These 

interactions form stable patterns and structures that define system function (Ladyman et al., 2013). 

Components can vary along one trait axis such as behavior (e.g. innate differences in firing 

potential in neurons within the brain) (Padmanabhan, and Urban. 2010), or morphology 

(differences in leaf sizes on a single plant) (de Casas, et al. 2011) or along several trait axes forming 

distinct castes (e.g. solider and queen phenotypes in the social trematodes Cerithidea californica) 

(Poulin et al. 2019). The diversity of component traits, not just the average trait, is important for 

understanding the behavior of a system. While evidence of effects of trait diversity on system 

performance is accumulating, how exactly diversity affects system function is often not clear. 

Diversity of system components has evolved repeatedly at all levels of biological organization 

(Carroll, 2001; Smith and Szathmary, 1997), but under what conditions is diversity beneficial for 

a system? 

One common assumption is that component diversity is adaptive for the division of labor 

(Ferguson-Gow et al., 2014a), because systems are more efficient when components are adapted 

for different tasks (Oster and Wilson, 1978). Here we use the term complementarity: if different 
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types of components perform particularly well at different co-occurring tasks, this improves the 

efficiency of the system in the short term when these components are allocated to those tasks.  

Being particularly adapted for one skill is thought to come at the expense of generalized skills 

(Carroll, 2001; Oster and Wilson, 1978; Smith, 1776). Thus the implicit cost of diversity is that 

specialized components may lose the flexibility to respond to rapid shifts in task demands. This 

rigidity can impose fitness costs on a system in dynamic and unpredictable environments 

(Jongepier and Foitzik, 2016). Therefore, increased efficiency can come at the cost of robustness 

to environmental change in complex systems. 

 Alternatively, component diversity may in fact buffer complex systems against 

environmental change. If different components are better suited for different conditions, then this 

heterogeneity may prevent catastrophic failure of the system in extreme environments (Loreau et 

al., 2001; Seger and Brockmann, 1987; Venable, 2007). Here we use the term insurance: if 

different types of components are particularly adapted to different environments, this might make 

the system more robust by protecting it from failure due to environmental fluctuations. While in 

this case diversity improves robustness, its cost is that during stable conditions, system efficiency 

may be lowered because not all of the components are best suited to the current environment. 

As social insects, bumble bees (Bombus spp) provide a unique tool for testing different 

hypotheses about the effects of diversity in a complex system. The social insect colony is a system 

of integrated components (workers and queens) that has been shaped by ecological and 

evolutionary processes. In eusocial insects, the colony is the reproductive unit, and its success 

depends on the morphology, demography, and behavior of its workers (Schmid‐Hempel, 1992). 
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Since selection occurs at the level of the colony, variation among worker traits that make this 

system more efficient and/or robust will be selected.  

Size is one dimension along which the components, here the workers, in a colony can vary. 

In bumble bees, there is a large amount of body size variation present within a colony (Kelemen 

et al., submitted-b). Workers may vary up to ten-fold in body weight (del Castillo and Fairbairn, 

2012; Goulson, 2010). Worker body size often correlates with division of labor (suggesting 

possible complementarity) (Goulson, 2003; Goulson et al., 2002; Jandt et al., 2009; Wilson, 1984) 

and worker survival (suggesting possible insurance effect) (Couvillon and Dornhaus, 2010; 

Couvillon et al., 2011). Differences in size distributions among colonies could thus influence 

colony efficiency or robustness under different environmental conditions.  

By manipulating the body size distribution of bumble bee colonies under different 

environmental conditions, we tested if and when size variation within a colony influences colony 

performance. We manipulated worker body size distributions within colonies and creating high 

(variable) and low (less-variable) size variance colonies through worker removal, and measuring 

its impact on fitness under different environments. If size variation improves colony performance 

through complementarity, then variable colonies in an environment with predictable food access 

should produce more worker and reproductive biomass. If size variation improves colony 

performance through insurance, then variable colonies in an environment with unpredictable food 

access should produce more worker and reproductive biomass, but not under a predictable 

environment. Furthermore, we tested if size variation improves colony robustness through smaller 

workers being hardier to starvation events (Couvillon and Dornhaus, 2010) by measuring whether 
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smaller bees live through more days when the colony has no access to food. The starvation 

resistance of smaller workers is thought to be due to their relatively higher lipid stores (Couvillon 

et al., 2011), we also examined tested if the relationship between a worker size, weight, and lipid 

stores remains constant despite different environmental conditions.  

 

Methods 

Bumble bee colonies and maintenance 

We obtained twenty-four colonies of Bombus impatiens from Koppert Biological Systems 

(Howell, MI, USA; n = 14) and Biobest (Romulus, MI, USA; n = 10) in 2016-2018. We housed 

the colonies in wooden nest boxes (38 cm x 23 cm x 8 cm) lined with pine cat litter (Nature’s Earth 

Products, Inc., West Palm Beach, FL, U.S.A) to reduce moisture and covered them with 

transparent Plexiglas. Nest boxes were connected to a foraging arena (76.2 cm x 64.8 cm x 38.1 

cm). Colonies were kept under laboratory conditions (12: 12 light: dark cycle; 25 ± 1 °C; ~ 35% 

humidity) at the University of Arizona in Tucson, AZ, USA. Colonies were fed pollen (fresh frozen 

and ground, obtained from Koppert) directly into the nest box, and a 1.43M sucrose solution from 

gravity feeders elevated off the ground in the foraging arena. The amount of food colonies were 

fed depended on which environmental conditions they were assigned. 

Before the start of the experiment, we fed colonies ad lib. for 5-7 days, and measured each 

worker’s thorax width and weight. Thorax witdth is a standard measure of body size in bumble 

bees (Goulson, 2003); we measured it using a digital caliper (Neiko Tools, USA) to the nearest 0.1 

mm. We measured a worker’s live body weight with a digital scale (Ohaus, USA) to the nearest 
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0.00001 g. Additionally, we glued a numbered plastic tag (‘Opalithplättchen’) to each worker. We 

then paired colonies roughly by colony size and assigned each member of the pair to one of two 

treatment groups: less-variable group (n = 12) or variable group (n = 12). For both groups, we 

recorded the thorax width, weight, and tag number of all newly emerged workers weekly, as well 

as which workers had died. Then for the less-variable treatment, we removed new workers that 

were more than ± 0.2 mm from the colony’s average thorax width at this weekly census. At the 

same time, for the variable treatment, we randomly removed new workers until the biomass in the 

colony was within 0.05 g of its less-variable partner colony (Figure S1). We matched the amount 

of worker biomass in variable and less-variable colonies to ensure they contained workers of an 

about equal total resource investment. We then assigned each pair of colonies to an environmental 

treatment: predictable or unpredictable.   

Predictable Environment: The predictable environmental condition approximated an ideal 

landscape. Colonies had stable access to pollen and a sucrose solution scaled to the total weight of 

the colony roughly similar to amounts that bumble bees can bring back to the nest in the field 

(Allen et al., 1978): colonies were given 0.45 grams of pollen and 6 mL of 1.43M sucrose per gram 

of worker biomass every day. 

Unpredictable Environment: The unpredictable environmental condition approximated landscapes 

with unpredictable foraging conditions (i.e. sporadic flower availability or limited foraging 

chances due to bad weather). Since colony mortality can occur after three days of starvation 

(Couvillon and Dornhaus, 2010), we gave each colony pair a 40% chance of no access to food for 

each day. Both colonies in the pair either had food available or did not on a given day, as 



61 
 

determined by a random number generator. The 40% probability was chosen to minimize the 

chance of an extended starvation interval that colonies could not survive. When colonies had 

access to food, they were given 0.45 grams of pollen and 6 mL of 1.43M sucrose per gram of 

worker biomass. To ensure any differences between the unpredictable environment and the 

predictable environment were due to the predictability in food access and not changes in the overall 

amount of food, colonies in the unpredictable treatment were provided access to the food they 

missed during the days with no food access, which we made available on the first day the starved 

colonies had access to food again. 

Lipid Extraction 

We moved workers that were removed from the nests to produce the desired size distributions to 

separate nests boxes according to their colony of origin. We prepared these workers/samples for 

lipid extraction following the methods in Couvillon et al. (2011). We discontinued pollen feeding 

these workers for 2 days to allow their crops to be emptied of any pollen, as pollen is rich in fat. 

Workers were then frozen. We then gently scraped of the number tag of each bee using a razor 

blade and quartered each along the mid-sagittal and transverse planes. We then put the workers on 

weigh boats and dried them in an oven at 60 °C for at least 7 days. We found in preliminary 

measures using non-experimental bees that after 7 days bees in the oven stopped losing weight. 

Bees were then stored in Eppendorff tubes until lipid extractions. Prior to lipid extractions, we 

measured the dry weight of each sample. We extracted lipids using a Soxlet apparatus for 6 hours 

using petroleum ether. Extractions were run for 6 hours as samples did not lose any more weight 

if we ran extractions for longer. After thus extracting the lipids from the samples, we measured the 
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weight of each sample. The difference in weight represents the weight of lipids originally 

contained in the sample. 

Statistics Analysis 

We performed all analyses using R 3.2.5 (R Development Core Team, 2013). To test if variation 

increases colony efficiency or robustness, we calculated if the relative (in relation to total biomass 

in the colony) difference in biomass produced between variable and less-variable colonies differed 

from zero. For each colony pair, the relative difference of worker, reproductive, and total biomass 

was calculated as (variable colony biomass – less-variable colony biomass) / less-variable colony 

biomass. We used a one-sample Wilcoxon signed rank test to test if the relative differences differed 

from zero. 

 To test if smaller workers are hardier against starvation, we determined if body size 

correlates with the number of starvation days survived. The assumption of the insurance hypothesis 

is that smaller workers are hardier against starvation and therefore will survive more days without 

food.  First, we tested whether body size, in general, relates to lifespan. We used model comparison 

to determine whether a linear or non-linear model better fit the data. The models included colony 

as a random factor and environment, thorax width, and their interaction as fixed factors. We used 

model comparison to determine whether a linear or non-linear (quadratic) mixed model better fit 

the data. The models included colony (and thus the specific schedule of starvation days) as a 

random factor and thorax width as a fixed factor. Since lifespan, in general, was influenced by 

thorax width, we needed to account for the effect of size-specific differences lifespan when 

modeling the effect of thorax width on the number of starvation days survived. We did this by 
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modeling the effect of lifespan on the number starvation days survived, using a linear mixed model 

with lifespan as a fixed effect and colony as a random effect. Then we used the residuals from this 

model, the variation in the number of starvation days survived not explained by lifespan and any 

colony-level differences, as the dependent variable to model the effect of thorax width on 

starvation days survived. As before, we used model comparison to determine whether a linear or 

non-linear model better fit the data. We also tested if the body size of workers who die decreased 

with consecutive day of starvation, as previously found (Couvillon et al., 2011),  using a linear 

mixed model with consecutive day of without food, and treatment as fixed factors and colony as a 

random factor. Furthermore, we tested if the environment influenced resource allocation among 

the developing workers by size, by comparing the relationship (on a log-log plot) between worker 

weight and thorax width between environments. We used a linear mixed model with colony as a 

random factor and log weight and environment as fixed factors. To see if changes in the 

relationship between weight and thorax width are due to changes in relationship between worker 

corpulence and weight (on a log-log plot), we tested if the lipid content of workers changed using 

a linear model dry weight and environment as fixed factors. We did not include colony as a random 

factor due to low sample size (< 5 individuals) of some colonies. 

 

Results 

There was no effect of worker size distribution on colony productivity. Under a predictable 

environment, the relative difference in worker, reproductive, and total biomass produced by 

variable colonies compared to colonies with less-variable worker sizes did not differ from zero 



64 
 

(workers: Wilcoxon test p = 0.68, Figure 1A; reproductives: Wilcoxon test p = 0.63, Figure 1C; 

total: Wilcoxon test p = 0.56, Figure 1E). Under an unpredictable environment, the relative 

difference in worker, reproductive, and total biomass produced by variable colonies compared to 

less-variable colonies did not differ from zero  (Wilcoxon test p =  0.68, Figure 1B; Wilcoxon test 

p =  0.81, Figure 1D; Wilcoxon test p =  0.31, Figure 1F). The amount of biomass produced also 

did not correlate with the size variation of workers in the colony when used as a continuous 

measure (p = 0.79; Figure 2).  

Medium workers lived longer overall than either size extreme (Table 1, Figure 3A; Δ AICc 

to next model >3 in all comparisons; Table S3) rather than medium workers being more starvation 

resistant. Colony-level differences accounted for 25% of the variation among worker lifespans. 

We were only accurately record the lifespan date for 27% of the bees active in this experiment (n 

= 2534). We were not able to identify the exact day of the remaining bees died due to only finding 

remnants of their bodies and tags (n = 4754) when sifting through the substrate within the nest 

boxes at the end of each week, or they were alive prior to the start of the experiment (n = 2,160).  

Opposite to expected, the number of starvation days a worker survived, after accounting for size-

specific differences lifespan, increased with thorax width (Table 2, Figure 3B; Δ AICc to next 

model >3 in all comparisons; Table S3). This increase was non-linear such that days of starvation 

survived decreased with thorax width to a minimum at 3.58 mm thorax then increased. The 

modeled difference from minimum predicted days survived and to the maximum given the body 

sizes were recorded was 2.1 days. The thorax width of workers that did increased with the number 

of consecutive starvation days (effect size = 0.03 ± 0.01 mm, df = 1457, p = 0.001), regardless if 
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the colony had more or less size variation (effect size = -0.06 ± 0.24 mm, df = 10, p = 0.823) 

(Figure 4).  

 The relationship between worker weight and worker size (as measured by thorax width) 

differed between colonies under predictable and unpredictable environments (p = 0.009) (Figure 

5B). This difference was driven by a change in this relationship in colonies under a predictable 

environment, where smaller workers became lighter over time in these colonies. Prior to the 

experiment colonies in the two environments did not differ in their relationship between worker 

weight and size (p = 0.39). This changing relationship between body size and weight was 

associated with, and possibly caused by, a difference in the relationship in worker corpulence and 

dry worker mass under a predictable and unpredictable environment (p < 0.001) (Table 3, Figure 

5). Under an unpredictable environment, workers stored relatively the same out of lipids, while 

under a predicable environment smaller workers stored relatively less lipids than had larger 

workers. 

Discussion  

We found that bumble bee colonies with more body size variation performed no better than 

colonies with less variation under predictable or unpredictable food environments. Additionally, 

we found that larger workers, not smaller workers as suggested by the insurance hypothesis and 

Couvillon et al. (2010), survived more days without food than expected for their average lifespan. 

This lack of effect of manipulating worker size distribution indicates that size variation does not 

increase colony efficiency through complementarity or colony robustness through insurance in 

bumble bees, at least under our experimental conditions.  
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Why did we not find any positive effect of worker size variation, and why does it exist in 

bumble bees if there is no benefit to it? The explicit assumption of the complementarity hypothesis 

is that components perform well at different co-occurring tasks, however, this may not be the case 

in bumble bees. Despite smaller workers being more likely to perform in-nest tasks such as brood 

care (Jandt and Dornhaus, 2009), groups of larger workers have been found to raise more brood 

than groups of smaller workers (Cnaani and Hefetz, 1994). While these groups were not 

standardized for cost (biomass), this result suggests that larger workers are actually better at brood 

care. Larger workers are therefore better than smaller workers are at most tasks (Goulson et al., 

2002; Spaethe & Weidenmüller, 2002, Cnaani & Hefetz, 1994, Riveros & Gronenberg, 2010; 

Spaethe, Brockmann, Halbig, & Tautz, 2007). Smaller workers may still be important for colony 

thermoregulation. Small workers incubate at higher rates and when actively incubating workers 

were removed, colonies were less able to maintain their nests’ temperature (Gardner et al., 2007), 

though these effects were only temporary. Small workers do not improve the colonies ability cool 

the nest, however, as worker removals did not affect colony performance (Jandt and Dornhaus, 

2014). We did not challenge colonies by varying external temperature, so it is possible there is an 

advantage to having smaller bees specialize on incubating and larger bees specializing on foraging 

when colonies face drastic drops in temperature, though it seems unlikely since the effects on 

thermoregulatory ability from removal of small workers is only temporary. While it thus seems 

that in bumble bees, complementarity is not an explanation for the evolution of worker size 

variation, this hypothesis is likely supported in other social insect species. For instance, in some 

species morphological constraints likely exist such that extremal larger workers are unable to 
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perform certain tasks, such only weeding the fungus garden (Webber 1972), carrying brood 

(Hölldobler and Wilson, 1990), or caring for brood (Porter and Tschinkel 1985). However, a larger 

body of literature exists that finding no clear complementarity effect (reviewed in Schimd-Hempel 

1992), suggesting that it cannot be the only reason for the evolution of size diversity win social 

insects or diversity in complex systems in general. In summary, while the complementarity 

hypothesis is applicable to many social insect colonies and group-level selected complex systems, 

it is not the only available mechanism to achieve selection for in-group diversity. 

The insurance hypothesis, while commonly considered in the ecological literature, has not 

been considered in the social insect literature. Several studies (Herbers 1980; Fowler 1984; 

Davidson 1974, Bershers and Traniello 1994; Kelemen and Dornhaus 2018; Rivera et al. 

submitted) have examined whether worker diversity is plastic with regard to environmental 

conditions, but studies of colony performance such as measured here are rare (Billock and Carter 

2007, Porter and Tschinkel 1985). We do find differences in mortality associated with body size 

under starvation conditions that differ from effects of body size on lifespan under ideal conditions 

(Kelemen et al., 2019), suggesting that environmental conditions may well affect optimal body 

size. Whether or not this can lead to benefits of diversity as predicted by the insurance hypothesis 

under some conditions remains an open question; here, we do not find empirical support by directly 

measuring colony productivity for bumble bees, but it is an interesting hypothesis to consider for 

social insects more broadly.  

If body size variation does not benefit bumble bee colonies through either the 

complementarity or the insurance mechanisms, why is it there? Several other mechanisms are 
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possible. First, we have previously shown that this variation is not a lab artefact (Kelemen et al., 

submitted –b). Second, another possible explanation is that body size is an arbitrary marker that 

simplifies task allocation (i.e. makes the decision what job to do straightforward for individuals in 

a way that helps the colony achieve a desired allocation). This hypothesis assumes that there is a 

significant organizational cost to coordinating the task choices of workers in a colony, which is 

possible if information about demand in each task is not trivial to acquire (Radeva et al., 2017). 

Consistent with this hypothesis, task allocation in some ants appears to be based on relative size, 

not absolute size: for example, in the honeypot ant Myrmecocystus mexicanus, which that stores 

food in largest workers known as repletes, when the largest workers are removed, the next largest 

workers become the food storing repletes (Rissing 1984). While this effect would also be expected 

under the complementarity hypothesis, another study (Billick 2002) showed that in the ant species 

Formica neorufibarbis, colonies with size variation, regardless of the absolute body size of 

workers, were more efficient, a result suggestive of body size as a symmetry-breaking trait that 

allows efficient task allocation regardless of individual pre-adaptation to different tasks. A third 

hypothesis is similar to the complementarity hypothesis, but proposes that while some workers are 

high-quality performers across all tasks (and others low-quality performers), the complementarity 

is achieved by the fact that the optimal tradeoff between the cost of producing a worker and the 

benefit gained from superior task performance differs across tasks (Kelemen et al., submitted-a). 

Therefore, a colony with worker size variation increases its efficiency compared to a colony who 

invests equal resources into less variable workers, by captializing on size-specific task 

performances relative to the size-specific costs. We would have been able to detect this in our 
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study as we standardized the resources pairs of colonies invested into workers by matching their 

worker biomass.  

Overall, it is surprising that our study finds no difference in colony performance from a 

manipulation of worker diversity, especially since worker diversity is so often argued to be a major 

adaptation of social insect colony organization (Hasegawa, 1997; Oster and Wilson, 1978; Wilson, 

1968). However, many previous studies have also failed to find such effects (Calabi and Traniello, 

1989; Jandt and Dornhaus, 2014; Rissing and Polloek, 1984; Wilson, 1983; Wood and Tschinkel, 

1981; see also Schmid-Hempel, 1992), and generally colony performance is somewhat hard to 

measure (Keller, 1993). In particular, it may be that measuring colony performance in a lab setting 

is hampered by the strong differences in the difficulty to collect food and in external sources of 

mortality. For example, a major benefit of larger workers is their performance while foraging 

(Kelemen et al., submitted-a), and while colonies in this experiment bees only had to fly only short 

distances to feeders, in the field, bees may have foraging ranges miles in diameter, and have to 

negotiate complex floral landscapes (Osborne et al. 1999, Greenleaf et al. 2007, Osborne et al. 

2008). Therefore, our experiment may not be capturing some of the benefits of having larger 

workers within a colony. In addition, foraging in the lab also reduced the mortality risks associated 

with foraging. Under natural foraging conditions, larger bumble bee workers have an increased 

risk of mortality (Kerr et al., 2018), while in the lab, we found a non-linear relationship between 

size and lifespan with medium sized workers living the longest, though this relationship not 

universal to lab colonies (Kelemen et al., 2019b). However, Kelemen et al. (2019) only measured 

the lifespans of medium and large workers, and therefore only captured the descending slope of 
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the parabolic relationship of size and lifespan. By not capturing this size-dependent mortality from 

natural foraging conditions, we may be missing any non-starvation related insurance-based 

advantages, such as if smaller workers buffering colonies from losses of larger workers due 

increased susceptibility to parasitoid (Muller et al. 1996). 

Additionally, while food rates in this study mimicked those brought in by colonies in nature 

(Allen et al., 1978), colonies in nature may face much longer periods of resource limitation. In this 

study, our goal was to test if smaller workers buffer colonies from intense periods of starvation, so 

the access of colonies to food was all or nothing. In nature, bees also face period of non-zero but 

below optimal food levels (Thompson 2004) or food quality (Vauldo 2016). Food limitation has 

been suggested as the advantage of worker size variation in the red imported fire ant Solenopsis 

invicta (Porter and Tschinkel 1985). In fire ants, colonies with natural worker size variation when 

fed ad lib.  produced the same amount of brood as experimental colonies of equal biomass of only 

small workers. Yet the presence of larger workers in colonies with natural worker size variation 

decreased the worker respiration per gram of biomass, making the colonies potentially more 

energy efficient. Therefore, the advantage of this size variation may only be apparent when 

resources are limited. This may explain why bumble bee colonies that are stressed produced 

workers with greater size variation (Kelemen and Dornhaus, 2018; Rivera et al., submitted). 

However in bumble bees, while larger bees decrease the worker perspiration per gram (Kelemen 

et al., 2019), larger worker are more efficient at producing brood (Cnaani and Hefetz, 1994), 

therefore increased energy efficiency through lower respiration would not explain why size 

variation exists in bumble bees.  
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Contrary to Couvillon and Dornhaus (2010), smaller workers were not more starvation 

resistant and therefore did not buffer colonies from worker losses due to starvation events. We 

found that larger workers compared to any other size of worker, survived through more days 

without food than predicted by their average lifespan. Overall, medium workers had the longest 

lifespans, though similar to other studies (Kelemen et al., 2019), colony-level differences 

explained a large portion of the differences in lifespans. Furthermore, the size worker achieve with 

a given amount of resources appears to be environmentally sensitive, as workers of a given weight 

emerged at larger sizes under predictable environment. In other insects, higher quality diets have 

been found to increase adult size (Quezada-Euán et al., 2011) and weight (Teder et al. 2008; 

Davidowitz et al, 2004). Less is known about the effect of diet quality on the relationship between 

weight and linear size. Diet quality can influence the allometry between body mass and body parts, 

affecting the wing length (Nijhout and Emlen, 1998) and sexual ornament size (Nijhout and Emlen, 

1998; McCullough et al., 2015), though changes in diet quality are not always accompanied by a 

change in allometry (Wissinger et al., 2004; Angelo and Slansky Jr, 1984). Diet quality during 

development can also influence adult longevity, with individuals developing with fewer resources 

living longer (May et al., 2015). This may help explain why workers had longer lifespans under 

the unpredictable feeding regime. While we cannot rule out smaller workers benefiting a colony 

during a catastrophic starvation event (Couvillon and Dornhaus, 2010), we found no evidence for 

size variation benefiting a colony during repeated starvation events. At the colony-level, morality 

rates did increase with each day of a starvation event as expected (variable colonies day 1 – 192% 

(3.71 workers), day 2 – 337% (6.5 workers), > day 2 – 1127% (21.74 workers) increase in average 
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mortality relative to days fed (1.93 workers); less variable colonies day 1 – 288% (3 workers), day 

2 – 577% (6 workers), > day 2 – 1896% (19.72 workers) increase in average mortality relative to 

days fed (1.04 workers)). The average size of workers that died increased with the number of days 

without food. While this models explanatory power was low (conditional r2 = 0.01), we did not 

find that the size of worker to decrease with starvation duration rate as previously found (Couvillon 

et al., 2010), further supporting that smaller workers were not more starvation resistant. 

Under an unpredictable environment, workers with more mass became smaller adults due 

to storing the excess resources into fat, instead of trying to maximizing the size they achieved with 

those resources.  In bumble bees, previous study on lipid have only examined the percent lipids in 

relation to weight and not the total lipid content (Couvillon et al. 2011). In other insects, poorer 

quality environment typically leads to smaller adult size (Berrigan and Charnov, 1994; Day and 

Rowe, 2002; Quezada-Euán et al., 2011). Smaller adult sizes are achieved in order to maintain 

overall body compositions (Teder et al., 2008), though some insects continue to grow despite 

changes relative body composition (Dmitriew et al., 2007; Strobbe and Stoks, 2004). Previous 

studies have found under lower quality diets, relatively more resources are stored as fat (Dmitriew 

et al., 2009). Similarly under lower temperatures more resources relative to body size are stored as 

fat (Colinet et al., 2007). Little is known how resource predictability affects resources storage, but 

our study indicates that developing workers allocate resources differently according to the 

predictability of their food. Our finding suggest it is important to consider resource predictability, 

not just quality, when investigating compensatory physiology. 
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 Overall, we showed that worker size variation does not increase brood production under 

predictable or unpredictable environments in the lab in Bombus impatiens. While previous studies 

have shown that smaller workers have increased resistance to starvation (Couvillon and Dornhaus, 

2010), we show that smaller workers were more sensitive to environmental condition. They 

survived through fewer days without food than larger workers, despite putting on more weight in 

unpredictable environments than in predictable environments. Therefore, our results suggest that 

at least within bumble bees, phenotypic diversity may not have evolved to increases the efficiency 

or robustness of the system, and that a broader set of explanations for why variation evolves in 

complex systems generally, and in social insects in particular, should be considered. 
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Figures and Tables 

  
Figure 1. The percent difference of worker (A, B), reproductive (C, D) and total (E, F) biomass 
(g) produced in colonies with variable colonies compared to a size-matched less-variable colony.   
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Figure 2. The standard deviation of thorax width of all workers that were active within each colony 
(e.g. those not removed as part the experimental manipulation) did not correlate with the total 
biomass a colony produced (r2 = 0.003). *Model: Linear model, fixed; biomass produced ~ SD 
    



80 
 

Figure 3: The relationship of worker thorax width and (A) total lifespan (B) starvation days 
survived. (A) The environment, thorax width and their interaction influenced an individual’s 
lifespan such that more extreme body sizes had shorter overall lifespan than average sized workers 
and this effect was stronger under a predictable environment (Table 1). (B) Starvation days 
survived increased non-linearly with thorax width (Table 2), decreasing with thorax width to 
minimum survival at a thorax width of 3.58 mm, then increased with thorax width. The residuals 
from a mixed model of starvation days survived with lifespan as a fixed factor and colony as a 
random factor was used to account for the effect of lifespan on starvation days survived. The 
dashed light grey line represents the model fit for, and the open circles represent individual bees 
from colonies in an unpredictable environment. Filled symbols and the solid grey line represent 
workers, and a model fit for, colonies in a predictable environment (there were no starvation days 
in the predictable environment). Light grey triangle symbols represent less-varaible colonies. 
Black circle symbols represent variable colonies.  
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Figure 4. Thorax width of workers that died increased with the number of days a colony was 
without food. Model: linear mixed model, fixed; thorax width ~ consecutive days + condition, 
random; colony. Conditional r2 = 0.01 and Marginal r2 = 0.37  
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Figure 4. The relationship of worker weight to thorax width did not differ between the treatment 
groups at the start of the experiment (A) but differed among workers who developed under either 
a predictable or unpredictable food environment (B). (A) The thorax width of workers that did not 
develop entirely under each environmental condition (emerged during the first three week of the 
experiment) is correlated with weight (p < 0.001), but there is no effect of environment (p = 0.39) 
or the interaction of thorax width and environment (p = 0.45). The grey line represents the 
relationship between thorax width and weight (slope = 0.34), which significantly differed from 
one (t3632 = 295.68, p < 0.001). We would expect that if bees were perfrectly spherical and 
homogeneous that the slope of this line to be 0.33̅ as the volume of spheres increase to the third 
power of their diameter. Therefore bees were relatively isometric. *Model: linear mixed model, 
fixed; log(thorax width) ~ log(weight) * environment, random; colony. Conditional r2 = 0.86 and 
Marginal r2 = 0.89. (B) The thorax width of workers that developed completely within these two 
environments (emerged after the third week) is significantly affected by the environment 
(interaction effect of weight and environment on thorax width, p < 0.001), in that bees in the 
predictable environment (solid line) with less resources (lower weight) became larger, leading to 
a smaller effect of resources on body size than in a unpredictable condition, where resources 
strongly affected body size (dashed line). The slope of the relationship thorax width and weight of 
colonies in a predictable environment significantly differed from one (slope = 0.29, t1542 = 313.93, 
p < 0.001) as did the the slope of colonies in a unpredictable environment (slope = 0.34, t1635 = 
124.13, p < 0.001).There was also a significant increase with weight (p < 0.001) and a higher y-
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intecept under a unpredictable environment (p = 0.009). *Model: linear mixed model, fixed; 
log(thorax width) ~ log(weight) * environment, random; colony. Conditional r2 = 0.85 and 
Marginal r2 = 0.88. In both panels, filled symbols are workers that developed in a predictable 
environment and empty symbols represent colonies that developed under a unpredictable 
environment. Light grey triangle symbols represent less-varaible colonies. Black circle symbols 
represent variable colonies.  
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Figure 6. The relationship between worker corpulance and wieight changes with size and with 
environment. Workers in the predictable environment (solid line) with less resources (lower 
weight) stored less lipids, leading to a larger effect of resources on lipid stores body size than in a 
unpredictable condition, resources less strongly affected body size (dashed line) (Table 3). The 
slope of the relationship corpulance and weight of colonies in a predictable environment 
significantly differed from one (slope = 1.34, t92 = -2.43, p = 0.027), but the the slope of colonies 
in a unpredictable environment did not differ from one (slope = 0.79, t103 = 0.99, p = 0.243). This 
suggests that larger workers have proportionally more fat under a predicable environemnt but not 
under an unpredictable environment. There was also a significant increase in corpulance with 
weight (p < 0.001) and a higher y-intecept under a unpredictable environment (p = 0.011). All 
workers included in this graph were from colonies that have experienced more than three weeks 
in the predictable (n = 93) or and unpredicatable (n = 104) environmental treatment. The solid grey 
line/filled circles represent workers from colonies in a predictable environment and the dashed 
light grey line/open circles represent workers from colonies in an unpredictable environment. Light 
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grey triangle symbols represent less-varaible colonies. Black circle symbols represent variable 
colonies. Model: linear mixed model, fixed; percent lipid ~ weight * environment  
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Table 1. The best fit linear mixed model predicting the lifespan of bumble bee workers. The model 
included colony as a random factor.  

Parameter B1 SE2 df3 p 

Intercept -101.274 36.046 2421 0.005 
Environment (Unpredictable) 95.551 41.081 22 0.030 
Thorax Width (Linear term) 56.389 16.591 2421 < 0.001 
Thorax Width (Quadratic term) -6.400 1.899 2421 <0.001 
Thorax Width (Linear term) * Environment 
(Unpredictable) -45.600 18.914 2421 0.016 

Thorax Width (Quadratic term) * Environment 
(Unpredictable) 5.498 2.171 2421 0.011 

 marginal R2 = 0.01  
 

  conditional R2 = 0.26     
1effect size, 2standard error, 3degrees of freedom      
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Table 2. The best fit mixed model predicting the residual number of starvation days survived by 
bumble bee workers after accounting for the size-specific lifespan and colony level variation.  
 

Parameter B1 SE2 df3 p 

Intercept 3.303 1.290 1457 0.010 
Thorax Width (Linear term) -1.970 0.604 1457 0.001 
Thorax Width (Quadratic term) 0.275 0.071 1457 < 0.001 

 R2 = 0.04  
 

1effect size, 2standard error, 3degrees of freedom      
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Table 3. The linear model predicting worker lipid content.  
 

Parameter B1 SE2 df3 p 

Intercept -2.439 0.507 193 < 0.001 
Environment (Variable) -1.650 0.658 16 0.013 
Dry Mass 1.394 0.168 193 < 0.001 
Environment (Variable) * Dry Mass -0.607 0.215 193 0.005 

 R2 = 0.35  
 

1effect size, 2standard error, 3degrees of freedom     
     

 
 



89 
 

APPENDIX D 

The economics of worse workers: bumble bee colonies benefit from poor quality workers  

Evan Kelemena, Colin Lyncha,b, and Anna Dornhausa 

 

aDepartment of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721,     

USA 

bDepartment of Biology, Arizona State University, Tempe, AZ 85287, USA 

 

 

 

 

 

 

 

Corresponding Author 

Evan P. Kelemen 

Department of Ecology and Evolutionary Biology 

University of Arizona 

1041 E. Lowell St.; P.O. Box 210088 

Tucson, AZ 85721 

Phone: 1 (908) 328-3484 

E-mail: evankelemen@email.arizona.edu 

 



90 
 

Abstract 

Phenotypic variation among individuals within a social group is common. It is hypothesized that 

this variation could be adaptive in group-level selected systems because of the relative superiority 

of different phenotypes to perform the tasks on which they specialize. However, specialists are not 

always the most efficient at their task. Instead, specialists may be minimizing their opportunity 

costs, the potential work in other tasks forgone by time spent on one task. If specialists differ in 

the tasks that minimizes their opportunity costs, they have a comparative advantage in their 

respectable tasks. We posit that since there is this tradeoff for tasks phenotypes can complete in a 

given amount of time, variation has evolved because of the group-level benefit of phenotypes with 

different tradeoff slopes to minimize the group’s opportunity costs. Variation within a social group 

could be favored by selection if phenotypes differed in their production costs and the tasks in which 

they have a comparative advantage, thus increasing a group’s efficiency compared to a group who 

invests equal resources into producing a less-variable phenotype. We test this novel hypothesis in 

bumble bee (Bombus spp.) colonies, a tractable system with considerable worker size variation but 

no consensus regarding its benefit, as larger workers outperform smaller workers in all tasks. 

Despite the poorer performance from small workers, the hypothesis predicts that for the same 

worker production costs, size variation should increase colony performance.  We tested this 

prediction by calculating individual and group performance using empirically measured 

parameters from the bumble bee literature. First, we compared the performance of modeled worker 

dyads with the same production costs but different amounts of size variation. Then we simulated 

the interactions among workers within a colony (≈ 150 workers) to determine if colony 
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performance increases with worker size variation. We found that, for the same costs, dyads of 

different-sized workers outperformed same-sized dyads. We also found that colony performance 

increased with size variation, even when variation exceeded that found in nature. These results 

suggest that there could be a group-level benefit gained by producing a diverse group of individuals 

and employing them according to their comparative advantage. The potential for even greater 

fitness gains at higher levels of size variation raises the question of why more variation is not 

produced within natural groups. 

 

Keywords: Comparative advantage, body size, variation, social insects, Bombus 

 

Introduction 

Animal social groups always display phenotypic variation among their members, whether it is 

differences in behavior (Jehn et al., 1999; Modlmeier and Foitzik, 2011b; Pruitt and Riechert, 

2011), morphology (O'Riain et al., 1996; Schaap et al., 2006; Wheeler, 1986), or physiology 

(Gilmour et al., 2005; Padmanabhan and Urban, 2010). Individuals may perform different 

functions within the group according to these phenotypic differences. This division of labor is 

often thought to increase a group’s performance compared to a system where individuals perform 

tasks indiscriminately, because specialization can increase efficiency (Ferguson-Gow et al., 2014b; 

Oster and Wilson, 1978; Smith, 1776; West Eberhard, 1975). Division of labor is particularly 

common in social insects, and their ecological success has been attributed to this (Robinson, 1992; 

Wilson, 1985; Wilson and Kinne, 1990). The specialization of different phenotypes with a group 



92 
 

on a particular task may not always benefit the group through increased individual performances 

(Dornhaus, 2008).  Alternatively, specialization can benefit a colony by reducing the costs to 

switching tasks (Goldsby et al., 2012). However, experimentally reducing behavior and size 

variation among workers does not affect the colony’s performance (Jandt and Dornhaus, 2014; 

Kelemen and Dornhaus, in prep).  

In particular, increased individual performance from specializing according to phenotype 

does not seem to explain size variation among bumble bee (Bombus spp.) workers within a colony 

(Cnaani and Hefetz, 1994; Jandt and Dornhaus, 2014). Bumble bee colonies consistently produce 

workers that vary continuously in size (Couvillon et al., 2010), up to 10-fold by mass (Goulson, 

2003)—far greater than the approximately less than two-fold variation generally found in other 

social bee nests (Ramalho et al., 1998; Roulston and Cane, 2000a; Waddington et al., 1986a). This 

size variation arises mechanistically due to differential feeding during development (Couvillon 

and Dornhaus, 2009; Kelemen and Dornhaus, 2018), and colonies regulate size variation (Kelemen 

et al., submitted-b; Rivera et al., submitted). Workers do specialize according to size (Goulson et 

al., 2002; Jandt and Dornhaus, 2009; Jandt et al., 2009), as small workers are more likely to take 

care of the brood (i.e., developing workers and reproductives), and large workers are more likely 

to forage (Cumber, 1949; Goulson et al., 2002). However, larger bees are overall better workers 

and outperform smaller bees at foraging (Goulson et al., 2002; Spaethe and Weidenmüller, 2002), 

raising brood (Cnaani and Hefetz, 1994), and cognitive tasks (Riveros and Gronenberg, 2010; 

Spaethe et al., 2007), so it is unclear why colonies evolved to consistently produce smaller workers. 
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We propose that the economic principle of comparative advantage could generate benefits 

of variation in groups, even when specialists do not excel at ‘their’ task compared to other workers 

(Figure 1; Ricardo, 1891). The principle of comparative advantage states that productivity will be 

maximized when each agent specializes on producing goods for which their opportunity costs are 

smallest (the implication is that agents then trade their surplus). This principle assumes there is an 

opportunity cost to every task: time spent performing one task comes at the cost of performing less 

of a different task: this opportunity costs can be quantified as the slope of the tradeoff line on Fig 

1. For any amount of reducing work on task 1, an agent gains time and thus output form task 2 as 

defined by the slope: thus independently of total productivity on either task when performing it 

exclusively, agents with a shallower slope have a comparative advantage in task 1 (lower 

productivity lost in focusing on task 1 instead of task 2), agents with a steeper slope have a 

comparative advantage in task 2. Thus, the benefit to a colony of a worker performing a certain 

task might not be due to it excelling at the task, but instead because it has a lower opportunity cost 

than other workers in performing this task. This economic principle has been used to explain why 

different countries should specialize and trade, and why species should engage in mutualistic 

exchanges (Hoeksema and Schwartz, 2003; Schwartz and Hoeksema, 1998).  

While comparative advantage could explain why division of labor occurs when variation 

is present, it does not, by itself, explain why producing variation in the first place might be favored 

by natural selection. However, we know that different phenotypes vary in production costs (e.g. 

larger individuals need more food to develop) (Chouvenc et al., 2015; Porter and Tschinkel, 1985; 

Scantlebury et al., 2006). Therefore, phenotypic variation may increase system efficiency, not 
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because components excel at different tasks, but because their task-specific performances are 

advantageous relative to their costs. A group may better minimize opportunity costs by allocating 

resources among different phenotypes. Phenotype-specific costs and comparative advantage can 

explain why systems are not composed of only the most productive components.   

In this paper we test the hypothesis that variation within a group could have evolved as a 

way to increase group efficiency via a combination of comparative advantage and phenotype-

specific costs. We tested this hypothesis specifically for bumble bee by comparing the 

performances of simulated groups of bumble bee workers, with size-specific abilities and 

production costs parameterized from the empirical literature. First, we compared the performance 

of a dyad of different-sized workers (a smaller and a larger worker) to that of a same-sized dyad 

(two medium-sized workers) of equal cumulative production costs of workers. We then scaled up 

the number of interacting individuals to approximate a colony and compared the performance of 

groups with increasing size variation but equal cumulative worker production costs. If variation 

benefits the group by minimizing opportunity costs, then we expect that the different-sized dyad 

and groups with more size variance should outperform the same-sized dyad and groups with less 

variation. 

Methods 

The model 

This model calculates the performance of simulated groups of workers assuming a tradeoff in the 

acquisition of two quantifiable resources. Our model was modified from the comparative 

advantage model of Schwartz and Hoeksema (1998) to reflect a cooperative rather than a 
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mutualistic relationship. Schwartz and Hoeksema’s model determined the conditions that favor a 

mutualism between two individuals trading different resources, assuming that there is a cost to 

trading resources and that each individual maximizes its own resource acquisition. Our model 

assumed that there is no cost to trading resources but instead there are individual upkeep costs, and 

that individuals maximize the cumulative resources, rather than individual resources, that they 

acquire.  

We started by modeling an individual worker in isolation (Figure 2A). For simplicity, we 

assumed that a worker needs two resources or services. While these could be any resource, for our 

example individuals needed to feed brood (Rbrood) and to forage (Rforaged). A worker cannot forage 

and feed brood at the same time, so there is an opportunity costs such that there is trade-off between 

time spent foraging and time spent feeding the brood (the isolation opportunity cost ratio, or I). 

Therefore, we can calculated the amount of each resource a worker can acquire as its isolation 

acquisition isocline by the following equation: 

 Rbrood = (−IA * Rforaged) + Rbrood maxA     (1) 

where Rbrood maxA is the maximum resources that worker A can feed to brood and Rbrood maxA is the 

maximum resources that individual A can forage (in each case assuming they do nothing else). IA, 

the isolation opportunity cost ratio for worker A, is the opportunity cost ratio for Rbrood to Rforaged; 

here we assumed it to be equal to Rbrood maxA/Rforaged maxA, which means that workers can only do 

one task at a time. 

A worker’s optimal resource acquisition has to be based on a target ratio of the two 

resources; we assumed a target ratio of 1:1 after accounting for the worker’s maintenance and 
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production costs, wither the argument as follows: We assumed that the environment is constant 

and that worker fitness ultimately depends on the number of reproductives produced. Therefore, 

what workers should maximize is the amount of resources invested into brood. Since workers can 

feed the brood only as many resources as were collected while foraging, the target ratio in our 

model of resources invested in brood to resources collected while foraging was 1:1. Additionally, 

a worker needed to collect enough resources to offset its daily costs of maintenance and a prorated 

cost of production over its lifespan.  Therefore, we can calculate the optimal amount of each 

resource an individual should collect as the optimal consumption vector using the equation:  

Rbrood =m * Rforaged – (CmA + CpA)     (2) 

where m is the target ratio Rbrood to Rforaged, CmA is the daily metabolic cost of worker A and CpA is 

the prorated production cost of worker A over its lifespan. Where this vector crosses the isolation 

acquisition isocline is the optimal resource acquisition (see again Figure 2A). Since m = 1 in our 

model the isolation acquisition isocline can be simplified to the following equation: 

Rbrood = Rforaged – (CmA + CpA)     (3) 

Dyad interactions 

We modeled a group of two workers and calculate the cumulative resources acquired. We assumed 

that worker dyads behave optimally to maximize the dyad’s energy invested in brood (Figure 2B 

and 2C). Therefore, we expected workers to minimize opportunity costs by specializing in the task 

at which they have a comparative advantage. However, depending on the workers’ abilities, the 

ratio of resources acquired would deviate from the target ratio of resources if both workers 

exclusively specialize each on their respective lowest-opportunity-cost task (i.e. in our example 
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using the bumble bee literature (Table 1), if the large worker spent all the time foraging and the 

small worker all its time on brood care, the dyad would collect more energy than it can feed to 

brood – 6009 J vs. 898 J). Therefore, the worker that was specialized on the task in excess of the 

target would instead perform both tasks until the performance of task 1 and task 2 were at the 

correct ratio (i.e., in this case, until the energy collected matches the amount that can be fed to 

brood).  

We calculated from the literature (Table 1) that foraging is the task in excess of the target 

ratio. Since the small worker, worker B, had a comparative advantage for brood care and 

specialized in that task, we modified the isolation acquisition isocline of the large worker, worker 

A, to model it performing both tasks and to calculate how much cumulative energy the two workers 

can invest in brood. We added the work the small worker does specializing on brood care to the 

large worker’s isolation acquisition isocline, raising the y-intercept by Rbrood maxB. By raising the 

y-intercept by the brood care the small worker does, this accounted for the large worker needing 

to specialize on foraging until the target ratio is achieved in collaboration with the small worker 

after which the large worker can perform both tasks at the target ratio. Therefore, the cumulative 

resources the dyad collects can be calculated by the dyadic acquisition isocline following 

equations: 

Rbrood = (−IA* Rforaged) + Rbrood maxA + Rbrood maxB   (4) 

We calculated the dyadic optimal resource acquisition based on where the dyadic 

acquisition isocline intersected the dyadic optimal consumption vector. The dyadic optimal 
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consumption vector accounts for the costs of both workers and was calculated by the following 

equations: 

Rbrood = Rforaged – (CmA + CpA) – (CmB + CpB)    (5) 

Colony-wide interactions  

To test whether the results from the dyads are generalizable to larger groups, we expanded the 

model so that it incorporated an entire colony of workers. Here, we replaced worker B with a group 

of specialists (s) that only feed brood. We replaced worker A with a subpopulation of workers, 

called generalists (g), which perform some intermediate amount of foraging and brood care to 

maximize the energy invested to brood. The total population of the colony, N, was divided evenly 

between these groups, such that the population of generalists (Ng) plus the population of specialists 

(Ns) equals N. To create these populations, individual body sizes were drawn from a truncated 

normal distribution whose limits (3-6 mm) were equivalent to the limits of real bumble bee sizes 

(Goulson et al., 2002; Kelemen and Dornhaus, 2018) with the average held constant and a standard 

deviation that varied between 0.1 mm  – 0.9 mm. Every time an individual was drawn from this 

distribution, it incurred a size-dependent production cost. The costs of all individuals were 

summed. The production of new workers stopped when a constant production limit was reached. 

Since small workers have a comparative advantage in brood care, we made them the specialists in 

brood care. For simplicity, we categorized the smallest 50% of individuals as specialists and the 

largest half as generalists.  

We calculated the total colony performance by summing the total amount of energy fed to 

in brood (a proxy for productivity) by specialists and generalists, with the constraint that this total 
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could not exceed the total amount of energy collected during foraging minus the production and 

maintenance costs of the workers. Similar to the dyadic model where we modified the large 

worker’s isocline to account for the work done by the specialized small worker, we added the work 

done by specialists to the generalists’ acquisition isoclines. Since we assumed that all generalists 

benefit equally from work done by specialists, we could divide the output from the specialists by 

the number of generalist and add this to each generalist’s isocline. Therefore, we calculated for 

each individual generalist, gi, an acquisition isocline by the following equation: 

          Rbrood gi = (−Igi* Rforaged gi) + Rbrood maxgi + 
∑              (6) 

where Rbrood gi is the resources generalist gi feeds to brood, and Rforaged gi is the resources generalist 

gi forages. Rbrood maxgi is the maximum resources that generalist gi can feed to brood and Rforaged 

maxgi is the maximum resources that generalist gi can forage. Rbrood maxsi is the maximum resources 

that specialist si can feed to brood.  Igi is the equivalent of a worker’s trade-off between time spent 

foraging and time spent feeding the brood (e.g. IA) based on its size. Igi is equal to Rbrood maxgi/Rforaged 

maxgi. Similarly, the costs of specialists are also divided equally among generalists, so that for each 

individual generalist, gi, an optimal resource vector was given as: 

                    Rbrood gi = Rforaged gi – (Cmgi + Cpgi) –  
∑ (   )

                (7) 

where Cmgi is the daily metabolic cost of generalist gi and Cpgi is the prorated production cost of 

generalist gi over its lifespan. Cmsi is the daily metabolic cost of specialist si and Cpsi is the prorated 

production cost of specialist si over its lifespan. Rbrood gi was calculated by finding where the 
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acquisition isocline of generalist gi and optimal resource vector of generalist gi intersect, and Rbrood 

for the entire colony was found by summing all Rbrood gi. 

Parameterizing the models 

We calculated the size-dependent costs and benefits of Bombus spp. workers from the literature 

(Table 1). We calculated brood care performance from size-dependent feeding rates (Cnaani and 

Hefetz 1994) and the pollen and sucrose composition of the food meals (Pereboom, 2000). We 

assume that the composition of the food meal is independent of worker size. To account for the 

specific ratio of carbohydrates to proteins that the brood require, we assumed that pollen and nectar 

were collected in the same ratios as that fed to brood. We calculated foraging performance 

assuming a day length of 12 hours from size-specific trip durations and nectar and pollen load 

sizes (Goulson et al. 2002). Since water contributes to nectar weight, we assumed a 1.5 M 

concentration of sucrose in nectar (Chalcoff et al., 2005) and calculated the percentage of nectar 

weight that was sucrose. We based metabolic costs on size-specific resting metabolic (Kelemen et 

al., 2019). The daily prorated cost of production was calculated from the size-specific production 

costs (Cao thesis 2014, Kelemen and Dornhaus in prep) divided by the size-specific average 

lifespan of a worker (Kelemen et al., 2019). To compare the different resources and costs, we 

converted measurements into joules (Cartar, 2004; Colin and Jones, 1980; Schmidt-Rohr, 

2015)(Cao thesis 2014). 

Analytical comparisons of uniform and different-sized dyads 

We compared the performance of two dyads of workers with equal production costs (484 

joules), a different-sized dyad and a same-sized dyad. Workers specialized according to their 
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comparative advantages. The different-sized dyad was made up of workers with a thorax width (a 

common measurement of body size in bumble bees (Goulson, 2003)) of 3.50 mm and 5.50 mm, 

sizes common within a bumble bee colony (Goulson et al., 2002; Kelemen and Dornhaus, 2018). 

For the same-sized workers pair we chose a thorax width of 4.64 mm, which was chosen so that 

the cost of producing these two same-sized workers is the same as it is to produce different-sized 

pair above (Cao 2014). We measured the performance of each dyad using the amount of energy 

given to brood.  

Whole-colony individual-based simulations 

We compared the performance of 10,000 simulated colonies in Matlab (MathWorks, 

Natick, MA) with varying standard deviation and equal production costs (30,000 joules ± 210, 

about 150 workers). The average size of each simulated colony was 4.5 mm ± 0.1. We measured 

the performance of each simulated colony as the amount of energy given to brood.  

Analysis 

We compared the amount of energy provided to brood (a proxy for group performance) by groups 

with different worker size variation using a linear mixed model with group size as a random factor 

and the standard deviation of workers size as a fixed factor. We did not allow for the variance in 

the response to increase with the standard deviation of worker sizes. We compared this model to a 

full model that allowed for heterogeneous variance using the weight function (varFixed) (Zuur et 

al., 2009). Using a log-likelihood test, we compared this full model to the reduced model. Since 

the model with heterogeneous variance performed significantly worse (χ2 = 2784.8, p < 0.001), we 
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did not include heterogeneous variance in the model. Statistical analyses of the simulation data 

were conducted using R 3.2.5 (R Development Core Team, 2013). 

Results 

We found analytically, using parameter values from the empirical literature, that a different-sized 

dyad of bumble bee workers was more efficient than the same-sized dyad, providing 236.3 more 

joules of energy to brood (Figure 2B and 2C). This result demonstrates that for realistic parameter 

values, bumble bee colonies might indeed benefit from producing small, cheap, inefficient works 

who specialize on brood care: and that this benefit would accrue from a combination of the 

comparative advantage principle and a task-specific cost-benefit tradeoff. 

Using a stochastic, individual-based simulation of group-level performance, we 

analogously found that groups with more size variation were more productive (provided more 

energy to brood) than less variable groups (effect size ± SE = 11059.44 ± 50.26, df = 9980, p < 

0.001; Figure 3). Colony size contributed substantially to the energy provided the brood, 

accounting for 85% of the variance. These results confirm that more benefits to colonies can accrue 

from more size variation and that even a continuous size variation with a single mode at average 

size, as found in bumble bees, can produce a strong effect. 

Discussion 

We found that body size variance increased group performance by minimizing opportunity cost 

through workers specializing according to their comparative advantage. Different-sized dyads of 

workers out-performed same-sized dyads, and simulated colony performance increased with 

worker size variance. These results indicate that, when variation is present, there can be group-
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level benefits of individuals specializing on a task based on their relative ability, in spite of other 

individuals that are more efficient at that task within the group. Therefore, in bumble bees, cheaper 

and overall worse performing small workers might benefit the group due to their comparative 

advantage at brood care. These results imply that phenotypic variance in groups could evolve due 

to efficiency gains from cheaper, lower-performance individuals who nevertheless have a 

comparative advantage in particular tasks. 

 We found that variability in colony performance increased with the standard deviation of 

worker sizes. This increased variability in colony performance was the result of increased variation 

in worker number in each colony. In our simulations, colonies with larger worker size variation 

were more variable in worker number due to more combinations of colony demography possible 

from the larger range of worker sizes randomly selected to create these colonies. Worker costs 

increased non-linearly with thorax width, so colonies that produced relatively large workers had 

fewer resources to allocate to other workers resulting in a smaller colony. Interestingly, smaller 

groups outperformed larger groups due to having larger average foragers (Figure S1). Along with 

increases in average forager size, the size of the largest forager in each group increased with 

standard deviation until plateauing at 6 mm the maximum body size in this model (Figure S2). 

However, a colony with discrete castes of workers of 3 mm and 6 mm did not outperform groups 

with continuous variation (Figure S3), nor did colonies with same-sized workers along the body 

size continuum. This is likely because there is a trade-off between group size and forager size. 

This constraint appears accurately predicted in our model: the optimal body size of a same-sized 
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group of workers was around 4.5 mm (Figure S4), which nears the mean body size within actual 

colonies (Kelemen and Dornhaus, 2018).  

Additionally, while we did not investigate the role that allocating different ratios of workers to 

specialize on brood care might have on colony performance, this may have important implications 

and warrants further investigations. We found that discrete casts of workers of 3 mm and 6 mm 

performed better with higher ratios of specialists:generalists (Figure S4). Moreover, bumble bees 

are only weakly specialized (Jandt et al., 2009). This model assumed that larger workers were less 

specialized because they can bring in more energy from forging than what can be fed to brood so 

they spend time foraging and feeding brood, but this remains to be tested.      

 This model does not account for the thermoregulatory ability of workers, which may 

decrease the benefit of extreme size variation depending on size-specific thermoregulatory ability. 

However, we do not expect this ability to differ strongly enough among the different body sizes to 

negate a potential benefit provided by the principle of comparative advantage. Comparative 

advantage only requires that the slope of each size class’s isolation acquisition isocline differs. If 

we incorporate thermoregulatory behavior into the brood care axis of our model, the benefit from 

specialization is only lost if large workers are sufficiently superior at thermoregulation than small 

workers that the isocline slopes become equal. We were not able to find size-specific 

thermoregulatory performance data in the literature.  

The accuracy of the model could also improve with task-specific metabolic and mortality 

rates. Currently, metabolic rates are determined from resting metabolic rates and worker lifespans 

are based on lab housed colonies (Kelemen et al., 2019), both of which underestimate the 
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maintenance cost of each worker. Including metabolic and lifespan parameters that are more 

accurate would decrease the estimates of the total energy invested into brood by all modeled 

groups. However, these changes would likely not alter the over findings made by this model, that 

variation can increase colony efficiency due task-specific performances relative to the cost of 

different sized workers. Nevertheless, if these parameters scaled non-linearly with body size, they 

could limit the amount of size variation that is beneficial. 

 In our simulations, colony efficiency increased with phenotypic variance even when it 

exceeded the variance found in nature (Goulson 2002; Kelemen et al., submitted). Assuming 

parameter estimate are accurate, this raises the question of why even more body size variation is 

not found in bumble bee colonies in the field. Possibly, colonies have not evolved a mechanism to 

increase variation in body size. Alternatively, the importance of benefit gained from the 

comparative advantage may be specific to certain environments. For example, resource-limited 

colonies produce a wider size distribution (Rivera et al. in revision), which may be an adaptive 

response to stress if minimizing the opportunity costs is more important under stressed conditions. 

This may explain why colony performance does not correlate with body size variation across 

colonies (Herrmann et al., 2018), as increasing size variation may be a colony response to poorer 

environmental conditions.  

 We found that colony-level benefits of size variation could be based on the performances 

of different sizes relative to their costs. This is a novel hypothesis for the evolutionary benefits of 

worker diversity and the division of labor. The underlying mechanism is not due to increased 

individual efficiency, switching costs, or task allocation costs, only the fact that workers’ costs 
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vary, as does the slope of their tradeoff lines. Furthermore, our finding has important implications 

for studies that have manipulated the size distribution of workers (Billick, 2002; Billick and Carter, 

2007; Cnaani and Hefetz, 1994; Jandt and Dornhaus, 2014; Porter and Tschinkel, 1985). It is 

important to standardize the cost of workers to the colony, such as by body mass, instead of worker 

number. If size variation maximizes colony performance for a given cost of worker production, it 

is incorrect to assume that groups of equal worker numbers but different worker biomass (i.e. 

costs) will perform equally. Failure to consider individual-level worker costs may explain why 

there is only limited evidence for the benefits of size variation in social groups particlularly when 

manipulating variation within a group (reviewed in Schmid‐Hempel, 1992; and Wills et al., 2018), 

and may explain why no consensus of the benefit of worker size variation can be found in a system 

such as bumble bees (Cnaani and Hefetz, 1994; Couvillon and Dornhaus, 2010; Goulson et al., 

2002; Jandt and Dornhaus, 2014). Our model suggests that it is important to consider both size-

dependent performances and opportunity costs when investigating variation within social group.  
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Tables and Figures 

 

Figure 1: The theory of comparative advantage was first developed by Ricardo (1891) to explain 

the benefits of international trade. This theory assumes that there is an opportunity cost to 

producing any item such that a tradeoff exists between producing more of either item. In this figure 

we have graphed the performance of hypothetical country 1 and country 2.  Country 2 is more 

effective as it can produce more of item 1 as well as more of item 2 than county 1. It therefore has 

an absolute advantage producing both resources. However, country 1 has a comparative advantage 

in producing item 1 because if both countries forgo producing the same amount of item 2 (indicated 
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by the arrows) country 1 can increase its production of item 1 more than country 2.  In other words, 

the slopes of the tradeoffs differ between country 1 and country 2 such that country 1 can produce 

more item 1 for the same decrease in item 2. As a consequence, both global output and benefits 

for each individuals country are increased by countries specializing and trading according to their 

comparative advantage (scenario II.: , country 1 produces 100 item 1, country 2 produces 140 

item 2; global total 100 item 1 and 140 item 2) than countries spending the same time producing 

both resources and trading what they produced (scenario I.: , country 1 produced 40 item 1 and 

40 item 2, country 2 produces 40 item 1 and 89 item 2; global total 80 item 1 and 129 item 2). 
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Table 1. Parameters and sub-parameters used in our model. Each class of parameter is denoted by 

a proceeding boldface heading. All size-independent sub-parameters, such as sucrose 

concentration of nectar or the energy content of mg of nectar, are noted only once in each parameter 

class but were used to calculate the parameter for each worker size. All number values are in joules 

unless otherwise noted. 

Parameter Sub-parameter Empirical Reference 

Energy Foraged 
Large Worker  6008.73  
(5.5 mm) Nectar per trip (mg) - Large Worker 58.00 Goulson et al. 2002 

 Nectar Trips per 12h - Large Worker 19.35 Goulson et al. 2002 

 Sucrose concentration of nectar (%) 31.90 Chalcoff et al. 2005 

 Energy Content of mg of nectar 16.49 Carter 2004 

 Pollen per trip (mg) - Large Worker 40.05 Goulson et al. 2002 

 Pollen Trips per 12h- Size Independent  7.93 Goulson et al. 2002 

 Energy Content of mg of pollen 24.15 Colin and Jones 1980 

 
The ratio of brood meal carbs/protein reflected in 
energy from nectar/pollen 0.94/0.06 Perebroom 2000 

Medium Worker  2847.03  
(4.64 mm) Nectar per trip (mg) - Medium Worker 37.36 Goulson et al. 2002 

 Nectar Trips per 12h - Medium Worker 13.94 Goulson et al. 2002 

 Pollen per trip (mg) - Medium Worker 23.62 Goulson et al. 2002 

Small Worker  523.43  
(3.5 mm) Nectar per trip (mg) - Small Worker 10.00 Goulson et al. 2002 

 Nectar Trips per 12h - Small Worker 10.17 Goulson et al. 2002 

 Pollen per trip (mg) - Small Worker 1.85 Goulson et al. 2002 
Energy to Brood  
Large Worker  1468.09  

 Feeding per 24h (for worker > 4.3) - Large Worker 174.00 
Cnaani and Hefetz 
2004 

 Size of brood meal (mcL) 0.88 Perebroom 2000 

 The portion of brood meal carbs (mcL/mcg) 530.00 Perebroom 2000 
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 Energy Content of mg of nectar 16.49 Carter 2004 

 The portion of brood mean protein (mcL/mcg) 35.12 Perebroom 2000 

 Energy Content of mg of pollen 24.15 Colin and Jones 1980 

Medium Worker  1183.07  

 

Feeding per 24h (average of large and small 
feeding rate) - Medium Worker 140.22 

Cnaani and Hefetz 
2004 

Small Worker  898.07  

 Feeding per 24h (for workers < 3.3) - Small Worker 106.44 
Cnaani and Hefetz 
2004 

Production Cost  
Large Worker  327.66 

Cao 2014, Kelemen 
and Dornhaus in 
prep 

Medium Worker  224.30 

Cao 2014, Kelemen 
and Dornhaus in 
prep 

Small Worker  120.85 

Cao 2014, Kelemen 
and Dornhaus in 
prep 

Prorated 
Production Cost 
Large Worker  8.00  

 Average Lifespan - Large Worker 40.95 Kelemen et al. 2019 

Medium Worker  5.41  

 Average Lifespan - Medium Worker 41.49 Kelemen et al. 2019 

Small Worker  2.85  

 Average Lifespan - Small Worker 42.38 Kelemen et al. 2019 

Metabolic Cost 
per 24h          
Large Worker  48.12  

 Metabolic Rate CO2 mcg/sec - Large Worker 0.06 Kelemen et al. 2019 

 Energy per mole of CO2 418000.00 Schmidt-Rohr 2015 

Medium Worker  29.27  

 Metabolic Rate CO2 mcg/sec - Medium Worker 0.04 Kelemen et al. 2019 



115 
 

Small Worker  12.84  

 Metabolic Rate CO2 mcg/sec - Small Worker 0.02 Kelemen et al. 2019 
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 Figure 2: Large workers and different-sized dyads outperform smaller workers and same-

sized dyads. Panel A shows the acquisition isocline for small (3.5 mm thorax width; red solid 

line), medium (4.64 mm thorax width; yellow line), and large (5.5 mm thorax width; blue) workers. 

This line represents how much energy a worker could collect from foraging or could feed to brood 

by itself as calculated from the literature. Different points on these lines represent difference 

decisions about how much time to invest in either task (e.g. the intersection points with the x-axis 

are how much these workers could collect if they spent all their time foraging). The optimal 

decision vector (dashed lines; simply lines with slope of 1 with an intercept = [0 – production and 

maintenance costs of that worker]) represents at what investment in the two tasks the worker will 
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be able to feed exactly all of the energy foraged that is not used for its own production and 

maintenance to the brood, for each size class. Thus, the y-value at the intersection of the dashed 

and solid lines is the maximum amount of energy a solitary worker can feed to brood (isolation 

optimal resource acquisition). Panels B and C show the same calculation for dyads of either a small 

and large or two same-sized workers. In Panel B, the small worker completely specializes in brood 

care, thus the blue line shows energy collected/fed to brood for different decisions about time 

allocation for the large worker. This panel also illustrated how the optimum is calculated, 

increasing the y-intercept of the large worker’s isolation acquisition isocline by the amount of 

energy fed brood by the small worker specializing in brood care. Panel C shows the performance 

of a same-sized dyad in which the production costs of the two medium workers equals that of the 

small and large worker in panel B. The scale of the x- and the y-axis is the same on panel B and 

C, demonstrating that a different-sized dyad outperforms the same-sized dyad.  
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Figure 3: Groups with more size variation were more productive for the same investment in 

workers. Total energy to brood increased with the standard deviation of body sizes within a group 

(Marginal R2 = 0.14 and Conditional R2 = 0.99).  *Model: LMM, fixed: Energy to Brood ~ 

Standard Deviation, random: colony size.   

 


