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Abstract 

Previous studies have hypothesized that bumblebee (Bombus spp.) worker body size is 

predictive of colony success, as bumblebee colonies which produce larger workers tend to be 

more successful. However, there may be some advantage to producing smaller workers at early 

stages of the colony life cycle; for example, small workers are more resistant to starvation stress. 

Here, I examine the relationship between bumblebee colony age and body size of foraging 

workers. I also explore if colony success is correlated with the date that the first cohort of 

foraging workers emerged and their average body size. 

We located 21 wild Bombus griseocollis nests prior to worker initiation. Of these, 15 

colonies produced workers. We monitored worker activity and collected foraging workers 

entering and exiting nests once a week and measured their body size. After colonies expired, we 

collected the remains of each brood comb (if possible) to determine the size of each colony and 

whether the colony successfully produced gynes. 

Average foraging worker body size increased significantly with colony age, suggesting 

that smaller workers are either less common or less likely to forage as the colony ages. However, 

there was no relationship between the body size of the first worker cohort and colony 

performance, e.g. the size or reproductive success of colonies. There was also no relationship 

between when workers first emerged and colony success. Our research suggests that, in nature, 

colony success is unrelated to the initial body size of foraging workers and when they first 

emerge.  This result contrasts with experimental studies of other species, which show that larger 

workers of other Bombus species are better foragers and enable faster colony growth. This study 

exemplifies that life-history strategies such as the impact of worker polymorphism can be studied 

using natural bumblebee colonies. 
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Introduction 

Eusocial insects are a “super organism”, where many individuals work together toward 

the success of the colony as a whole. A defining characteristic of eusocial insects is the division 

of labor between the reproductive and non-reproductive castes (Crespi and Yanega, 1995). 

Within the non-reproductive caste, there are generally further divisions of labor. Between 

species, task allocation is determined by different traits.  For some species it is age that 

determines task allocation, and for others it is size. Leaf cutter ants (Atta spp.), for example, 

exhibit body size polymorphism within their non-reproductive worker caste and colony tasks are 

delegated accordingly. Leaf cutter ant workers are divided into four castes based on body size 

that each perform separate tasks such as brood care, colony defense, clearing of pathways, and 

foraging (Clark, 2006). In honeybees, colony tasks are delegated to non-reproductive female 

workers dependent on their age (Seeley and Kolmes, 2010). The youngest workers are tasked 

with taking care of the brood, and change tasks as they age until they reach the end of their 

lifespan, where the oldest workers are tasked with foraging for pollen and nectar (Robinson, 

1992; Seeley, 1982).  

 Like leafcutter ants, Bumblebees (Bombus spp.) also exhibit body size polymorphism. 

Bumblebee workers can exhibit up to a ten-fold difference in body size (Goulson, 2003). This 

variability in worker size can be attributed to nutritional differences in feeding during the larval 

stage of development (Couvillon and Dornhaus, 2009). Larger workers are generally tasked with 

performing out-of-nest jobs such as foraging, while smaller workers tend to do in-nest tasks such 

as brood care (Goulson et al., 2002; Yerushalmi et al., 2006). Even so, larger workers are better 

suited for performing all tasks in the colony, including brood care and foraging (Goulson et al., 
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2002, Kerr et al., 2018). While smaller workers are not as effective as larger workers when 

preforming most tasks, smaller workers are more resistant to starvation and are much less costly 

to produce (Couvillon and Dornhaus, 2010).   

 Since bumblebee (Bombus spp.) worker body size affects division of labor, it is 

hypothesized that worker size is predictive of colony success. Bumblebee colonies that produce 

larger workers tend to be more successful in terms of reproductive output (Herrmann et al., 

2018). Additionally, colonies that produce larger workers tend to grow faster (Malfi, unpublished 

data).  Although there may be some advantages to producing larger workers, it may be beneficial 

to produce smaller workers at early stages of the colony life cycle. Colony mortality is high in 

early stages of colony development (Webb, 1961; Pugesek and Crone unpublished data). During 

this risky time of colony development, it may be better to produce smaller workers that are more 

resistant to starvation. Since worker size is dependent on the nutrients that workers receive 

during the larval phase, queens may be physically unable to gather enough food on their own to 

produce large workers during the beginning of the colony cycle. While previous studies have 

examined how overall worker body size is related to colony success, no study has explored 

whether colonies that produce larger workers in early stages of the colony life cycle are more 

successful. 

 If Bombus colonies produce smaller workers early in the colony life cycle due to food 

limitation, we might expect the average body size of workers to increase as the colony ages and 

food becomes more readily available.  However, there have been conflicting results when it 

comes to exploring the relationship between colony age and worker body size. While there is 

some evidence that worker body size increases with colony age (Knee and Medler, 1965; 

Plowright and Jay, 1968), other studies have found no relationship between worker body size and 
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colony age (Couvillon et al., 2010). It is important to note that many of these studies used 

commercialized or lab-reared Bombus colonies, which may have relaxed the pressure of 

starvation and affected the size of workers produced (Couvillon et al., 2010). As commercial 

bumblebees tend to fair better than wild colonies in artificial conditions, it is uncertain whether 

commercialized colonies would perform differently than colonies that occur naturally in the 

environment (Gosterit and Baskar, 2016). Further research is required to understand how the size 

distribution of bumblebee workers changes with colony age.  

 In this natural experiment, I used wild Bombus griseocollis colonies to study 1) the 

relationship between foraging worker body size and colony age and 2) the relationship between 

colony success and the body size of the first cohort of workers produced. Colony success was 

defined by three metrics: whether the colonies switched to reproduction, the growth of the 

colonies, and the mass of the brood comb collected at the end of the season. As there may be a 

trade-off between the size of workers and the number of workers produced by a colony, I 

explored the relationship between the average number of workers first produced and the initial 

worker body size, to see if colonies that initially produced larger workers also fewer workers.   

Lastly, I explored if colony success, defined by the three metrics above, is related to how quickly 

colonies begin to produce workers, as colony success may be driven by factors other than the 

body size of workers.  

 

Methods 

Field Sites 

This study was conducted at three study sites in Ipswich, MA, USA, at Appleton Farm, 

Greenwood Farm, and Appleton Grassrides. All study sites were previously used for agriculture 
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but have since been converted for conservation. We searched for bumble bee nests exclusively in 

grassland habitats. Dominant flora include perennial grasses, shrubs, and herbaceous plants.  

 

Finding Colonies 

 We located 21 wild Bombus griseocollis nests prior to worker initiation in late April 

through June. Most nests were found above ground in dense thatch. Nests were located by 

conducting surveys spanning 70 person-hours across all three field sites. We searched for nests 

by walking in a zig-zag pattern across the expanse of each site searching for queens returning to 

an established colony. The behavior of queens returning to a colony was marked by direct flight 

patterns to a specific location in the ground.  Once this behavior was observed, a flag was placed 

as close as possible to where the queen was observed entering the ground. The potential nest 

entrance site was then monitored using a Campark action camera for an hour to confirm queens 

were using the site.  The site was deemed a potential colony if a queen was observed returning to 

the site with pollen baskets. If the site was confirmed as a nest location, it was marked with a 

numbered metal tag and the location was recorded using a Garmin GPS. 

 

Monitoring Nest Activity 

As soon as a colony had been located and confirmed, the nest entrance was monitored 

visually once a week for 30 minutes beginning on May 22nd, 2019. We recorded the number of 

workers, queens, and drones entering and exiting the colony during this period. We also recorded 

whether bees were carrying pollen. All colonies were monitored until there was no activity 

observed three weeks in a row, or until August 7th, 2019.  
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Measuring Worker Body Size 

 From the nest activity surveys, it was determined when the colonies began to produce 

workers.  Once workers were observed at a colony, a 1-hour survey was performed weekly in 

which all workers entering or leaving the nest were captured, measured, and released.  This was 

conducted in conjunction with the nest activity surveys.  Each worker was caught using a 

butterfly net then placed in a “Bee Squeezer” which immobilized them for measurement (Fig. 1).  

The intertegular (IT) span, which is the distance between wing joints, was measured using digital 

calipers to the nearest 0.01 mm.  The IT span was used because it is a common metric of bee 

body size (Greenleaf et al., 2007). After being measured, each bee was dusted with a neon, non-

toxic colored powder (Day-Glo fluorescent ECO pigment) using a small paint brush, to avoid 

duplicate measurements (Bonoan and Starks, 2016). Each worker was then released close to the 

nest. This ensured that the same workers were not measured more than once a week.  

 

Recovering Brood Comb 

After the colonies expired (i.e., after three consecutive observations of no activity), nests 

that were above ground but under dense thatch were excavated and the presence of larger gyne 

cells was recorded. A colony was considered to have switched to reproduction if there were gyne 

cells in recovered brood comb, and if gynes or males were observed while monitoring nest 

activity. The mass of the brood comb was also recorded to the nearest 0.001 g. Nest material was 

recovered for thirteen colonies. Some nests were not recovered due to degradation or because 

they were located below ground. 
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Figure 1. (a) "Bee Squeezer" used when measuring foraging B. griseocollis workers. (b) 
Bumblebee worker immobilized for measurement. 

 
Analyses 

 All statistical analyses were preformed using R (version 1.2.1335). I analyzed the 

correlation between foraging worker body size and colony age using linear mixed models (lme4, 

bbmle). These linear mixed effect models were created with different fixed and random factors. 

To evaluate which model best fit the data, I compared a total of six models using AICc (function 

ICtab from package bbmle; Table 1).  For the model used in this analysis, I used the function 

lmer from package lme4. This model included a fixed effect for colony age (i.e. days since 

workers were first observed at the colony entrance), and a random effect of Colony ID on the 

model intercept and slope to account for differences between colonies. I used this model to 

estimate the average foraging worker IT span for each colony during the first week workers were 

observed using the intercept (henceforth referred to as initial worker size). 
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After estimating body size changes through time, I evaluated the relationship between 

initial worker size and colony success, defined by three metrics: brood mass, peak worker 

observation, and whether the colony switched to reproduction.  The weight of recovered brood 

mass serves as a proxy for the overall size of the colony, as a larger colony has more brood 

comb. Peak worker observation was also used as a proxy for size of the colony, since it is 

proportional to the total number of colony members at the peak of worker production. Lastly, a 

switch to reproduction in a colony served as a way to see if colonies completed their colony 

cycle and began producing gynes or males. Initial worker size was taken from the intercepts of 

the model above. I used a linear model with gaussian family distributions and identity links with 

initial worker size as the predictor variable and both brood mass and the peak worker observation 

as response variables (function lm).  A generalized linear model with binomial distributions was 

used to compare the predictor variable of initial worker size and the response variable of whether 

each colony switched to reproduction (function glm). The significance of each predictor variable 

was determined using the Anova function in package car.  

I also compared the timing that foraging workers first emerged to colony success which 

includes brood mass, peak worker observation, and whether the colony switched to reproduction. 

Timing of worker emergence was split into two categories, early and late, dependent on the date 

that workers were first observed. Worker emergence was based on week; early emergence 

occurred between June 7 and June 15, 2019 and late emergence occurred between June 16 and 

June 22, 2019. I analyzed worker body size vs brood mass and peak worker count using linear 

models with gaussian family distributions and identity links (function lm). Worker emergence 

was the predictor variable and both brood mass and peak worker count were the response 

variables. I also analyzed the relationship between worker emergence and whether the colony 
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switched to reproduction using a generalized linear model with binomial distributions (function 

glm). Worker emergence was the predictor variable and whether the colonies switched to 

reproduction as the response variable. 

Lastly, I looked at the average number of workers produced in the first cohort and its 

correlation between initial worker size and timing of worker emergence. For both the correlation 

models, I used linear models with gaussian family distributions (function lm). 

 

Table 1. AIC model competition statistics for models of worker body size, as measured through 
colony age. 

 

Results 

 Worker body size increased significantly with colony age across 21 wild Bombus 

griseocollis colonies (Fig. 2; Likelihood Ratio Test, χ2 = 14. 395, df = 1, p < 0.001). The body 

size of the first cohort of workers varied considerably between the colonies (among colony mean 
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= 4.22mm, among colony SD = 0.28mm).  Although each colony was unique, and some failed 

earlier in the season, there was nonetheless a significant increasing trend. 

 However, there was no significant relationship between colony success and body size in 

the foraging workers that emerged in the first two weeks of measurement (Fig. 3). Worker size of 

the first workers produced had no effect on all three factors of colony success, brood mass 

(Likelihood Ratio Test, df = 1, F = 0.13, p = 0.72), peak worker observation (Likelihood Ratio 

Test, df = 1 , F = 0.0038, p =  0.95), and reproductive success (Likelihood Ratio Test, χ2 = 0.78, 

df = 1, p = 0.38). 

 

Figure 2. Foraging B. griseocollis worker body size, measured by IT span, increased 
significantly as the colonies aged. A generalized linear model with mixed effects was used and 
includes confidence intervals.  

 
 Additionally, the timing of when these colonies started producing workers had no effect 

on colony success (Fig. 4). Foraging workers that emerged earlier in the colony cycle did not 
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affect colony outcomes such as total number of bumblebee colony members marked by brood 

mass (Likelihood Ratio Test, df = 1, F = 0.18, p = 0.68), the size of the colony at its peak 

(Likelihood Ratio Test, df = 1 , F = 0.81, p =  0.38), or whether the colony ever produced 

reproductive gynes or males (Likelihood Ratio Test, χ2 = 1.36, df = 1, p = 0.24). 

 

  

Figure 3. B. griseocollis worker body size, measured as IT span, had no significant effect on 
colony success. (a) Recovered weight of brood comb using a linear model. (b) Peak worker 
activity as a proxy for the maximum size that colonies reached using a linear model. (c) 
Reproductive success using a binomial generalized linear model. 

 

Figure 4. Timing of foraging B. griseocollis worker emergence did not significantly affect any 
metrics of colony success. (a) Recovered weight of brood comb as a linear model. (b) Peak 
worker activity as a proxy for the maximum colony size as a linear model. (c) Reproductive 
success as a binomial generalized linear model. 
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Lastly, there was no correlation between the number of workers produced in the first 

cohort and initial worker body size (Fig. 5A; Likelihood Ratio Test, df = 1, F = 0.29, p = 0.60).  

There is also no significant relationship between the number of workers produced in the first 

cohort and the timing of foraging worker emergence (Fig. 5B; Likelihood Ratio Test, df = 1, F = 

0.13, p = 0.72). 

 

Figure 5. There was no significant correlation between the number of foraging B. griseocollis 
workers observed from the first workers produced and other characteristics of the first worker 
cohort. (a) Foraging worker body size measured by IT span using a linear model. (b) Timing of 
first worker emergence using a linear model. 
 

Discussion 

In this study, the average size of foraging B. griseocollis workers, although different between 

colonies, increased significantly over the course of the colony cycle. While these results suggest 

that larger workers were produced later in the colony cycle, it may result in a behavioral change, 

where smaller workers are less likely to forage as the season progresses. Results from this 

experiment directly contrast with the findings from the paper by Couvillon et al (2010).  In their 
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study, there was neither an increase nor decrease in worker body size over time. Their study used 

commercial colonies that had access to food throughout the duration of their study, so colonies 

were not resource limited.  Since colonies in my study were wild and did not have supplementary 

food, these findings support the notion that colonies are impacted by the abundance of resources.  

Thus, resource availability may play a role in the size of bumblebee workers produced.  

However, this study also shows that worker body size from the first foraging worker cohort 

does not affect colony success. There was no significant effect of body size on all three metrics 

of colony success: brood comb weight, peak worker observation, and whether the colonies 

switched to reproduction.  Despite evidence that larger workers are more efficient at performing 

all colony tasks (Goulson et al., 2002), this study shows that colonies that produce larger workers 

at the onset of the colony cycle fare no differently than colonies that produce workers of other 

sizes. This finding also contrasts with evidence that colonies which produce larger workers tend 

to be more successful (Herrmann et al., 2018; Malfi, unpublished data). While this may be still 

be true in a broader sense, my study shows that the effect of having larger workers at the 

beginning of the colony cycle, despite being more efficient at performing all colony tasks 

(Goulson et al., 2002), is negligible. 

In addition, the date when the first cohort of workers emerged had no correlation to the 

number of workers first produced and no significant effect on any of the three metrics for colony 

success (brood mass, peak worker observation, and whether colonies switched to reproduction). 

It was predicted that colonies that started producing workers earlier in the season would be more 

successful in terms of growth and reproduction because they would have had more time to 

establish and grow compared to colonies that started later, which is true for longer-lived Bombus 

species. B. griseocollis colonies, are relatively short-lived and produce far fewer workers when 
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compared to B. impatiens colonies (Williams et al., 2014). So, it may not matter when B. 

griseocollis colonies initiate worker production because they do not grow large enough or for a 

long enough period of time for the timing of worker production to make an impact on the 

outcome of the colony. Furthermore, the results of my study suggest that the effect of various 

factors on colony success, such as the timing of initiating worker production, may be species 

dependent. 

Lastly, when comparing the average number of workers from the first cohort to the initial 

worker body size, there was no correlation.  This result is surprising because it was predicted that 

there may be a tradeoff to producing workers of a certain size, especially since larger workers are 

more costly to produce (Couvillon and Dornhaus, 2009).  Since large workers require more care 

and resources during development (Michener, 1974; Alford, 1975), I would expect colonies with 

larger workers at the onset of the colony cycle to produce fewer workers than colonies that 

produced smaller workers. The findings from this experiment do not support my prediction, but 

it shows that there may be other factors that determine the size and the number of workers a 

colony can produce. For example, individual foraging skill and efficiency of queens at the 

beginning of the colony cycle may be more important than external factors such as the 

abundance of resources. 

The lack of correlation between initial worker size and the average number of workers in the 

first cohort may also be explained by discrepancies in the method for measuring the number of 

workers.  Monitoring nests for worker activity may be a poor indicator of size for a B. 

griseocollis colony because worker activity is impacted not only by how many workers are in the 

nest, but by worker behavior. The same bumblebee worker may forage several times throughout 

the day and foraging trips can span less than 30 minutes (Goulson et al., 2002), so it is possible 
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that there were duplicate worker counts. Unfortunately, there is currently no other way to 

measure colony size without disturbing the colonies in their natural environment or rearing 

colonies in boxes. 

 

Conclusion 

 From this study, it can be concluded that B. griseocollis worker body size in wild 

colonies increases with time. Colony success, however, is not affected by body size or the date 

when colonies began producing workers.  It is important to continue to investigate what factors 

do influence the growth and reproductive success of the bumblebee, including queen foraging 

efficiency and the effect of resource abundance. Currently there is very little research on this 

particular species of bumblebee, B. griseocollis, and this study is the first to look at its worker 

body size polymorphism and how it affects colony dynamics. Other bumblebee species, such as 

B. impatiens, have been studied more extensively but show results that contrast with what was 

found in this study.  These differences seem to be influenced by species characteristics such as 

the duration of the colony cycle and the number of workers typically found in a colony. Further 

research needs to be done to explore life-history strategies across many species of bumblebees, 

as it seems that these strategies can be species specific. In addition to its results, this paper is the 

first of its kind because it presents a feasible method for finding and studying bumblebee 

colonies in nature. By using this method in the field of bumblebee ecology, it presents 

opportunities for better understanding the genus as a whole, which may contribute to targeted 

conservation efforts. 
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