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starvation than their larger sisters
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Abstract In bumble bees (Bombus spp.), where workers

within the same colony exhibit up to a tenfold difference in

mass, labor is divided by body size. Current adaptive

explanations for this important life history feature are

unsatisfactory. Within the colony, what is the function of

the smaller workers? Here, we report on the differential

robustness to starvation of small and large worker bumble

bees (Bombus impatiens); when nectar is scarce, small

workers remain alive significantly longer than larger

workers. The presence of small workers, and size variation

in general, might act as insurance against times of nectar

shortage. These data may provide a novel, adaptive

explanation, independent of division of labor, for size

polymorphism within the worker caste.

Keywords Polymorphism � Robustness � Social insects �
Bumble bees � Bombus impatiens

Introduction

For organisms that are indisputable ecological successes,

biologists have devoted decades to examining what traits

might contribute fitness advantages. Have those traits

evolved for specific purposes or were they successfully

co-opted at a later time? How might characteristics confer

a positive fitness consequence on the evolutionary lifespan

of a genus? One of the most successful groups of organisms

is the social Hymenoptera. Ants, bees, and wasps are

ecologically dominant, species-rich, and contribute a very

large proportion to the terrestrial biomass (Oster and

Wilson, 1978; Wilson, 1987; Hölldobler and Wilson, 1990;

Michener, 2000; Chapman and Bourke, 2001). In addition,

social insects frequently display many interesting and

unique life history traits whose adaptive function remains

unclear.

For example, a bumble bee (Bombus spp.) worker may

be up to tenfold greater in mass than her sister (Fig. 1)

from the same colony (Cumber, 1949; Plowright and Jay,

1968; Alford, 1975; Goulson et al., 2002). This size

polymorphism, symmetric about a single mean, is present

throughout the colony cycle and independent of resource

availability (Couvillon et al., submitted). Its presence is

linked with division of labor within a bumble bee colony;

the larger workers tend to forage, whereas smaller workers

concentrate on intranidal tasks like nursing and incubating

(Cumber, 1949; Goulson et al., 2002; Foster et al., 2004;

Gardner et al., 2007; Jandt and Dornhaus, 2009). However,

is effective division of labor the evolutionary reason for

size polymorphism? There are good data to demonstrate

that larger workers are better at foraging compared to

smaller workers; larger foragers bring back more nectar per

unit time (Goulson et al., 2002; Spaethe and Weidenmuller,

2002), fly at cooler temperatures (Free and Butler, 1959),

probe deeper flowers (Peat et al., 2005), and may be less

prone to predation (Goulson et al., 2002). However, if size

polymorphism in bumble bees is an adaptation for division

of labor, we would predict that smaller workers should also

be better at their tasks. This has not yet been shown. In fact,

there is even evidence to suggest that smaller workers are
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also less efficient at nursing compared to larger workers

(Cnaani and Hefetz, 1994). Why then is size polymorphism

such a consistent feature in Bombus?

Bumble bees evolved in temperate and alpine climates

(Hines, 2008), which can experience rainy spells of many

days or even weeks in which foraging is impossible.

Bumble bee colonies are annual (Cumber, 1949) and do not

store sufficient food to last for extended periods; thus,

during such periods, a colony could potentially starve.

However, if even a fraction of the workers remains alive,

this could have positive fitness consequences, as they may

raise remaining brood and also lay male eggs, ensuring a

genetic contribution for the next generation.

Here we ask whether an individual worker’s physiology

might preferentially predispose her to survive a nectar

shortage. Specifically, we tested whether differential sur-

vival to starvation might be correlated with worker body

size.

Methods

We obtained four queenright bumble bee colonies (B. impa-

tiens, colonies 1–4) from a commercial breeder (Koppert

Biological Systems, Romulus, MI, USA). At the start of

the experiment, colonies typically had 15–30 workers plus

queen with brood; each colony at its peak size had

approximately 350 individual workers with natural body

size variation (Cnaani et al., 2002) plus brood and honey

stores (Fig. 2). Colonies were housed in wooden boxes

(22 9 22 9 11 cm) with screened ventilation holes and a

Plexiglas cover, which allowed us visible access to the

entire nest. The colonies were connected by plastic tubing

to a foraging chamber (58 9 36 9 40 cm), where sugar

solution (‘‘BeeHappy’’, provided by Koppert) was pre-

sented in feeders ad libitum for 3 months. Defrosted pollen

(1 rounded tsp, approximately 5 g) was delivered directly

to the nest through a round opening in the Plexiglas

cover daily. Colonies were kept at constant room temper-

ature (25�C) and ambient humidity. The bumble bees

behaved normally with the overhead lights (12:12 L:D) that

were on during the day, as reported in previous studies

(Couvillon and Dornhaus, 2009; Jandt and Dornhaus,

2009).

We did not control for the age of the workers; however,

recent data demonstrate that all sizes of bees are produced

throughout the entire colony cycle (Couvillon et al., sub-

mitted). Therefore, we do not expect large and small bees

to differ in age, so any variation in lifespan is evenly dis-

tributed across the bees.

After 3 months, we discontinued feeding the colonies.

For all colonies, the queen was still alive at the time of food

discontinuation. Colonies survived for 3–6 days on stored

honey; the honeypots were easy to see, as our colony nests

are flat and spread out in the boxes. Once all visible hon-

eypots were empty (of both honey and stored pollen,

although pollen does not contain enough sugar to keep an

adult alive), we collected dead bees every day at the same

time (10:00 a.m.) and measured their body size using

thorax width, which is a standard measurement of bumble

bee size (Goulson et al., 2002). In total, we measured 1,432

dead bees from the four colonies.

Results

Body size was not normally distributed (Kolmogorov–

Smirnov, P \ 0.05 for all colonies), and the size distribu-

tion in all four colonies was positively skewed (Colony 1:

skew = 0.59, Colony 2: skew = 0.5, Colony 3:

skew = 0.49, Colony 4: skew = 0.30). Based on the

Central Limit Theorem, our sample sizes were sufficient to

justify the use of parametric statistics for our regression

analysis (Sokal and Rohlf, 1995); however, we also ana-

lyzed using non-parametric statistics and obtained the same

results.

The mean worker body size differed significantly among

the colonies (Colony 1 (n = 361): 3.54 mm, Colony 2

(n = 623): 2.99 mm, Colony 3 (n = 243): 3.80 mm, Col-

ony 4 (n = 205): 3.85 mm, One-way ANOVA,

F = 125.00, P \ 0.001; Fig. 2). This significance was

maintained using non-parametric statistics (Kruskal–

Wallis, H = 307.42, P \ 0.001).

The average size of worker bees that died from starva-

tion significantly decreased in all colonies the longer the

colonies went without food, demonstrating that the larger

bees died earlier. Thus, smaller workers are more robust to

Fig. 1 Though bumble bee (Bombus impatiens) workers are highly

related (r = 0.75), there may be a tenfold difference in mass between

sisters of the same nest
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starvation compared to larger workers (Regression analy-

ses—Colony 1: R2 = 0.12, F1,1 = 31.72, P \ 0.001;

Colony 2: R2 = 0.21, F1,1 = 53.01, P \ 0.001; Colony 3:

R2 = 0.19, F1,1 = 81.52, P \ 0.001; Colony 4: R2 = 0.10,

F1,1 = 71.84, P \ 0.001) (Fig. 3). This significance was

maintained using non-parametric statistics (Spearman’s

Rank Correlation—Colony 1: -0.34, P \ 0.001; Colony 2:

-0.41, P \ 0.001; Colony 3: -0.41, P \ 0.001; Colony 4:

-0.40, P \ 0.001).

Discussion

We found that smaller worker bees were significantly more

resilient to starvation than larger workers bees. This sup-

ports the hypothesis that individual worker physiology,

specifically body size, might be correlated with ability to

survive nectar dearth.

Why might smaller worker bumble bees better withstand

starvation? One simple hypothesis would be that small

workers need less food per individual per day to survive.

Alternatively, smaller workers may store more nutrients in

their body. If the latter is the case, starvation resistance

Fig. 2 Mean (arrows) worker body size differed significantly among

the colonies. Body size was not normally distributed (Kolmogorov–

Smirnov, P \ 0.05 for all colonies). Size distribution in all four

colonies was positively skewed (Colony 1: n = 361, skew = 0.59,

Colony 2: n = 623, skew = 0.5, Colony 3: n = 243, skew = 0.49,

Colony 4: n = 205, skew = 0.30)

Fig. 3 Smaller worker bees lived significantly longer than larger

worker bees in all four colonies (Regression analysis, all P \ 0.001;

mean values ± SEM are shown). Different symbols represent differ-

ent colonies, and the numbers beside each symbol are how many bees

died and were measured on that day for that colony. ‘‘Days of

starvation’’ is the time since honey stores were emptied
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may be a result of task specialization in the colony instead

of body size per se. In particular, nurse bee physiology may

better withstand starvation; in social hymenoptera, there is

a general trend for nurses to carry a proportionally higher

lipid content (Tschinkel, 1998; Markiewicz and O’Donnell,

2001; Toth and Robinson, 2005). Smaller bees tend to be

nurses more often than larger bees (Jandt and Dornhaus,

2009). It was suggested that fatter nurses and, conversely,

leaner foragers are adaptive because foraging typically

occurs toward the end of a worker’s life, and keeping them

lean is cheap as foragers experience higher mortality (i.e., a

‘‘disposable’’ caste) (Porter and Jorgensen, 1981). It is

important to note, however, that the foragers in our study

did not have very far to forage (\30 cm); therefore, it is

unlikely that the bees disproportionately expended their

stored energy, although this would be an interesting idea to

test in both laboratory and field. Finally, bumble bee

workers do not necessarily forage toward the end of their

lives (Yerushalmi et al., 2006). Thus, whether or not

bumble bee nurses also store more lipids or other nutrients,

and how this relates to task specialization and age, remains

unknown; we are now investigating this issue.

Mortality in our study may also have been affected by

water loss in addition to starvation because we did not

provide bees with separate water feeders; however, smaller

bees, with a higher surface area:volume ratio, would be

more susceptible to desiccation through the cuticle. In fact,

there are much previous data to suggest that larger size in

organisms reduces water loss (Chown and Gaston, 1999;

Hoffmann and Harshman, 1999; Gilchrist et al., 2001;

Telonis-Scott et al., 2006; Stillwell et al., 2007). Instead,

smaller bees survived longer, which runs counter to pre-

vious work on starvation and desiccation resistance in other

insects (Heinze et al., 2003; Stillwell et al., 2007) It might

be interesting to model the optimal size distribution under

the assumption of particular cost/benefit ratios in different

conditions like starvation or desiccation, which would allow

us to make predictions regarding the evolution of size

distribution.

Of course, even if size polymorphism imparts fitness

through increased survival to starvation, it may or may not

also be an adaptation for division of labor (Couvillon and

Dornhaus, 2009), as these hypotheses are not mutually

exclusive. In division of labor, workers specialize, either

permanently or temporarily, on a subset of tasks. This is

thought to increase the efficiency (fitness) of a system as

compared to one where all workers perform all tasks

indiscriminately (Oster and Wilson, 1978; Beshers and

Fewell, 2001; O’Donnell and Foster, 2001). Indeed, divi-

sion of labor has been cited as a major reason for the

incredible success of social insects (Wilson, 1985; Robin-

son, 1992). However, if this were the case in bumble bees,

a difference in benefit/cost ratio of producing small and

large workers for different tasks would have to be shown

(Dornhaus, 2008). In addition, when thinking about adap-

tive explanations, it is important to note that efficiency,

which describes superior performance under normal con-

ditions, is not the only measure of biological fitness.

Robustness is concerned with continued performance under

non-ideal conditions (Bonabeau et al., 2000). When nectar

is scarce, small workers remain alive significantly longer

than larger workers. The presence of small workers, which

might be less efficient at ‘‘normal’’ colony work of forag-

ing and nursing, and size variation in general, might impart

robustness, but not necessarily efficiency, to bumble bee

colonies, allowing them to survive during times of high

colony stress. Total colony fitness may be maximized by

balancing the trade-off between the expensive, non-robust

but very efficient large workers and the inexpensive, non-

efficient but very robust small workers. As such, these data

may provide a novel, adaptive explanation for size poly-

morphism that is independent of division of labor and open

up a new area of investigation. Identifying what exactly in

the physiology of smaller bees confers starvation robust-

ness would be an interesting next step in studying the

fitness benefits of size polymorphism.
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