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Abstract In many social insects, including bumblebees, the
division of labor between workers relates to body size, but
little is known about the factors influencing larval development and final size. We confirmed and extend the evidence
that in the bumblebee Bombus terrestris the adult bee body
size is positively correlated with colony age. We next
performed cross-fostering experiments in which eggs were
switched between incipient (before worker emergence) and
later stage colonies with workers. The introduced eggs developed into adults similar in size to their unrelated
nestmates and not to their same-age full sisters developing
in their mother colony. Detailed observations revealed that
brood tending by the queen decreases, but does not cease, in
young colonies with workers. We next showed that both
worker number and the queen presence influenced the final
size of the developing brood, but only the queen influence
was mediated by shortening developmental time. In colonies
separated by a queen excluder, brood developmental time
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was shorter in the queenright compartment. These findings
suggest that differences in body size are regulated by the
brood interactions with the queen and workers, and not by
factors inside the eggs that could vary along with colony
development. Finally, we developed a model showing that
the typical increase in worker number and the decrease in
brood contact with the queen can account for the typical
increase in body size. Similar self-organized social regulation of brood development may contribute to the optimization of growth and reproduction in additional social insects.
Keywords Bumblebee . Bombus terrestris . Size
determination . Division of labor . Caste determination .
Alloethism

Introduction
Division of labor among workers is one of the organization
principles of insect societies. Studies on the mechanisms that
influence task performance are therefore critical for understanding both the function and the evolution of insect societies. In many social insects, division of labor is based on
profound variation in worker body size, a system that is
termed “alloethism” (Wilson 1971). Alloethism is common
in social insects such as ants (Wilson 1978), bees (Goulson
et al. 2005), and termites (Miura and Matsumoto 1995).
Large workers typically specialize in activities outside the
nest such as foraging and nest defense whereas small
workers are more likely to perform activities inside the nest
including brood care and nest cleaning (Wilson 1971). By
contrast to the mechanisms of age-related division of labor
which have been extensively studied in honey bees (e.g.,
Robinson 1992; Beshers and Fewell 2001; Smith et al.
2008; Calderone and Page 1991; Seeley and Kolmes
1991), little is known about the mechanisms regulating
size-related division of labor.
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Insect body size is influenced by internal and external
factors, and their interactions (Nijhout 2003; Davidowitz
et al. 2004). Internal factors influencing size polymorphism
include genetic variation between individuals, epigenetic
markers, and hormones or resources deposited in the egg.
For example, in the fruit fly Drosophila melanogaster genetic
dissections have linked specific genes and molecular pathways such as MAP4K3, Hippo, and the insulin/insulin-like
signaling pathway to the developmental processes determining adult body size (Edgar 2006; Pan 2007; Bryk et al. 2010).
Mutant fruit flies developing with no prothoracicotropic hormone (PTTH) show prolonged larval growth and an increase
in ultimate adult mass (McBrayer et al. 2007). In honey bees,
specific areas in the genome (QTLs—quantitative trait loci)
are associated with body size differences between European
and African subspecies (Hunt et al. 1998). In the moth
Manduca sexta, lack of Juvenile Hormone (JH) in the last
larva instar resulted in early pupation and miniature adults
(Nijhout and Williams 1974); in the ant Pheidole bicarinata,
elevated JH levels during the last larval instar induced the
larvae to develop to soldier workers that are significantly
larger than typical workers (Wheeler and Nijhout 1981). In
some harvester (Genus Pogonomyrmex) and Pheidole
pallidula ants, ecdysteroids deposited in the egg by the queen
influence the development and ultimate body size, as well as
the caste of the larvae (Suzzoni et al. 1980; Schwander et al.
2008). In the termite Reticulitermes speratus, the queen adjusts the egg size according to colony development (Matsuura
and Kobayashi 2010).
Many external factors also influence insect body size. For
example, the ambient temperature was shown to influence
the development of several species including M. sexta
(Davidowitz et al. 2003, 2004) and the solitary bee Osmia
bicornis (Radmacher and Strohm 2010). Food amount and
composition can also have major impacts on insect body size
(Davidowitz et al. 2004; Sutcliffe and Plowright 1990;
Roulston and Cane 2000, 2002; Tasei and Aupinel 2008;
Radmacher and Strohm 2010; Quezada-Euan et al. 2011).
The diet fed to female larvae determines caste in honey bees
(Patel et al. 2007; Smith et al. 2008).
The goal of our study was to identify factors that influence
body size in the bumblebee Bombus terrestris. Bumblebees
(tribe Bombini) are an important and large taxon of social
insects showing size-related division of labor. Bumblebees are
commonly considered “primitively eusocial” since there are
no morphological differences between queens and workers
other than size (Michener 1974; Cnaani and Hefetz 2001;
Goulson 2003), and there is less specialization in the division
of labor relative to highly eusocial species such as honey bees
and ants (Michener 1974; Goulson 2003; Jandt et al. 2009). In
temperate regions, bumblebee colonies are typically founded
during the spring by a single mated overwintered queen and
reach a population of up to few hundred workers. The worker
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population shows profound size polymorphism with up to
tenfold difference in body mass (Michener 1974; Alford
1975). Worker body size is associated with task performance.
Smaller bees typically perform more in-nest activities such as
brood care, whereas larger bees are more likely to forage
outside the nest (Cumber 1949; Brian 1952; Free 1955;
Michener 1974; Alford 1975; Yerushalmi et al. 2006).
Larger bees are more efficient in bringing pollen and nectar
back to the colony (Goulson et al. 2002; Spaethe and
Weidenmuller 2002). They appear to be better suited for
forging activities as they have better visual discrimination,
odor sensitivity, learning abilities, and stronger circadian
rhythms and phototactic response compared with their smaller
full-sister bees (Spaethe and Chittka 2003; Worden et al. 2005;
Yerushalmi et al. 2006; Kapustjanskij et al. 2007; Spaethe
et al. 2007; Merling 2008). These differences in behavior are
associated with relevant size-related variation in morphology
and neuroanatomy. Larger workers have more ommatidia with
wider facets in their compound eyes, elevated density of
olfactory sensilla on the antennae, and additional brain neurons that are immunostained with antiserum against the circadian neuropeptide Pigment Dispersing Factor (PDF) compared with their smaller sisters (Spaethe and Chittka 2003;
Spaethe et al. 2007; Weiss et al. 2009). Additionally, variation
in metabolic and stress response protein levels in the brain and
abdomen between small and large sister workers has been
recently reported (Wolschin et al. 2012).
We hypothesized that both internal factors in the eggs, such
as hormones or nutritional factors, and environmental factors,
such as the number of workers in the colony and the presence
or absence of the queen, may influence larval development and
adult body size. Previous studies suggest that genetic variation
does not account for the profound size polymorphism in bumblebees. Full-sister workers, which are very similar genetically,
still differ profoundly in body size (Schmid-Hempel and
Schmid-Hempel 2000); sib-mating, which further reduces genetic variation, does not influence the variation in body size of
workers or drones (Gerloff et al. 2003).
We first recorded the body size of bumblebee workers
emerging from colonies in the laboratory. This experiment
was performed to confirm and expand on earlier results
demonstrating that worker body size increases with colony
age. We next performed a cross-fostering experiment
allowing us to decouple the influence of factors in the eggs
from environmental determinants of body size. Given the
support to the hypothesis that the bee ultimate body size is
under strong environmental influence, we then performed
additional experiments to explore the influence of specific
social factors including queen presence and worker number.
We then conducted detailed observations of queen behavior
relating to larval care to further elucidate her maternal care
role and the specific effects of queen–brood interactions.
Lastly, we used a split-colony design by queen excluder to
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demonstrate that the queen influence is at least partially
mediated by close distance interactions with the larvae.
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analyzed the results using a linear regression model, with day
of emergence as the independent variable and the length of the
marginal cell as the dependent variable (SPSS 17.0 software
package, IBM, was used for all statistical analysis in this study).

Materials and methods
Bumblebees
B. terrestris founding queens and incipient colonies were
obtained from Polyam Pollination Services, Kibbutz YadMordechai, Israel. Incipient colonies contained a queen, 5–
10 workers, and brood in various developmental stages.
Founding queens were obtained after diapause and before
they started to lay eggs. Each colony or founding queen was
housed in a wooden nesting box (21×21×12 cm). The nesting
boxes included a front wall and a top cover made of transparent Plexiglas®, enabling detailed observations of colony development, comb structure, and bee behavior. The nesting
boxes were placed in an environmental chamber [29±1 °C;
45±5 % relative humidity (RH)] in constant darkness at the
Bee Research Facility at the Edmond J. Safra campus of the
Hebrew University of Jerusalem. The experiments were
conducted between January 2010 and July 2011. The colonies
were fed ad libitum with commercial sugar syrup obtained
from Polyam Pollination Services and “pollen cakes” made of
fresh pollen (collected by honey bees) mixed with sugar
syrup. All observations and treatments were made under dim
red light. As an index for body size, we measured (under a
dissection microscope, ×10 magnification) the length of the
front wing marginal cell. The length of the marginal cell is
highly correlated with wing length and other indices for body
size, can be precisely measured, and does not change with age
or flight intensity (Knee and Medler 1965; Owen 1988;
Yerushalmi et al. 2006).
Experiment 1: the influence of colony stage on the body size
of emerging bees
The aim of this experiment was to record the body size of bees
emerging in typical colonies in the laboratory. We housed two
incipient bumblebee colonies in nesting boxes as described
above. We collected all newly emerging bees (0–48 h postemergence) during the first 50 days following the emergence of
the first worker and tagged each bee with a colored number tag
(Graze, Weinstadt, Germany). After 50 days, we froze the
colony (−20 °C) and measured the length of the marginal wing
cell for all tagged bees. Given that in B. terrestris there is no
overlap between the body size of queens and workers (Goulson
2003; see also Cnaani and Hefetz 2001), we assumed that
significantly larger (marginal cell >4.2 mm) female bees emerging at the latest stages of colony development are queens (in
this study, marginal cell size range for workers was 2.05–
3.6 mm, n=713, and for queens 4.2–4.8 mm, n=51). We

Experiment 2: the influence of internal factors in the egg
and colony stage on worker body size
We used a cross-fostering experimental design in which we
switched batches of eggs between founding colonies
(“Incipient”) and young colonies at a more advanced stage of
development (“Established”). The incipient colonies contained
only the mother queen and her first batches of eggs. The
established colonies were 5–8 days after the emergence of
the first worker and contained a queen, 5–10 workers, and
brood at all stages of development. To transfer eggs between
colonies, we first removed all bees from both the incipient and
the established colonies. We then collected 6–10 eggs from
each colony and transplanted them into an empty egg cup in
the paired colony of the alternate maturity from which we had
already removed the local eggs. Transferred eggs were 2–
3 days old. We used a standard beekeeping grafting tool to
collect and transfer the eggs between the colonies. After placing the eggs gently inside the recipient egg cup of the host
colony, we carefully sealed the cup with wax from the host
colony (as in Bloch 1999). Following cup sealing, we first
returned the queen and shortly afterwards the workers back to
the nest box. In each colony, we also had sham handled egg
cups of a similar age that were similarly opened and sealed, but
without removing the eggs. The sham treatment served as a
control for the interference associated with opening and
resealing the egg cups. The whole procedure lasted ∼15 min.
We observed the colony for 3 h following the manipulation to
assure that the queen did not replace the introduced eggs with
her own eggs. To track the position and development of the
cross-fostered and control brood, we photographed the wax
comb every 1–2 days. When the focal larvae had pupated, we
transferred them into a small box (8×12×5 cm) in which they
emerged. We then froze the bees emerging from these pupae
and measured their size as described above. We used a oneway ANOVA followed by Fisher’s least significant difference
(LSD) post hoc test to analyze the results. We repeated this
experiment three times (using new colonies for each replicate).
Experiment 3: the contribution of the queen and the workers
to larval nursing during early stages of colony development
In order to quantify brood nursing by the queen and workers,
we preformed detailed observations in which we recorded
larvae feeding in colonies at early stages of development. We
observed incipient colonies with the founding queen and her
first batch of eggs. A second set of observations was performed
after the second batch of eggs was laid in these colonies, which
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Experiment 4: the influences of queen presence and worker
number on brood developmental time and final body size
In this experiment, we compared the offspring of a single
queen developing in four different social environments
(treatments): (1) 10 workers without a queen (10w), (2) a
single worker (w), (3) a single queen (Q), and (4) a queen
with 10 or more workers (Q, 10+w) (see Supplementary
Fig. 1 for flow chart for this experiment). We placed a young
colony founding queen together with 12 foreign (not her
offspring) 1-day-old workers in a small wooden cage
(8×12×5 cm) and left her for 2–3 days to lay her first batch
of eggs. We then transferred the queen together with two
workers into a new cage, leaving the eggs to develop with
the remaining 10 workers (10w, treatment 1). We left the
queen and the two workers for 1–3 days in the new cage to
lay a second batch of eggs, and then removed the queen
together with one of the workers and placed them in a new
cage; the eggs of the second batch were left to develop with
the remaining single worker (1w, treatment 2). After 1–2 days
when the queen laid in the new cage, we removed the worker

4.5

Marginal cell length (mm)

at this point contained at least 10 workers. The second set of
observations was performed 23–27 days after the first batch of
eggs was laid. In each set of observations, we observed the
focal brood cells for 1 h each day for five successive days.
During each observation, we recorded all feeding events by the
queen and the workers. A feeding event was recorded when a
bee was seen opening a larval cup, inserting her head into the
cup, and contracting her abdomen (Ribeiro 1999). The age of
the larvae was recorded relative to the clearly identified day of
pupation. This experiment was repeated with four different
colonies. We used Student’s t test to compare the average total
number of feeding events between the two colony stages for the
four replicates. The number of focal larvae fed during the
observation session was estimated based on counting the number of adult bees developing from the focal larvae cups. In
addition, at each observation day we counted the number of
larvae in individual cells. During the early stages of development, bumblebee larvae are clumped together in a common
cell, but later at about 5 days before pupation each larva has its
own individual wax cover and can be clearly identified. The
number of emerging adults was very similar to the number of
counted larvae suggesting that there was no significant mortality between the larva and adult stages. The colonies were
healthy, developed normally, and there were no indication for
significant larval death in our focal groups during the last 5 days
prior to pupation when most of our data was collected. Finally,
we analyzed the results of each batch separately using a linear
regression model, with age of the larvae as the independent
variable and the average number of feeding as dependent
variable. We used Wilcoxon signed rank test to compare feeding rate in the first and second batch for each of the colonies.
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Fig. 1 The body size of newly emerging bees is positively correlated
with colony age. Each filled diamond represents a single worker bee
(n=101); each open circle represents a gyne (n=4). Day 1 is the day of
first worker emergence. There is a significant positive correlation between worker body size and colony age (linear regression R2 =0.59,
p<0.001). A similar analysis for an additional colony is presented in
Supplementary Fig. 3

and left the queen to rear her brood by herself (Q, treatment 3;
a treatment that most closely resembles a natural colony at the
founding stage). We color marked all the workers that developed from the brood of treatment 3. When 10 workers were
present, we moved the entire colony into a larger nesting box
(21×21×20 cm). The queen laid additional eggs in the new
nesting box within 1 day. We tracked this batch of eggs, which
were tended by the full-sister workers and by the queen (Q,
10+w, treatment 4). The queens calmed down quite rapidly
after each transferred and laid again; at the day following
transfer, they seemed to behave normally. We followed the
development of all four brood batches and recorded the days
in which they emerged as adults. When all adult bees had
emerged from the focal batches, we froze them and later
measured their size as described above. All the cages with
the brood experiencing the four different treatments were
housed in the same environmental chamber (29 ± 1 °C;
45±5 % RH). We repeated the experiment simultaneously
with three queens. We used a one-way ANOVA with LSD
post hoc tests to compare body size and development duration
for bees that developed in the four social environments (a flow
chart for the experiment is provided in Supplementary Fig. 1).
Experiment 5: the influence of close distance interactions
with the queen on brood size and developmental time
We compared two brood batches from the same colony separated by a queen excluder mesh (workers, but not the queen,
were able to pass through the mesh). We split a young colony
(3–7 days after first worker emergence) that was housed in a
nesting box (21×21×20 cm) into two parts using a queen
excluder mesh (8×8-mm holes; herein referred to as “queen
excluder colonies”). There were egg cells with known day of
oviposition on both sides of the queen excluder. To motivate the
workers to move across the queen excluder, we placed the
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pollen on the queenright side and the sugar syrup on the
queenless side of the colony. We tracked the development of
the brood on both sides of the mesh by daily photographing the
nest. When the focal larvae had pupated, we transferred them
into a small box (8×12×5 cm) in which they emerged. We then
froze the bees emerging from these pupae and measured their
size as described above. In control queenright colonies, we
conducted the same procedure but used a mesh allowing a free
queen passage (10×10-mm holes + 2 holes of 20×20 mm;
herein referred to as “queenright colonies”). A second control
colony was as described above but without a queen in the nest.
The separating mesh allowed free worker passage (10×10 mm;
herein referred to as “queenless colonies”). We repeated this
experiment three times. We used Student’s t tests to compare
the body size and developmental time between the two sides of
each colony and nested ANOVAwith Scheffe’s post hoc tests to
compare between the different colony types.
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Experiment 2: the influence of internal factors in the egg
and colony stage on worker body size
The increase in body size with colony development in the first
experiment could stem from differences in the eggs laid by the
queen at different colony stages (e.g., genotype, epigenetic
markers, or hormonal differences), from changes in the colony
environment (e.g., worker or brood number), or from both. To
uncouple these two sources of variation, we used a crossfostering experimental design in which we exchanged eggs
between an incipient colony (queen and her first batch of
eggs) and an established colony (a queen with ∼10 workers
and brood in all stages of development). In all three trials of
this experiment, the introduced eggs developed into bees with
a body size similar to that of nestmates developing in the
foster colony at the same time (Fig. 2, one-way ANOVA,
p<0.001). The body size of bees emerging from introduced
eggs was significantly different from that of their full sisters

Results
3

Experiment 1: the influence of colony stage on the body size
of emerging bees

2

Trial 1
b

a

a

9

6

b

1
0
Marginal cell length (mm)

Bee body size was positively correlated with colony stage,
measured as days after the emergence of the first worker
(Fig. 1; R2 =0.59, p<0.001). The workers that emerged during
early stages of colony development were smaller compared
with their later emerging full sisters. The average length of the
front wing marginal cell in the first brood was 2.34±0.13 mm
(n=7) compared with 3.15±0.05 mm (n=10) in the last batch
of workers emerging just before the emergence of the first
gynes (virgin queens; two-tailed Student’s t test, p<0.001;
similar size differences for bees from additional four colonies
from experiment 3 are summarized in Supplementary Fig. 2).
In a second colony that we monitored, both males and females
began emerging at the onset of colony development. This
pattern is atypical as haploid males normally only emerge
during the later stages of colony development (Alford 1975;
Goulson 2003). Early emergence of males as observed in this
colony typically indicates that males are developing from
diploid eggs that are produced when a queen mates with a
male with a similar allele to hers at the sex determination locus
(Duchateau et al. 1994). Nevertheless, this colony also showed
a similar positive correlation between worker body size and
colony age. The slope of the regression line for the males was
similar to that of the workers, though males were significantly
larger at all stages (males = 3.24±0.05 mm, n=46; workers =
2.84±0.04 mm, n=56; two-tailed Student’s t test, p<0.001;
Supplementary Fig. 3). This study presents the most detailed
correlation between body size and colony age in bumblebees.
The results confirm and extend previous studies with bumblebees (Knee and Medler 1965; Plowright and Jay 1968).
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3
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a

a

2
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6
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Established
Incipient
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Incipient

Local
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Fig. 2 The colony environment rather than factors in the eggs influences
the increase in body size with colony development. We used a crossfostering experimental design, switching eggs between a colony with only
a queen (Incipient) and a colony at a later stage containing a queen, 10
workers, and brood in all stages (Established). Egg cells of similar age in
the host colony (Local) served as the control. Source indicates the source
colony in which the eggs were laid and Host indicates the foster colony in
which the brood emerging from these eggs developed. The Local egg cups
were sham handled. Values are mean±SE; sample size is given inside the
bars. Body size of emerging brood differed between treatment groups in
all three repetitions (one-way ANOVA, p<0.001); bars with different
letters are significantly different (LSD post hoc test, p<0.05). Bars with
the same filled color in each trial indicate that the bees were full sisters
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who remained in the source (donor) colony (Fig. 2). In all
three trials, the bees (local or introduced) that developed in an
incipient colony were smaller than those from an established
colony (local or introduced). These results indicate that the
nest environment rather than internal factors in the egg determines the final body size of the developing brood.

stages of colony development; we therefore cannot exclude
the possibility that the rate of feeding of larvae at certain ages
differs between the first and second batches. These observations show that the second batch of brood is fed mostly by
the workers, but the queen still tends the brood and feeds
larvae, primarily at early stages of development.

Experiment 3: the contribution of the queen and the workers
to larva nursing during early stages of colony development

Experiment 4: the influence of queen presence and the number
of workers on brood developmental time and final body size

To study brood care during colony development, we observed the number of feeding events per larva in colonies
containing the first or second brood batches. During the
founding stage, only the queen cared for the brood whereas
in colonies with a second batch of brood, both the queen and
the workers cared for the brood. Our observations indicated
that the queen continued to feed the larvae of the second
batch mostly at the early stages of brood development (7–
5 days before pupation). The percentage of feeding events by
the queen was about 7 % during the first 3 days of the
observations and later decreased to 0 % during the two last
observation days (Fig. 3). In all four trials, the bees emerging
from the second batch were significantly larger than bees
emerging from the first batch (Student’s t test, p<0.01;
Supplementary Fig. 2). In both batches, larvae growth was
associated with a progressive increase in the number of
feeding events per hour (Fig. 3; first batch—linear regression
model R2 =0.7, p=0.075; second batch—R2 =0.84, p=0.01).
The total number of larval feeding events per hour throughout the entire observation period was similar for the first and
second batches (Wilcoxon signed rank test—p=0.222, n=4
colonies, 4 days). Our sample size was too small to compare
larvae at specific ages developing during the early and later

Given that our observations (Fig. 3) suggest that the frequency of brood contact with the queen and workers changes
during colony development, we next tested the influence of
the queen and the workers on larval developmental time and
ultimate body size in a tightly controlled laboratory setup.
Bees that developed in different social environments (“treatments”, Supplementary Fig. 1) differed both in body size and
in development duration in all three trials of this experiment
(Fig. 4; one-way ANOVA, p<0.001). Bees that were cared
for by 10 workers without a queen were significantly larger
than bees cared for by 10 workers (or more) with a queen
(LSD post hoc test, p<0.05); some of these larvae developed
into gynes (trial 1—0/16, trial 2—1/5, trial 3—7/16). In trials
1 and 3, the brood raised by a queen with 10+ workers were
significantly larger than those reared by a queen alone (LSD
post hoc test, p<0.05), a similar but statistically insignificant
trend was seen in trial 2 (p=0.075). There was no consistent
trend across trials for the comparison of body size for brood
reared by a single queen or a single worker. In all three trials,
the duration of development from egg to adult was shorter
when a queen was present compared to queenless conditions
(Fig. 4; one-way ANOVA, p<0.001; LSD post hoc test,
p<0.05). Developmental time was similar for brood in cages
with only a queen or with a queen and 10+ workers (LSD
post hoc test, p>0.05). The duration was also similar for
brood in cages with a single worker or 10+ workers in trials 1
and 2 (LSD post hoc test, p>0.05), and was longer for brood
attended by a single worker in trial 3 (LSD post hoc test,
p<0.05). These results suggests that both the presence of the
queen and the total number of nursing bees affect body size,
but of the factors tested, only the presence of the queen
affected brood developmental time.
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Fig. 3 The queen continues to feed larvae in established colonies with
nurse workers. The first batch of brood is the brood from which the first
workers in the colony emerged. The second batch was laid when the
colony contained a queen and about 10 workers. The numbers below
the bars show the age of the larvae relative to the date of pupation
(0=day of pupation); the lower x-axis shows the age of the colony
relative to the emergence of the first worker (marked with a 0). Data is
based on direct observations of brood-tending behavior. Values are
mean±SE based on data from four different colonies

Experiment 5: the influence of close distance interactions
with the queen on brood size and developmental time
Given our findings on the impact of the queen on brood
developmental time and body size in experiment 4, and our
observations of brood nursing in experiment 3, we tested
whether the queen influence is mediated through close distance interactions with the larvae. Bees developing in the
queenless side of the queen excluder in the “queen excluder
colonies”, and that did not have close distance interactions
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Fig. 4 The presence of the queen and the number of workers affect
final body size and brood developmental time. Left column: worker
body size; right column: egg to adult developmental time. 10W: 10
workers without a queen, 1W: a single worker, 1Q: a single egg-laying
queen, Q+≥10W: an egg-laying queen with 10 or more workers and
brood in all stages. Each row depicts a different repetition of the

experiment. Values are mean±SE; sample size is given inside the bars.
Body size of emerging brood and developmental time differed between
treatment groups in all three repetitions (one-way ANOVA, p<0.001);
groups with different letters are significantly different (LSD post hoc
test, p<0.05). The same queen laid all of the eggs for the four experimental groups in each trial

with the queen, developed for an additional 2–3 days compared with their sisters developing on the queenright side of
the colony (Student’s t test, p<0.001); the results were similar across the three trails of this experiment. The size of the
bees from the two sides was similar in two repetitions and
was larger in the queenless side for the third repetition
(Student’s t test, p=0.02); none of the bees in these colonies
developed into gynes (Supplementary Fig. 4). In the
queenright colonies, the developmental time and the size of
the bees was the same on both sides of the mesh in all three
trials (Supplementary Fig. 4). In the queenless control colonies, the size of the bees was the same on the two sides of the
mesh in all three trials; the developmental time was similar in
two colonies and longer in the pollen side in one colony
(Student’s t test, p<0.01). Most of the bees (39 out of 59) in
the queenless colonies developed into gynes. When comparing the bees from the different treatments, we found that the
average size of the bees from the queenright colonies, the
queenright side of the queen excluder colonies, and the
queenless side of the queen excluder colonies was the same
and significantly smaller from the bees developing in the
queenless colonies (nested ANOVA, p<0.001; Fig. 5, lower
panel). Developmental time was similar for bees developing
in the queenright colonies, and in the queenright side of the
queen excluder colonies, and was significantly shorter than
for bees developing on the queenless side of the queen
excluder colonies and in the queenless colonies. The developmental time of the brood in the queenless side of the queen

excluder colonies was shorter compared with bees developing in the queenless colonies (nested ANOVA, p<0.001;
Fig. 5, upper panel). This experiment suggests that the queen
influences brood developmental time, ultimate body
size, and caste differentiation. Close distance interaction
(probably direct contact) with the queen influenced larval
developmental time.

Discussion
Size polymorphism is a hallmark of the division of labor in
many social insects, including bumblebees, but little is
known about the factors determining the body size of social
insects. Our results show that the typical increase in the body
size of emerging B. terrestris workers along with colony
development is influenced by changes in colony environment over time rather than by differences in the eggs laid by
the queen during different stages of colony growth. The
presence of a queen and the number of workers caring for
the brood influenced ultimate body size. The influence of the
queen was mediated by shortening larval developmental
duration, an effect that at least in part required close distance
interactions (probably direct contact) between the queen and
the larvae. To the best of our knowledge, this is the first
evidence that the queen influence on larval development in
bees is mediated by close distance interactions. These social
influences on brood development can in turn influence
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worker division of labor and the social organization of the
whole colony.
The positive correlation between body size and colony
age was very consistent in our experiments, and corresponds
with previous measurements in field and laboratory colonies
(Knee and Medler 1965; Plowright and Jay 1968; Goulson
2003). However, it was important to precisely quantify bee
body size over the entire period of worker production as a
similar increase was not found in all studies (Duchateau
1989; Couvillon et al. 2010). It is not clear whether this
apparent inconsistency stems from species-specific variation, differences in data collection (e.g., in some of the
studies size was measured only for bees emerging during
the later stages of colony development), or resulted from
stress associated with manipulating colonies in some of these
studies. For example, Knee and Medler (1965) showed that

colonies that were transferred from the field to the laboratory
or were infected with parasites reared small workers and did
not show the typical increase in average body size with
colony development.
The cross-fostering experiment (experiment 2, Fig. 2)
showed that the typical increase in body size can be
explained by variation in the colony environment, but not
by differences between the eggs laid by the queen at early
versus later stages of colony development. All the colonies in
the cross fostering experiment were housed in the same
environmental chamber and therefore experienced similar
temperature, humidity, and illumination, and were provided
with the same food ad libitum. Therefore, it is likely that
social rather than physical factors differing between the
incipient and established colonies accounted for the observed influence of the environments on worker body size.
We focused on two key social factors, the number of workers
present and larval interactions with the queen. Both appear to
be important. Notably, however, the queen and worker influences on larval growth appear to be mediated by different
mechanisms since only the queen presence reduced brood
developmental duration. We found that brood reared by 10
workers with or without a queen were larger than sister brood
cared for by a single worker or a queen (Fig. 4). These results
are consistent with the premise that the number of workers or
the worker/larva ratio influence brood development and ultimate body size in bumblebees (Plowright and Jay 1968).
However, the body size of the nursing workers does not seem
to be an important factor as brood nursed by large or small
worker bees in colonies at the same developmental stage
developed into adult workers of a similar size (Cnaani and
Hefetz 1994).
The importance of interactions with the queen for brood
development and final size was evident in experiment 4 in
which larger bees developed when reared by 10 workers
without a queen compared to 10 or more workers with a
queen (Fig. 4). The adult/larva ratio in these two groups
appeared similar (but this was not precisely quantified),
and we therefore assume that the presence of the queen was
the most important factor varying between these treatment
groups. The presence of a queen also inhibits the development of female larvae into new queens, which are not only
larger than workers but also differ in their physiology
(Cnaani et al. 2000a, b). Experiment 5 further showed that
the influence of the queen on larvae development is mediated
at least in part by close distance interactions, probably direct
contact. The developmental time (and in one colony also
body size) differed between the queenless and queenright
sides of the excluder in the queen excluder colonies. In a
broader evolutionary perspective, the finding that the queen
inhibits larval growth is consistent with predictions of the
Parental Manipulation Hypothesis for the evolution of eusociality (Alexander 1974).
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Our findings suggest that there is a “critical period” during larval growth in which it is most sensitive to inhibitory
signals from the queen. Critical periods during early developmental stages with profound influence on later developmental programs have been described in many animal species (Smith et al. 2008; Schwander et al. 2010). In B.
terrestris, it has been shown that the first 5 days during larval
development are the critical period for caste determination
(Cnaani et al. 2000b) and may also be critical for the developmental program determining body size. Additional factors
that we did not test such as the amount or quality of food
provided to the larvae may also influence larval growth and
final body size. Differences in diet, including in the amount
of Major Royal Jelly proteins, are important regulators of
honey bee development (e.g., Kamakura 2011). However,
their importance in bumblebees has been questioned because
no differences were found in the composition of the food
provided by the workers to gyne and worker destined larvae
(Pereboom 2000), and the single B. terrestris member of the
Major Royal Jelly protein family does not appear to have a
nutritive function (Kupke et al. 2012). Although we did not
find significant differences in feeding rates between incipient
and later stage colony, we do not argue that the amount of
food provided to the larvae does not change during colony
development. Ribeiro et al. (1999) reported, based on detailed video recording and an extended observation period,
that larval feeding rate was significantly higher in colonies
with workers and a queen relative to colonies with only the
founding queen. In addition, differences in feeding frequency have been shown to affect the size and the weight of handreared larvae (Pereboom et al. 2003). Perhaps, we did not
detect a statistically significant increase in the amount of
feeding events per larva in later stage colonies because we
observed the colonies for a relatively short period and in
colonies with a small number of workers (Fig. 3).
Our results show that the queen can also influence development without close distance interactions with the brood;
gynes were developing in the queenless colonies but not in the
queenless part of the colony in the queen excluder colonies
(experiment 5). These findings suggest that in the later colonies the queen influenced the development of brood also in the
side of the queen excluder that she could not reach. Röseler
(1970) similarly showed that larvae separated from the queen
by a queen excluder did not develop into gynes. The differences between the queenless colonies and the queenless side
of the queen excluder colonies in experiment 5 (Fig. 5) could
be mediated by volatile pheromones or by contact pheromones passing from the queen to the workers and to the larva
developing in the queenless compartment. It is also possible
that the queen influenced the behavior of workers with which
she interacted in the queenright side of the colony and who
cared for the brood in the queenless side of the colony. LopezVaamonde et al. (2007) split B. terrestris colonies with a
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single or double mesh that did not allow queen or worker
passage and reported that under these conditions, the queen
did not inhibit queen production on the queenless compartment. Transferring workers or wax once a day from the
queenright to the queenless compartment did not improve
the inhibition of gyne production in the queenless side. The
findings of Lopez-Vaamonde et al. (2007) are not consistent
with the hypotheses that volatile queen pheromones, contact
queen pheromones transferred by the worker, or queeninduced changes in workers’ behavior mediate the inhibitory
influence of the queen on gyne production. Alaux et al. (2004)
showed that the queen inhibits workers’ reproduction in colonies split by a queen excluder, but only if the workers were in
continuous close exposure to the queen; the inhibition was
weaker compared to queenright workers. Thus, perhaps the
queen influence is mediated by altering workers’ behavior,
and this affect requires repeated exposure to the queen
that was not available in the worker transfer experiment
of Lopez-Vaamonde et al. (2007).
Brood contact with the queen decreases during the typical
development of the annual bumblebee colony. Our detailed
observations (Fig. 3) revealed that the queen continued to
feed larvae in the presence of workers, but at a reduced rate
compared with incipient colonies in which the queen is the
sole brood tender. These observations that focused on the
brood are consistent with complementary observations focusing on the queen and showing that in the presence of
workers (emerged naturally or supplemented experimentally), the queen decreases her brood feeding activity compared
to when caring for the brood alone (in un-manipulated incipient colonies or in young colonies from which all workers
were removed; Woodard et al. 2013).
Based on our studies and the literature, we propose a selforganization model to explain how the natural increase in
worker number and variation in brood contact with the queen
may produce a gradual increase in worker body size along
with colony development (Fig. 6). The first batch of larvae in
the colony (leftmost part of the plot in Fig. 6) develops into
small bees because they are cared for by a single brood
tender (the queen), which is suboptimal (e.g., compare single
and multiple brood tender in Fig. 4), and because direct
contact with the queen appears to decrease larval developmental duration (experiments 4 and 5). When workers
emerge, they contribute to brood nursing, and the increase
in their number may improve the overall care for brood, an
improvement that is reflected in larger final body size. The
influence of worker number on brood size was exemplified
by the consistent larger size of bees reared by 10 queenless
workers compared to a single worker in experiment 4 (Fig. 4,
left column). Pereboom et al. (2003) hand-reared larvae and
showed that larvae that are fed at higher rates attain larger
final size, and an increase in feeding rate in later stage
colonies was reported by Ribeiro et al. (1999).
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The emergence of the first workers in the colony is associated with a sharp decrease in the queen brood feeding rate
(Woodard et al. 2013), and her relative contribution to brood
care diminishes (Fig. 3). These two processes together lead to
a decrease in brood contact with the queen and enable the
development of larger brood. The combined effects of worker
number and queen contact can explain why in experiment 5
there was a consistent reduction in developmental time but not
in body size in the queenright side of the queen excluder
colonies; the large number of workers in these colonies could
provide more care and compensate for the inhibitory influence
of the queen. This premise is also consistent with the findings
of experiment 4 in which bees developing with a queen and 10
or more workers were larger than their sisters developing with
only a queen, but developmental time was similar for the two
groups (Fig. 4). Although our experiments were not designed
to explicitly test the social influence on caste determination,
our model suggests that the decrease in queen influence on
larva development and the increase in worker number may
culminate in large brood that develop into new gynes.
Consistent with this premise are the findings that an artificial
increase in worker number enhances new queen production
(Pomeroy and Plowright 1982; Bloch 1999).
Our study focused on factors affecting the increase in
worker body size during colony growth. However, it should
be noted that there is also significant size variation between
brood developing at the same colony stage (e.g., Fig. 1 and
Supplementary Fig. 3) and even between larvae developing
together in the same cell. In several species, including Bombus
impatiens, there is evidence suggesting that some of this
variation can be explained by the brood location. It has been
suggested that brood developing in the periphery of the comb
are “neglected”, receiving less food, and are therefore smaller

than brood located at the center of the comb (Plowright and
Jay 1968; Couvillon and Dornhaus 2009). It would be interesting to test whether brood location affects the contact with
the queen and the feeding by the workers, or if this variation is
generated by factors that are not included in our model.
An increase in worker size along with colony development
has also been reported in several other social insects including
paper wasps (Jeanne and Suryanarayanan 2011; Miyano 1998;
Kudo 2003), fire ants (Tschinkel 1988), and leaf-cutting ants
(Wilson 1983). Shortening larval developmental time by direct
contact with the queen may be functionally significant in
newly founded colonies of social Hymenoptera. Specifically,
the rapid and economic production of the first batch of workers
is crucial for the survival of newly founded colonies in the
spring. A model with a similar logic to ours was suggested to
explain size and caste determination in social paper wasps. The
two principal factors in this model were feeding frequency
which is influenced by the number of workers tending the
brood and a growth inhibitory vibration signal to which the
larva is exposed. The vibrations are high early in colony
development and are thought to indicate the presence of a vital
egg-laying female (Brillet et al. 1999; Jeanne and
Suryanarayanan 2011; Suryanarayanan et al. 2011). It is interesting to note that a different situation was reported for some
hemimetabola termites in which egg size is correlated with
adult body size, and the first nymphs (juveniles, comparable in
life stage to larvae in holometabola insects) are larger when
compared with their siblings emerging at later stages of colony
development (Matsuura and Kobayashi 2010). Perhaps the
differences between the social Hymenoptera and the termites
relate to the fact that termite nymphs are part of the working
force of the colony whereas in the holometabolous hymenoptera the offspring workers contribute to the work force only as
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adults. In the social Hymenoptera, rapid development of small
workers might be the most efficient use of the limited resources
of the incipient colony whereas in termites larger nymphs may
have higher survival and can rapidly provide significant contribution to the growth of the colony during the early and
critical founding stage. During later stages of colony development in social Hymenoptera, when there are more workers to
collect food, regulate the colony environment, and care for the
brood, it may be beneficial to invest in producing larger bees
that are better foragers (Goulson et al. 2002). The larger and
more effective foragers enable the colony to collect the large
amount of food needed for the production of drones and gynes.
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