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Worker policing (mutual repression of reproduction) in the eusocial Hymenoptera represents a leading example of how coercion

can facilitate cooperation. The occurrence of worker policing in “primitively” eusocial species with low mating frequencies, which

lack relatedness differences conducive to policing, suggests that separate factors may underlie the origin and maintenance of

worker policing. We tested this hypothesis by investigating conflict over male parentage in the primitively eusocial, monandrous

bumblebee, Bombus terrestris. Using observations, experiments, and microsatellite genotyping, we found that: (a) worker- but

not queen-laid male eggs are nearly all eaten (by queens, reproductive, and nonreproductive workers) soon after being laid, so

accounting for low observed frequencies of larval and adult worker-produced males; (b) queen- and worker-laid male eggs have

equal viabilities; (c) workers discriminate between queen- and worker-laid eggs using cues on eggs and egg cells that almost

certainly originate from queens. The cooccurrence in B. terrestris of these three key elements of “classical” worker policing as

found in the highly eusocial, polyandrous honeybees provides novel support for the hypothesis that worker policing can originate

in the absence of relatedness differences maintaining it. Worker policing in B. terrestris almost certainly arose via reproductive

competition among workers, that is, as "selfish" policing.
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Coercion represents a major factor promoting the evolution of

cooperation (Frank 2003; Ratnieks and Wenseleers 2008; Bourke

2011). A leading example of coercion is worker policing in the

haplodiploid eusocial Hymenoptera, whereby workers mutually

prevent one another from producing male offspring (Ratnieks and

Wenseleers 2008). Inclusive fitness theory predicts that, other

things equal, worker policing occurs when workers are more

closely related to queen-produced males than to worker-produced

males (Starr 1984; Woyciechowski and Lomnicki 1987; Ratnieks

1988). Such relatedness differences arise from either polyandry

∗Deceased May 2011

(multiple mating by queens) or polygyny (multiple queens per

colony), which modulate the queen–worker and worker–worker

conflict over male parentage within colonies expected under mo-

nandry and monogyny (Bourke and Franks 1995; Crozier and

Pamilo 1996). As inclusive fitness theory predicts, worker polic-

ing and associated patterns of male parentage occur as a function

of relatedness differences in the highly eusocial, polyandrous hon-

eybees, Apis (Ratnieks and Visscher 1989; Oldroyd et al. 2001),

and, according to comparative analyses, across the eusocial Hy-

menoptera as a whole (Wenseleers and Ratnieks 2006).

Contrary to the general pattern, however, some “primitively”

eusocial (i.e., having relatively low queen–worker dimorphism),
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monandrous or weakly polyandrous Hymenoptera, which lack ap-

propriate relatedness differences, exhibit worker policing (Wense-

leers et al. 2005; Bonckaert et al. 2011). The mating system of

these species is likely to reflect the ancestral state, given that

high levels of polyandry are derived within the eusocial Hy-

menoptera (Hughes et al. 2008). Furthermore, some eusocial Hy-

menoptera with secondary parthenogenetic production of females

(thelytoky), which again lack appropriate relatedness differences,

also exhibit worker policing (Hartmann et al. 2003; Pirk et al.

2003). Cases like these have led to the hypothesis that factors

aside from workers being more highly related to queen- than to

worker-produced males contribute to the origin and maintenance

of worker policing (Wenseleers et al. 2005; Pirk et al. 2007;

Beekman and Oldroyd 2008; Ohtsuki and Tsuji 2009; Bonck-

aert et al. 2011). For example, it has been proposed that worker

policing has evolved from reproductive competition among egg-

laying workers, that is from “selfish” or “corrupt” worker policing

(Wenseleers et al. 2005; Bonckaert et al. 2011).

Worker policing as exhibited by honeybees, which we term

“classical” worker policing, is in fact a syndrome characterized

by several elements. Three key ones are as follows. First, work-

ers (including nonreproductive workers) eat worker-laid male

eggs, but not queen-laid male eggs, shortly after these eggs have

been laid, heavily reducing the number of worker-produced males

reaching adulthood (Ratnieks and Visscher 1989; Visscher 1989).

Alternatively, workers may attack other ovary-activated workers

(Visscher and Dukas 1995). Second, selective egg destruction oc-

curs in the absence of reduced viability of worker-laid eggs, and

so is not an aspect of colony “hygiene” (Ratnieks and Visscher

1989; Beekman and Oldroyd 2005). Third, worker discrimination

of queen- and worker-laid male eggs occurs via workers’ detec-

tion of chemical cues on eggs (Nanork et al. 2007). One or more

of these elements occurs widely in other eusocial Hymenoptera

exhibiting worker policing (e.g., Kikuta and Tsuji 1999; Endler

et al. 2004; Bonckaert et al. 2008; Brunner and Heinze 2009).

However, outside Apis, the cooccurrence of these three elements

of classical worker policing has not been demonstrated.

Bumblebees (Bombus spp.) are primitively eusocial insects

that are believed to resemble the primitively eusocial common

ancestor of the two groups of highly eusocial corbiculate bees,

the honeybees and stingless bees (Cardinal and Danforth 2011).

Bombus terrestris is an annual bumblebee widely used as a model

system in the study of social evolution (e.g., Baer and Schmid-

Hempel 1999; Bloch and Hefetz 1999a; Lopez-Vaamonde et al.

2003, 2004, 2009; Duchateau et al. 2004; Alaux et al. 2006;

Amsalem and Hefetz 2011). Colonies consist of a single queen and

about 100–300 daughter workers (Alford 1975) and genetic stud-

ies demonstrate that queens are monandrous (Schmid-Hempel

and Schmid-Hempel 2000; Lopez-Vaamonde et al. 2003, 2004;

Alaux et al. 2004). Workers are capable, via haplodiploidy, of

producing male offspring from unfertilized, haploid eggs, but

parentage analyses suggest that only a low proportion (about

5%) of adult males is worker-produced (Alaux et al. 2004;

Lopez-Vaamonde et al. 2004). In the initial (ergonomic) phase

of the colony cycle, queens produce only workers. Sexual pro-

duction starts with the production of daughter queens or, follow-

ing the “switch point” (defined as occurring when the queen lays

her first haploid egg), haploid males (Duchateau and Velthuis

1988; Lopez-Vaamonde et al. 2009). Worker-produced males are

reared only after the "competition point" (defined as occurring

when the first worker-laid eggs appear), which generally falls

after the switch point (Duchateau and Velthuis 1988; Lopez-

Vaamonde et al. 2009). Because, unlike the case under polyandry,

workers under a singly mated queen are more closely related

to worker-produced males than to queen-produced males, inclu-

sive fitness theory predicts that relatedness differences favoring

worker policing are absent in B. terrestris (Trivers and Hare 1976;

Ratnieks 1988).

In this study, our first aim was to quantify rates of egglaying

and egg-eating by B. terrestris queens and workers, and result-

ing levels of worker-produced males, to determine the nature

of conflict over male parentage in this species. Previous studies

have reported worker aggression, egglaying, and egg-eating in

B. terrestris (Van Honk et al. 1981; Van der Blom 1986; Van

Doorn and Heringa 1986; Duchateau 1989; Bloch and Hefetz

1999b; Amsalem and Hefetz 2011), but these studies did not

quantify the relative rates at which queens and workers lay and

eat eggs. Because we found elements of both selfish and classi-

cal worker policing to be present, we then tested—with positive

results—whether B. terrestris exhibits the three elements of classi-

cal worker policing described above. Our demonstration that these

three elements cooccur in a primitively eusocial Hymenopteran,

and moreover within a clade containing polyandrous, highly eu-

social members that exhibit classical worker policing, provides

new insight into the evolutionary origins of worker policing.

In total, we report four experiments using B. terrestris. In

the first, we quantified the rates of egg laying and egg-eating by

queens and workers and, in the same colonies, the frequency of

worker-produced males among larvae and adults. In the second,

we tested whether queen- and worker-laid male eggs differed

in viability. In the third, we tested whether surface (chemical)

cues permit worker discrimination of queen-laid from worker-laid

eggs; because bumblebee eggs are laid within wax egg cells (with

several eggs per egg cell), we also tested whether such cues reside

on the surface of egg cells. Finally, in the fourth experiment, we

investigated the possible marking of eggs and egg cells by queens

by quantifying the relative roles of queens and workers in egg cell

construction and sealing.
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Methods
MEASUREMENT OF EGG-LAYING AND EGG-EATING

RATES AND OF FREQUENCY OF LARVAL AND ADULT

WORKER-PRODUCED MALES

A set of B. terrestris terrestris colonies (10 colonies) was ob-

tained from a commercial supplier (Koppert Biological Systems,

Haverhill, UK) in May 2007 (Table A1). Each colony was housed

in a wooden nest box (20 × 30 × 17 cm high), with a clear Per-

spex lid, connected to an identical nest box to provide a feeding

arena. Colonies were kept in standard conditions at 28◦C, 55–

60% relative humidity, and constant darkness and fed with fresh

pollen (Kiki Ltd., Aylsham, UK) and artificial nectar (Koppert

Biological Systems). The queen and all workers were individ-

ually marked with numbered plastic discs glued to the thorax

(Queen Marking Kit, Thorne Ltd., UK). Between 31 May 2007

(date acquired) and 17–27 July 2007 (depending on the colony),

colonies were monitored every 2 days by a combination of obser-

vation and digital still photography to (a) census and mark newly

eclosed workers, (b) census and remove newly eclosed sexuals

(males and new queens), (c) determine the date of the switch

point by retrospectively calculating from the date of first male

eclosion (Lopez-Vaamonde et al. 2003), and (d) determine the

date of the competition point. Newly eclosed sexuals were re-

moved because, in nature, males and new queens leave the nest

a few days after eclosion (Alford 1975). We analyzed only data

on rates of egg laying and egg-eating (by queen and workers)

collected after the competition point (competition phase), which

was found to follow the switch point in all colonies (Table A1).

Because the switch point involves a sharp transition to male egg

laying (Duchateau et al. 2004), this meant that, over the period

during which these data were collected, queens would have been

laying almost exclusively male eggs. This was verified by the

genotyping of late-instar larvae (see below), which showed that

the modal percentage of males among larvae at the end of the

observation period was 100% (>95% in seven of nine colonies

sampled; Table A2). Nonetheless, laying by queens of a low fre-

quency of diploid eggs during the observation period would have

led to our estimate of the percentage of worker-laid male eggs

escaping egg-eating (see Results) being a slight underestimate.

All colonies remained in a queenright condition (i.e., with the

colony queen alive) during the observation period, except for one

(from which only data from its queenright period are reported;

Table A1). All colonies were frozen 3–6 days after direct obser-

vations had ended, except for the colony whose queen died, which

was kept alive for 13 days after the queen’s death to permit collec-

tion of potentially worker-produced adult males (Tables A1, A2).

Rates of egg laying by colony queens were obtained by film-

ing the brood area of five randomly selected colonies in a single

bout of 6.5 h each (mean 9 days after the competition point).

Filming in this and all other experiments was conducted under

red light using a Sony DCR-SR32 digital camcorder. Rates at

which workers laid eggs and at which queens and workers ate

eggs were determined by direct observation during 20–30 min

bouts conducted between 1400 and 1900 every 1–2 days on each

colony. Individual identities of all egg layers and egg eaters were

recorded, as was, where known, the parentage of eggs eaten. Fi-

nal rates of egg laying and egg-eating were then calculated as

described below. Note that, despite egg cells harboring multiple

eggs, all eggs within an egg cell can successfully develop as larvae,

because the flexible cell walls expand as larvae grow until even-

tually each larva occupies its own, individual cell (Alford 1975);

hence egg-eating genuinely reduces the productivity of each egg

cell affected. Overall, colonies were directly observed for a mean

of 6.3 h (range, 3–9 h) per colony over a mean period of 24 days

(range, 5–36 days) after the competition point (Table A1).

To determine in detail the fate of newly laid queen and worker

eggs, egg cells in which eggs were seen to be laid during the

observation bouts were filmed following the end of the bout with

digital camcorders mounted above nests. The time at which eggs

were laid in the focal egg cells was noted and filming continued

for up to 2 h from this time. Egg cells selected for filming were

those in which the first egg-laying event (queen or worker) for

that bout was recorded. However, because the camcorder’s field

of view was usually larger than one egg cell, egg-laying events in

other egg cells were observed during the viewing of films, and data

from these were also recorded and included in analyses. Overall,

7.4 ± 4.9 focal egg cells per colony were filmed over 1.52 ± 0.57

h per egg cell (Table A1). Any egg-laying and egg-eating events

observed only in the films of the focal egg cells were added to the

data from the direct observations, with rates of each type of event

then being calculated over the total duration of direct observation

and filming for each colony. Egg-laying and egg-eating events

could be easily recognized on film because each was preceded by

characteristic behaviors (placing of abdominal tip in egg cell and

opening of egg cell, respectively) and each lasted a relatively long

time (means of 2–4 min).

During both direct observations and filming of focal egg

cells, the placement of a queen or worker’s body during egg

laying (68 of 187 events) or egg-eating (112 of 211 events) meant

that the number of eggs laid or eaten could not always be directly

observed. To estimate rates of egg laying and eating, we therefore

multiplied the observed number of egg-laying (or egg-eating)

events by the appropriate mean number of eggs laid (or eaten)

calculated from those events during which counting eggs laid or

eaten was possible. Data (mean ± SD) from such events showed

that, per laying event, queens laid 5.7 ± 2.5 eggs (range 1–11,

n = 20 events) and workers laid 2.7 ± 1.5 eggs (range 1–6, n =
98 events); and, per egg-eating event, queens ate 2.7 ± 1.4 eggs

(range 1–6, n = 31 events) and workers ate 1.7 ± 1.0 eggs (range
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1–4, n = 68 events). To estimate the net rate of worker-laid eggs

surviving, we calculated the difference between the rate at which

worker-laid eggs were laid and the total rate at which worker-laid

eggs were eaten, assuming that no worker-laid eggs survived in

colonies in which the rate at which they were eaten exceeded the

rate at which they were laid in the sampling period.

Ovaries of a sample of workers were dissected to determine

workers’ reproductive status. All individually identifiable workers

that had been observed eating eggs in each colony were dissected

(one to five workers per colony). In addition, as controls, five

to 17 individually identifiable workers, randomly selected from

the set of workers in each colony that had not been observed

egg-eating, were dissected (Table A1). Workers were defined as

having activated ovaries if the average score of their ovarioles

equaled 3 or more on a standard scale (Duchateau and Velthuis

1989) of 0 (inactive ovariole) to 5 (fully activated ovariole).

We used microsatellite genotyping to determine the fre-

quency of worker-produced males among adult males and lar-

vae. DNA was extracted from newly eclosed adult males (from

a tarsus) and late-instar larvae (whole body) using a HotSHOT

protocol (Truett et al. 2000). To obtain multilocus genotypes, six

polymorphic unlinked microsatellite loci previously characterized

in B. terrestris were used, B10, B11, B96, B118, B121, and B124

(Estoup et al. 1993). Polymerase chain reactions (PCR) were car-

ried out in 5 μl of a mixture containing 2.5 μl Qiagenmix, 1.0

μl primer multiplex (all six loci, quantities varied from 0.005 to

0.036 μM depending on the locus), 0.5 μl water, and 1.0 μl DNA

(≈ 50 ng). PCR multiplexes were performed in a Biometra TPro-

fessional Standard Thermocycler as follows: an initial denatura-

tion step at 95◦C for 15 min, 30 cycles of 94◦C for 30 s, 57◦C for 90

s and 72◦C for 60 s, and a final incubation at 60◦C for 30 min. PCR

products were run with a 500 LIZTM (Applied Biosystems, Carls-

bad, CA) size standard on an ABI Prism 3730 automated DNA

sequencer. Results were analyzed with GENEMAPPER (version

4.0; Applied Biosystems). CERVUS 3.0.3 (Marshall et al. 1998)

was used to estimate standard intrapopulation sample genetic vari-

ability and the frequency of null alleles for each locus. GENEPOP

4.0 (Rousset 2008) was used to test for Hardy–Weinberg equilib-

rium. A positive and negative control was run with every PCR to

ensure that amplification of alleles was consistent throughout the

study, and to check for any contamination, respectively.

We genotyped samples of up to 48 newly eclosed adult males

and 24 late-instar larvae from each colony (Table A2). Adult males

for genotyping were selected from those eclosing 0–2 days be-

fore the termination date (date on which colonies were frozen).

Because males take at least 24 days to develop from egg to adult

(Bourke and Ratnieks 2001), this meant that in some colonies,

there was a limited time window in which adult worker-produced

males could have been collected (Table A1). It was for this reason

that we also sampled late-instar larvae from each colony. These

were sampled from those present within colonies on the termina-

tion date. Therefore, given that male B. terrestris larvae pupate

18 days after being laid as eggs (Bourke and Ratnieks 2001),

males in the sample of late-instar larvae would have included in-

dividuals developing from both queen- and worker-laid male eggs.

Male larvae were identified from their multilocus genotypes be-

cause haploid males, unlike diploid females, appear homozygous

at all loci (Lopez-Vaamonde et al. 2003). In eight of 10 colonies,

a minimum of 20 larvae per colony were confirmed to be male

larvae (Table A2).

To determine the mating type of each colony for the analysis

of male parentage, we also genotyped all 10 colony queens and

a sample of 6–23 daughter workers in each colony, including all

workers used in the ovarian dissections (Table A1). We defined

males (adult and larvae) as produced by workers if they had a

paternal allele (i.e., allele of the queen’s mate) at one or more

loci (Lopez-Vaamonde et al. 2004). For each colony and each

locus, an allele was considered to be paternal if it was found in

every worker of that colony. The proportion of males produced by

workers was corrected for nondetection of paternal alleles using

the formula in Foster et al. (2001).

The number of alleles per locus varied from three to eight

and expected heterozygosity ranged from 0.49 to 0.87. No signif-

icant deviations from Hardy–Weinberg equilibrium were found

at any locus. Null allele frequencies were negative or close to

zero for all loci, except for B118, in which a frequency of null

alleles of 0.21 was detected. Nevertheless, paternal alleles at this

locus were found in eight colonies, suggesting that there was little

or no effect on the detection of worker-produced males. Within

colonies, no more than three alleles were found at any one lo-

cus, confirming monandry. In addition, the frequency of adult

males that were classified as worker-produced corresponded well

with the frequency of male larvae that were so classified (Re-

sults; Table A2), supporting the accuracy of the analysis of male

parentage.

RELATIVE VIABILITY OF QUEEN- AND WORKER-LAID

MALE EGGS

A second set of B. terrestris terrestris colonies (nine colonies)

was obtained from Koppert Biological Systems in June 2009 and

maintained as in the previous experiment except that nest boxes

were not connected to separate feeding arenas. Colonies (and their

associated brood combs) were split with a wire mesh through

which bees could not pass. The mean colony size (1 day before

splitting) was 54.7 ± 24.8 workers. The queen and five workers

were kept on one side of the mesh and all remaining workers on

the other side. After a week, eggs were sampled by removal of

one to five recently built, entire egg cells from both sides of the

mesh over each of one to six different days per colony (between
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24 July 2009 and 18 August 2009). From each egg cell, 1–16 eggs

were successfully removed for scoring of their viability.

To score egg viability, we constructed “plates” of pure

“beeswax” (i.e., from Apis mellifera) obtained from Thorne Ltd.,

UK. Each plate consisted of a thick disk of wax 50 mm in diameter

in which we made 16 “wells” (about 0.5 cm in diameter) arranged

in a grid pattern on the upper surface. A lipped lid of the same

wax was made that could be placed on top of each plate. Eight

eggs from the queenright side of the mesh and eight eggs from

the queenless side of the mesh were randomly placed within the

wells (one egg per well) of a given plate, having been transferred

on clean cocktail sticks from the removed egg cells. The lid was

fitted over each plate and the entire plate was placed in a small

incubator (Brinsea, UK) set at 28◦C and containing open pans of

water to maintain high humidity (>95% RH). Wells were checked

daily between 4 and 8 days after plates were placed in the incuba-

tors. Viability was scored as the proportion of eggs that hatched

into living larvae in that interval, with scoring being conducted

blindly with respect to source of the eggs.

To confirm the ploidy of eggs, unhatched eggs and larvae

hatched from the eggs were collected from the incubated plates

and genotyped at six microsatellite loci using the same meth-

ods as in the previous experiment. Only haploid eggs were in-

cluded in the estimation of egg viability (Table A3). In addition,

for haploid eggs from the queenright side of the mesh, we used

parentage analyses (methods as in previous experiment) to en-

sure that only genuinely queen-produced eggs were included in

the estimation of the viability of the queen’s male eggs. Only

worker-produced eggs from the queenless side of the mesh were

included in the estimation of the viability of workers’ male

eggs.

WORKER DISCRIMINATION OF QUEEN- AND

WORKER-LAID EGGS

A third set of B. terrestris terrestris colonies (18 colonies) was

obtained from Koppert Biological Systems in July 2010 and main-

tained as in the previous experiment except that bees were fed with

defrosted fresh pollen (Koppert Biological Systems). Colonies

were monitored daily to record the competition point, whereupon

eight were randomly designated as receiver colonies and 10 as

source colonies. All colonies had passed their switch point (retro-

spectively calculated from the date of first male eclosion) and 15

of 18 had passed their competition point (seven of eight receiver

and eight of 10 source colonies) by the date of each colony’s first

trial, so queens in source colonies would have been laying all

or mainly male eggs at the time of the trials. From each source

colony, the queen and three sets of three workers were taken and

placed in a small plastic box each. The four boxes were each pro-

vided with three to five larval cells from the natal source colony

and regularly provisioned with pollen and artificial nectar. The

isolated queens and worker groups constructed egg cells and laid

eggs within them, and these were used as test eggs and egg cells

for the experiment.

By transferring eggs between egg cells from the isolated

queen and worker groups in a cross-fostering design, we created

the following four types of experimental egg cell: (I) queen-built

egg cell containing queen-laid eggs; (II) queen-built egg cell con-

taining worker-laid eggs; (III) worker-built egg cell containing

queen-laid eggs; (IV) worker-built egg cell containing worker-

laid eggs. In addition, as a control for our handling of egg cells

and eggs, we created a fifth type (V) of experimental egg cell by

removing egg cells from receiver colonies, extracting their eggs,

and then replacing the same eggs. All experimental egg cells were

created by carefully extracting eggs from egg cells and transfer-

ring them (with a cocktail stick) to egg cells of the appropriate type

that had been emptied. The experimenter then resealed each egg

cell. Cross-contamination was avoided by the experimenter wear-

ing clean Latex gloves, handling egg cells with forceps cleaned

with ethanol and rinsed with water between each use, and trans-

ferring each set of eggs with fresh cocktail sticks in sterile Petri

dishes. In Types I–IV, the number of eggs transferred into each

egg cell was recorded in each case (mean five eggs, range two to

eight eggs). In these types, the queen or workers that had built

the egg cell were non-nestmates of the queen or workers provid-

ing the eggs (e.g., in Type I, queens that had built the egg cells

were not from the same source colony as queens that had laid the

eggs).

Within 1 h of each being created, the experimental egg cells

were introduced one-by-one into non-nestmate (egg cell Types I–

IV) or nestmate (Type V) receiver colonies. All receiver colonies

were queenright. The egg cell was placed on the main body of

the brood comb and its exact position was recorded. At 20 h

after introduction, an experimenter, who was blind to egg-cell

type, recorded whether the egg cell had been destroyed or not

(in “destroyed” egg cells, the egg cell had been opened and all

eggs inside had disappeared). The experimenter also removed any

introduced egg cell that had not been destroyed and counted the

number of eggs remaining inside it. This was repeated until each

receiver colony had received (in random sequence, at intervals

>24 h) up to three experimental egg cells of each type. In total,

118 experimental egg cells containing 661 eggs were used in the

experiment.

To confirm that any receiver-colony treatment of introduced

egg cells was carried out by workers not queens, we digitally

filmed 26 introduced egg cells (randomized across each type) for

the first 3 h after introduction. In all cases, only workers attended

or opened the egg cells or ate eggs inside them (n = 26, 15, and

9 egg cells, respectively). Moreover, neither queens nor work-

ers in receiver colonies laid new eggs within the introduced egg

cells.
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RELATIVE ROLES OF QUEENS AND WORKERS IN

EGG-CELL CONSTRUCTION AND SEALING

A fourth and final set of B. terrestris terrestris colonies (10

colonies) was obtained from Syngenta Bioline Bees B.V., Weert,

The Netherlands, in January 2010 and maintained as in the pre-

vious experiment. Starting 11.8 ± 7.3 days after the switch point

(retrospectively calculated from the date of first male eclosion),

unmanipulated colonies were digitally filmed for 3–4 h at weekly

intervals until the natural death of the queen (filming lasted 50.1 ±
18.8 days). We analyzed a total of 72 h of film from the period

1 week after filming started (early period) and 1 week before

each queen’s death (late period). Because of queen deaths in two

colonies, early-period data came from all 10 colonies and late-

period data from eight of the colonies. The total numbers of egg

cell-building events filmed over the sampled period of 72 h were

10 (early period, queen laid in egg cell), 12 (early period, worker

laid in egg cell), 3 (late period, queen laid in egg cell), and 15 (late

period, worker laid in egg cell). From the film data, for each egg

cell, we (a) calculated the amount of time the queen or workers

spent on the egg cell, measured from 1 h before to 1 h after eggs

were laid in the egg cell, (b) recorded which party laid in the egg

cell, and (c) recorded which party sealed (capped) the egg cell

with wax. Because data from the early and late periods did not

differ significantly (GLMM, χ2 = 1.57, df = 1, P = 0.210), they

were pooled in further analyses.

STATISTICAL ANALYSES

Results were analyzed with R (R Development Core Team 2011).

In the first and second experiments, two-sample tests were carried

out using nonparametric tests (Wilcoxon signed rank or rank-sum

tests) because of nonnormal distributions. In the third experi-

ment, results were analyzed using a Generalized Linear Mixed

Model (GLMM), with either the proportion of egg cells or the

proportion of eggs surviving after 20 h as the response variable,

introduced egg-cell type as a fixed effect and receiver colony as

a random effect. Within experiments, results are presented from

all experimental colonies unless otherwise stated. All means are

presented ± 1 SD unless otherwise stated.

Results
MEASUREMENT OF EGG-LAYING AND EGG-EATING

RATES AND OF FREQUENCY OF LARVAL AND ADULT

WORKER-PRODUCED MALES

After the competition point, B. terrestris queens laid 1.18 ± 0.70

eggs per colony per hour (these eggs being almost exclusively

male; see Methods) and workers collectively laid 2.62 ± 1.22

eggs per colony per hour (Table 1). Therefore, on average, work-

ers accounted for 69% of all eggs laid during the competition

phase. All egg-eating, whether by queens or workers (n = 83 and

128 events, respectively), occurred only during the competition

phase and was from egg cells known to contain only worker-laid

eggs. Hence, queen-laid eggs were never or only rarely eaten

but worker-laid eggs were eaten by both the queen and workers.

Queens ate 1.41 ± 1.00 eggs per colony per hour and workers col-

lectively ate 1.45 ± 0.67 eggs per colony per hour (Table 1). From

these data, net rates of egg production (rates of egg survivorship)

were estimated as 1.18 ± 0.70 eggs per colony per hour for queen-

laid eggs (i.e., all queen-laid eggs survived) and 0.18 ± 0.32 eggs

per colony per hour for worker-laid eggs (Table 1). Therefore,

only an estimated 6.9% (0.18/2.62) of worker-laid eggs escaped

being eaten and the expected parental contribution of workers to

Table 1. Data on levels of egg laying and egg-eating in Bombus terrestris colonies. All data came from the competition phase of

queenright colonies. Total n = 187 egg-laying events and 211 egg-eating events over 133.5 h across 10 colonies, from both direct

observations and focal egg-cell filming. Queen-laid eggs were almost exclusively male eggs and all eggs eaten were worker-produced

eggs. See also Table A1.

No. of eggs laid per hour No. of eggs eaten per hour
Net rate of worker-laid

Colony no. By queen By workers By queen By workers eggs surviving (no. of eggs per hour)

1 2.25 1.68 0.75 1.25 0.00
2 1.50 2.62 1.12 1.33 0.17
3 0.75 3.00 1.12 1.25 0.63
4 0.35 3.17 1.58 1.53 0.06
5 1.81 3.61 0.45 2.26 0.90
6 0.00 0.30 0.30 0.00 0.00
7 1.12 4.87 3.75 1.37 0.00
8 1.00 1.87 1.12 1.16 0.00
9 1.89 2.37 1.74 2.21 0.00

10 1.09 2.73 2.18 2.18 0.00
Mean ± SD 1.18 ± 0.70 2.62 ± 1.22 1.41 ± 1.00 1.45 ± 0.67 0.18 ± 0.32
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the pool of larval and adult males, assuming no further differential

mortality, was 13% (0.18/(0.18 + 1.18)).

The queen, reproductive workers (defined as workers

observed laying eggs), and nonreproductive workers (defined

as workers not observed laying eggs) all ate eggs, their rates of

(worker-laid) egg-eating being 1.41 ± 1.00 (as above), 0.79 ±
0.66, and 0.66 ± 0.59 eggs per colony per hour, respectively.

Hence, overall, queens, reproductive workers, and nonreproduc-

tive workers ate 49.3%, 27.6%, and 23.1%, respectively, of eggs

eaten. Reproductive workers had higher mean rates of egg-eating

per capita than nonreproductive workers (0.36 ± 0.43 vs. 0.14 ±
0.09 eggs per worker per hour, respectively), although this differ-

ence was not significant (Wilcoxon signed rank test: V = 14, df =
10, P = 0.343). However, the ovarian dissections showed that 41

of 105 “nonreproductive” workers (39%) had activated ovaries,

suggesting that this worker class included a substantial proportion

of reproductively active workers. In addition, ovarian dissections

showed that workers observed egg-eating were significantly

more likely to have activated ovaries (17 of 22) than workers not

observed egg-eating (36 of 96; χ2 = 9.9, df = 1, P = 0.002). This

supported the idea that egg-eating was indeed positively linked to

worker reproduction. Nevertheless, some egg-eating workers (five

of 22, i.e., 23%) had inactive ovaries, showing that egg-eating

was not exclusively performed by reproductively active workers.

Filming of focal egg cells revealed that only 4% of worker-

laid eggs remained 2 h after being laid, with 67% of worker-laid

eggs having been eaten within 20 min of being laid (Fig. 1).

The mean intervals between focal eggs being laid and their being

eaten by queens and reproductive workers (18.7 ± 20.4 min and

24.9 ± 23.6 min, respectively) were significantly greater than the

corresponding mean interval for eggs eaten by nonreproductive

workers (7.7 ± 6.8 min) (Wilcoxon rank-sum tests: queens vs.

reproductive workers, W = 795, df = 54, P = 0.294; reproductive

vs. nonreproductive workers, W = 884, df = 35, P < 0.001).

Hence, worker-laid eggs were eaten (policed) shortly after being

laid, and queens and reproductive workers were more persistent

policers than nonreproductive workers.

Microsatellite genotyping showed that the mean frequency of

worker-produced males was 0.10 ± 0.17 among late-instar larvae

and 0.09 ± 0.14 among adult males (Table A2). These frequencies

were very close to those expected on the basis of the relative

overall rates at which queens and workers laid and ate eggs (0.13,

see above). In addition, within colonies, the overall frequency of

worker-produced males (from combined larval and adult data)

was not significantly different from the estimated frequency of

worker-laid eggs that escaped policing (Wilcoxon signed rank

test: V = 7, df = 8, P = 0.892). These findings suggested that

the observed frequency of adult worker-produced males in B.

terrestris can be entirely accounted for by policing of worker-laid

eggs.
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Figure 1. Survivorship within unmanipulated Bombus terrestris

colonies of eggs in focal egg cells known to contain either queen-

laid eggs (dashed line) or worker-laid eggs (solid line) and filmed

for up to 2 h after they were laid. Decrease in proportion of worker-

laid eggs stemmed from egg-eating by the queen, reproductive

workers, or nonreproductive workers. Total sample sizes were,

for queen-laid eggs, 35 eggs in six events filmed for 60 min each

plus 43 eggs in seven events filmed for 120 min each, and, for

worker-laid eggs, 239 eggs in 137 events filmed for up to 120 min

each. An egg-eating "event" was as defined in Methods. See also

Table A1.

RELATIVE VIABILITY OF QUEEN- AND WORKER-LAID

MALE EGGS

Viabilities of incubated male eggs laid by B. terrestris queens and

workers were not significantly different (queen-laid male eggs,

viability = 0.61 ± 0.36, n = 71 eggs from nine colonies; worker-

laid male eggs, viability = 0.58 ± 0.22, n = 174 eggs from same

nine colonies; Table A3) (Wilcoxon signed rank test: V = 23, df =
9, P = 1.0). Therefore, worker-laid male eggs were not policed

through having lower viabilities than queen-laid male eggs.

WORKER DISCRIMINATION OF QUEEN- AND

WORKER-LAID EGGS

B. terrestris workers destroyed significantly more egg cells

(100%), including all eggs inside them, when presented with

worker-built egg cells containing worker-laid eggs (Type IV) than

when presented with egg cells of any of Types I–III (Fig. 2A).

Across Types I–III, there were no significant differences among

either the percentages of egg cells destroyed (Fig. 2A) or, within

surviving egg cells, among the percentages of eggs destroyed

(Fig. 2B). Results from the control egg cells (Type V) showed

that significantly fewer (nine of 27, 33%) egg cells were destroyed

after 20 h relative to the percentages of egg cells destroyed within
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Figure 2. Percentage of experimental Bombus terrestris egg cells

and eggs destroyed by 20 h after introduction into receiver

colonies. (A) Percentage of egg cells destroyed. Sample sizes (no.

of egg cells destroyed/no. introduced) were: 15/20 (Type I, queen-

built egg cell containing queen-laid eggs), 19/23 (Type II, queen-

built egg cells containing worker-laid eggs), 16/24 (Type III, worker-

built egg cells containing queen-laid eggs) and 24/24 (Type IV,

worker-built egg cells containing worker-laid eggs). Percentage

destroyed in Type IV differed significantly (***) from the percent-

ages in Types I–III, which did not differ significantly from one an-

other (GLMM: Type IV vs. Types I–III: P = 0.001; Types I–III vs. Types

I–III: all P > 0.05). (B) For egg cells surviving after 20 h, percent-

age of eggs destroyed within them. Sample sizes (no. of eggs

destroyed/no. introduced): 4/32 (Type I), 5/24 (Type II), and 9/47

(Type III). No Type IV egg cells were present in this sample because

all were destroyed by 20 h. None of the percentages for Types I–III

differed significantly from one another (GLMM: all P > 0.05).

Types I–III and IV (P = 0.048 and P < 0.001, respectively).

This suggested that the extent of egg destruction in Types I–IV

stemmed partly from the receiving workers’ response to the ex-

perimental handling of the egg cells and eggs. In addition, some

of the effect was likely to have stemmed from egg cells and eggs

deriving from non-nestmates of the receiver colonies. However,

the significant difference between the proportion of egg cells de-

stroyed between Types I–III and IV (Fig. 2A) must have stemmed

from the factor of egg-cell type itself, because all egg cells and

eggs in these types received the same experimental handling and

all were derived from non-nestmates of receiver colonies. There-

fore, the results suggested that surface cues produced by the queen

are present on both queen-built egg cells and queen-laid eggs and

that the absence of both these cues permits workers to discriminate

against worker-laid eggs whereas the presence of any one of them

causes workers to treat eggs equally. Given that our experiment

used eggs and egg cells from queens that were not nestmates of

receiver colonies, the cue appears not to be colony-specific.

RELATIVE ROLES OF QUEENS AND WORKERS IN

EGG-CELL CONSTRUCTION AND SEALING

In unmanipulated B. terrestris colonies in the competition phase,

each party (queen or worker) spent significantly more time on egg

cells in which it laid eggs than on those in which the other party

laid eggs (Fig. 3). In addition, in egg cells in which the queen laid

the eggs, the queen sealed the egg cell in 92% (12 of 13) of cases,

and, in egg cells in which workers laid the eggs, workers sealed

the egg cell in 100% (27 of 27) of cases. Therefore, the party that

laid eggs in an egg cell was significantly likely to be the party

that sealed the egg cell (Fisher’s exact test, P < 0.001). Together

with the results of the previous experiment, these findings suggest

that, during egg laying and cell sealing, queens deposit a chemical

on eggs and egg cells that is the surface cue used by workers to

discriminate between queen- and worker-laid eggs. Moreover,

because worker-laid eggs generally occur within worker-built egg

cells (Fig. 3), the egg/egg cell combination permitting worker

discrimination of worker-laid eggs (Fig. 2A) is the one workers

would usually encounter in unmanipulated nests.

Discussion
We found that B. terrestris exhibits three key elements of classical

worker policing despite lacking a colony kin structure in which

workers are more related to queen- than to worker-produced

males. Specifically, our findings show that in B. terrestris:

(a) worker- but not queen-laid male eggs are nearly all eaten (by

queens, reproductive, and nonreproductive workers) soon after

being laid, and that this explains the low frequency of larval

and adult worker-produced males observed in the same colonies
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Figure 3. Time spent by Bombus terrestris queens and workers on egg cells as a function of which party laid eggs in the egg cell. (A)

Queen’s time spent on egg cells in which queen (q) or workers (w) laid eggs. (B) Workers’ time spent on egg cells in which queen (q)

or workers (w) laid eggs. Boxplots depict median values (bold bar) and interquartile range (upper and lower borders), with whiskers

extending to 1.5 times the interquartile range and outlying points plotted as open circles. Post hoc Tukey contrasts: queen versus worker

time when eggs laid by queen: Z = 202, P < 0.001; Queen versus worker time when eggs laid by workers: Z = 140, P < 0.001; n = 13 egg

cells in which queen laid eggs and 27 egg cells in which workers laid eggs.

(this study) and, by implication, the low frequency of worker-

produced adult males observed in previous parentage analyses

of B. terrestris males (Alaux et al. 2004; Lopez-Vaamonde

et al. 2004); (b) queen- and worker-laid male eggs have equal

viabilities, showing that selective egg-eating does not occur for

"hygienic" reasons; (c) workers discriminate between queen-

and worker-laid eggs using surface cues on eggs and egg cells

that are likely to be chemical cues deposited by the queen. Other

primitively eusocial Hymenoptera with low mating frequencies

resemble B. terrestris in exhibiting one or two of these traits,

but in none of them has the cooccurrence of all three elements

of classical worker policing been demonstrated (e.g., Saigo and

Tsuchida 2004; Wenseleers et al. 2005; Bonckaert et al. 2011).

These findings provide strong support for the hypothesis that

the worker policing syndrome can originate in the absence of, and

likely before, the evolution of relatedness differences conducive to

its maintenance (see Introduction). Notwithstanding the derived

nature of polyandry in the eusocial Hymenoptera, including the

corbiculate bees (Hughes et al. 2008), B. terrestris arguably has an

ancestry of polyandry because it belongs to the subgenus Bombus

sensu stricto, whose sister subgenus, Pyrobombus (Cameron

et al. 2007), exhibits polyandry (Payne et al. 2003; Huth-Schwarz

et al. 2011). In addition, it is possible that the evolution of a male

mating plug has secondarily imposed monandry on B. terrestris

queens (Sauter et al. 2001). However, polyandry appears derived

even within Pyrobombus (Schmid-Hempel and Schmid-Hempel

2000; Payne et al. 2003) and, in polyandrous Pyrobombus,

effective mating frequencies are less than 2 (Payne et al. 2003;

Huth-Schwarz et al. 2011) and hence below the level selecting for

worker policing (Ratnieks 1988). Therefore, worker policing in

B. terrestris is unlikely to stem from ancestral polyandry and the

conclusion remains that factors other than workers being more

related to queen- than to worker-produced males were almost cer-

tainly responsible for the origin of worker policing in this species.
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Our findings also support one of the main factors that has

been suggested to lead to worker policing in the absence of ap-

propriate relatedness differences, namely competition among re-

productive workers or selfish worker policing, as also detected

in some wasps (Wenseleers et al. 2005; Bonckaert et al. 2011)

and ants (Stroeymeyt et al. 2007). Under a singly mated queen,

workers in eusocial Hymenoptera are related to males in the de-

scending order, sons (r = 0.5), males produced by other workers

(r = 0.375), and males produced by the queen (r = 0.25). Ac-

cording to the concept of selfish worker policing, workers pre-

vent other workers from reproducing to maximize their direct

fitness gains (i.e., through favoring the production of sons). In

the present study, this explanation was supported by egg-laying

workers tending to eat more eggs per capita and eating signifi-

cantly older eggs, and by egg-eating workers being significantly

more likely to have active ovaries. At first sight, selfish worker

policing does not explain why workers with inactive ovaries also

ate workers’ eggs. However, the distinction between reproductive

and nonreproductive workers in B. terrestris may not be absolute,

in that, conceivably, such workers were priming themselves to

activate their ovaries in future.

Three other factors that have been proposed to lead to worker

policing in the absence of appropriate relatedness differences

are unlikely to operate in B. terrestris. Worker policing could

have been selected because it increases overall colony efficiency

(Ratnieks 1988). But this factor is probably not a key one because

an experimental measure of the costs of worker reproduction in

B. terrestris found them to be absent or low (Lopez-Vaamonde

et al. 2003). It has been hypothesized that worker policing evolved

to prevent worker reproduction disrupting the ergonomic phase

of eusocial colonies (Ohtsuki and Tsuji 2009). However, in

B. terrestris, the existence of the competition point makes this

factor unlikely because it means that workers never lay eggs dur-

ing the ergonomic phase, which suggests they are then reproduc-

tively self-restrained (Bourke and Ratnieks 2001). Arguably, the

threat of policing deters workers from egg laying in the ergonomic

phase. But this is probably not the case, because conspecific

workers from unrelated colonies (“drifters”) do sometimes lay

eggs before their host colony’s competition point in B. terrestris

(Lopez-Vaamonde et al. 2004) and their eggs are not immune from

policing (Zanette et al., unpubl. data). Worker policing could also

have arisen precisely to serve as a defense against egg laying by

conspecific non-nestmate workers (Pirk et al. 2007; Beekman and

Oldroyd 2008), which occurs in several eusocial bees as well as

B. terrestris (Lopez-Vaamonde et al. 2004; Nanork et al. 2005;

Beekman and Oldroyd 2008; Takahashi et al. 2010). However,

such intraspecific worker social parasitism does not appear to be

sufficiently frequent in wild B. terrestris (Zanette et al., unpubl.

data) to have generated selection for a universal favoring by work-

ers of queen- over worker-laid eggs. This again suggests that this

explanation is unlikely, although comparative studies would be

required to exclude the possibility that intraspecific worker social

parasitism was ancestrally more frequent.

An additional finding of the present study was that, in B.

terrestris, the queen polices workers’ male eggs at a high rate,

as other authors have suggested (Duchateau 1989; Velthuis et al.

2002). Queen policing is predicted by inclusive fitness theory,

because, under both monandry and polyandry, the queen is more

closely related to her sons (r = 0.5) than to those of workers

(r = 0.25). The fact that, through extensive egg policing, the queen

severely reduces the success of worker reproduction provides an

evolutionary rationale for worker matricide of queens, which is

sometimes observed during the competition phase in B. terrestris

(Bourke 1994; Bloch and Hefetz 1999b).

A result in the present study not explained by the concept

of selfish worker policing was the finding that both reproduc-

tive and nonreproductive B. terrestris workers avoided eating less

related, queen-laid male eggs. Such avoidance may not be to-

tal because reports of workers eating queen-laid eggs exist in B.

terrestris (e.g., Van der Blom 1986; Duchateau 1989) and other

Bombus species (Alford 1975). However, in the present study, B.

terrestris workers either never ate queen-laid male eggs or did

so at very low rates. It is possible that, ancestrally, workers ate

queen-laid male eggs more frequently, but, in the absence of sim-

ilar studies, it is unclear whether this is the case. Regardless, the

avoidance by egg-eating workers of queen-laid male eggs, which

may be shared by Dolichovespula wasps (Wenseleers et al. 2005;

Bonckaert et al. 2011), is a principal element of classical worker

policing. Its occurrence in B. terrestris therefore links the policing

syndrome shown by B. terrestris with classical worker policing,

which otherwise differs in that, in classical worker policing, it is

almost exclusively nonreproductive workers that police worker-

laid eggs.

A possible reason for workers avoiding eating queen-laid

male eggs is suggested by our finding indicating that queens

mark egg cells and eggs using queen-specific chemical cues. Such

chemical cues may be linked to chemical differences between

queen- and worker-laid eggs (Ayasse et al. 1999) and to chem-

ical signals of fecundity in queens and workers in B. terrestris

(Sramkova et al. 2008; Amsalem et al. 2009). For example, as

studies of other eusocial Hymenoptera have suggested (Endler

et al. 2006; Peeters and Liebig 2009), workers may use cues on

queen-laid eggs to monitor queen fertility and avoid eating queen-

laid eggs, including male ones, if they thereby assess queens as

highly productive. However, from a comparison of relatedness

coefficients alone, B. terrestris queens would have to be 1.5 times

(0.375/0.25) more productive of males than workers for workers

to favor queen- over worker-produced males, yet our data showed

that in fact workers in the competition phase collectively laid

more eggs than queens. Hence, why B. terrestris workers eat few
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or no queen-laid male eggs remains to be fully determined. How

worker policing as exhibited in B. terrestris might become modu-

lated into the classical form also remains to be explored. Bombus

species vary widely in the frequency of adult worker-produced

males (e.g., Paxton et al. 2001; Brown et al. 2003; Alaux et al.

2004; Lopez-Vaamonde et al. 2004; Takahashi et al. 2008, 2010;

Huth-Schwarz et al. 2011) and in levels of behavioral expres-

sion of conflict over male parentage (reviewed in Wenseleers and

Ratnieks 2006). Given phylogenies exist for both Bombus and

corbiculate bees as a whole (Cameron et al. 2007; Cardinal and

Danforth 2011), studies of this issue in a comparative context now

seem feasible.
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