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Abstract 23 

Eusocial insect colonies are vulnerable to exploitation by egg-laying workers arising either as 24 

natal reproductive workers or as non-natal reproductive 'drifting' workers (intraspecific social 25 

parasites). Worker egg-laying is potentially costly to the colony, but queens and workers can 26 

counter its costs via egg-eating (queen or worker policing). Bumblebee colonies exhibit egg 27 

laying by both natal and non-natal workers: natal workers collectively lay more eggs but do 28 

so only after a specific point in the colony cycle, the ‘competition point’, whereas non-natal 29 

workers potentially lay eggs throughout the colony cycle. These features create a special 30 

opportunity to investigate whether policing of worker-laid eggs is context-dependent (i.e. 31 

depends on worker origin of eggs and/or colony stage). We introduced artificial egg cells 32 

containing eggs laid by either natal or non-natal workers into colonies of the bumblebee 33 

Bombus terrestris both before and after their competition points, and observed the fate of 34 

introduced egg cells and eggs. In both colony stages, the majority of introduced egg cells and 35 

eggs were policed, demonstrating that policing was not activated only after the competition 36 

point. However, in the pre-competition point stage alone, a smaller proportion of non-natal 37 

workers' eggs (15%) remained after 20 h compared to the proportion of natal workers' eggs 38 

remaining (24%). More effective policing of non-natal workers' eggs early in the colony 39 

cycle potentially represents an adaptive, context-dependent response to the stage in the cycle 40 

when all worker-laid eggs are normally unrelated to the natal colony.   41 

  42 
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 46 

Significance 47 

This study is novel because we investigate the importance of social context in determining 48 

the effectiveness of egg policing in social insect colonies. While previous studies have 49 

investigated the ability of social insects to ‘police’ worker-laid eggs from different sources, 50 

with policing occurring because it is in the policers' evolutionary interest, relatively little 51 

attention has been paid to whether or how the social context of policing affects its occurrence. 52 

In particular, by investigating the potentially separate effects of egg origin and colony stage, 53 

our study sheds light on both the mechanistic regulation of egg policing and its evolutionary 54 

benefits. Our results reveal that colony stage appears to be important for the policing of non-55 

natal eggs and also suggests that social parasitism by non-natal workers influences the 56 

evolution of egg policing, at least in bumblebees. 57 

 58 
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Introduction 65 

Social groups, including those of eusocial insects, represent concentrations of resources that 66 

are vulnerable to exploitation by external and internal cheaters (Beekman and Oldroyd 2008; 67 

Bourke 2011; Ghoul et al. 2014; Lhomme and Hines 2018; Wenseleers et al. 2021). Cheating 68 

is frequently countered by the policing behaviours of other group members (Ratnieks 1988; 69 

Ratnieks and Wenseleers 2005; Singh and Boomsma 2015), but the effectiveness of policing 70 

behaviours in different contexts has been investigated in detail in relatively few systems 71 

(Endler et al. 2004; Karcher and Ratnieks 2014; Oi et al. 2015). In the eusocial Hymenoptera 72 

(ants, bees and wasps with a worker caste), a common form of cheating is egg-laying by 73 

reproductive workers. In many species, workers (all of which are female) possess ovaries and 74 

can produce viable male offspring from unfertilised, haploid eggs (Bourke 1988). Worker 75 

reproduction occurs in two contexts, both of which can be costly to the fitness of other colony 76 

members. The first context involves reproduction by natal workers (i.e. workers produced 77 

and eclosing in their own colony) and the second involves reproduction by non-natal workers 78 

(intraspecific social parasites) that originate from other colonies and enter host colonies via 79 

'drifting' (Beekman and Oldroyd 2008). Reproduction by natal workers can be costly to 80 

nestmate fitness under the following conditions: (1) if other workers are more closely related 81 

to queen-produced males than to worker-produced males (Ratnieks 1988; Bourke and Franks 82 

1995; Wenseleers and Ratnieks 2006); (2) if other workers favour female bias in the sex ratio 83 

(Foster and Ratnieks 2001b); and 3) if worker reproduction reduces colony productivity, e.g. 84 

by reducing foraging or nursing effort (Ratnieks 1988; Wenseleers et al. 2005a; Ohtsuki and 85 

Tsuji 2009; Teseo et al. 2013). Reproduction by non-natal workers frequently involves entry 86 

to host colonies followed by egg-laying by conspecific but unrelated workers, as documented 87 

among diverse eusocial Hymenoptera (Foitzik and Heinze 2000; Lopez-Vaamonde et al. 88 

2004; Nanork et al. 2005; Hartel et al. 2006; Sumner et al. 2007; Chapman et al. 2010; 89 
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Zanette et al. 2014; Oliveira et al. 2016, 2021; Kuszewska et al. 2018; Nishimura and Ono 90 

2021). Hence it is costly to host colony members because host workers then waste colony 91 

resources on rearing non-kin. 92 

 93 

Both queens and workers in the eusocial Hymenoptera frequently police other individuals' 94 

reproduction, especially via egg eating, with queens typically eating workers' eggs (queen 95 

policing) and workers eating eggs laid by other workers (worker policing) (Ratnieks 1988; 96 

Wenseleers and Ratnieks 2006; Singh and Boomsma 2015). In many species, this policing 97 

acts as a key mechanism to remove eggs laid by natal workers (Van Doorn and Heringa 1986; 98 

Ratnieks and Visscher 1989; Monnin and Peeters 1997; Foster and Ratnieks 2001a; 99 

Wenseleers and Ratnieks 2006; Karcher and Ratnieks 2014; Wenseleers et al. 2021). The 100 

ability to discriminate natal worker-laid eggs from queen-laid eggs appears to depend on 101 

differences in chemical cues on the surfaces of eggs (Endler et al. 2004; van Zweden et al. 102 

2009; Oi et al. 2015). Egg policing can also act as a key defence against social parasitism by 103 

non-natal workers (Gruter et al. 2018; Lhomme and Hines 2018), and both functions of egg 104 

policing could have been important for the evolution of egg eating in eusocial insect lineages 105 

(Lorenzi and Filippone 2000; Pirk et al. 2007; Beekman and Oldroyd 2008; Zanette et al. 106 

2012). Consistent with policing of non-natal workers' eggs, there is evidence of an ability to 107 

discriminate non-natal worker-laid eggs in Formica ants (Helantera and Sundstrom 2007; 108 

Meunier et al. 2010; Chernenko et al. 2011) and the honey bee Apis mellifera (Pirk et al. 109 

2007). However, some eggs of both natal and non-natal workers have been shown to escape 110 

policing in A. mellifera (Oldroyd and Ratnieks 2000; Martin et al. 2002), suggesting that egg 111 

discrimination is imperfect. Overall, the relative effectiveness of egg eating against the two 112 

forms of worker egg laying (by natal or non-natal workers) is not known and has not been 113 

studied in a single system.  114 
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 115 

The eusocial bumblebee Bombus terrestris exhibits both natal worker reproduction (e.g. Van 116 

Honk et al. 1981; Bloch 1999; Zanette et al. 2012) and reproduction by non-natal workers 117 

(e.g. Birmingham et al. 2004; Lopez-Vaamonde et al. 2004; Blacher et al. 2013a; O'Connor et 118 

al. 2013; Zanette et al. 2014) and so provides an excellent system in which to evaluate the 119 

relative effectiveness of egg eating in policing these two forms of worker reproduction. Both 120 

these forms are likely to co-occur more widely across the eusocial Hymenoptera, but 121 

currently their co-occurrence is known in only a few species, including B. terrestris and A. 122 

mellifera (Beekman and Oldroyd 2008). Bumblebee colonies exhibit an annual colony cycle 123 

in which a colony is produced by a single foundress queen and persists for a single season. 124 

Several weeks into the colony cycle, B. terrestris colonies exhibit a ‘competition point’, 125 

defined as the point at which some natal workers begin to lay eggs. This is likely, at a 126 

proximate level, to be triggered by changes in queen and/or nest chemical cues (Duchateau 127 

and Velthuis 1988; Bourke and Ratnieks 2001; Lopez-Vaamonde et al. 2007; Amsalem et al. 128 

2009; Ayasse and Jarau 2014; Rottler-Hoermann et al. 2016; Almond et al. 2019). The 129 

competition point is characteristically accompanied by increased aggression between queen 130 

and workers and by the onset of queen and worker policing of natal worker-laid eggs, with 131 

the result that under 5% of natal worker-laid eggs survive for more than 2 hours after being 132 

laid (Zanette et al. 2012). There is evidence that chemical cues on both eggs and the wax egg 133 

cells in which they are laid allow workers to discriminate between natal worker-laid male 134 

eggs and queen-laid male eggs (Zanette et al. 2012). In Bombus spp. including B. terrestris, 135 

worker reproduction by socially parasitic non-natal workers has been documented in both 136 

semi-natural (Birmingham et al. 2004; Lopez-Vaamonde et al. 2004; Lefebvre and Pierre 137 

2007) and field settings, although the frequency of non-natal workers in field colonies is low 138 

(1-3%) (Takahashi et al. 2010; O'Connor et al. 2013; Zanette et al. 2014). Lopez-Vaamonde 139 
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et al. (2004) presented evidence that, by exhibiting elevated rates of aggression, egg-laying 140 

and reproductive success, B. terrestris non-natal workers exhibit a reproductive syndrome 141 

(suite of behaviours) differing from that shown by natal workers. This conclusion is 142 

supported by findings that fertile workers are more likely to remain fertile when introduced 143 

into a non-natal, host colony than when reintroduced into their natal colony (Yagound et al. 144 

2012), and that workers drift to other nests more frequently when they are reproductively 145 

active and when their natal colony has passed the competition point (Blacher et al. 2013b). 146 

Combined, these findings suggest that, in Bombus species, worker drifting (either 147 

intentionally or as a result of navigation error) followed by intraspecific social parasitism 148 

represents a distinct, albeit low-frequency, evolutionary strategy via which workers may gain 149 

direct fitness. 150 

 151 

The social biology of B. terrestris therefore provides a special opportunity to investigate 152 

whether the effectiveness of the colony (i.e. the summed efforts of the queen and workers) in 153 

detecting and policing worker-laid eggs is context-specific. Specifically, the effectiveness of 154 

egg policing could be influenced by the origin of workers' eggs (from natal or non-natal 155 

workers) and/or by stage in the colony cycle (colony stage). Colony stage is potentially 156 

influential because natal worker egg-laying in B. terrestris occurs only after the competition 157 

point (by definition), so before this point the only natal colony members' eggs present are 158 

queen-laid eggs, i.e. there are no (natal) workers' eggs to police. By contrast, drifting non-159 

natal workers potentially enter colonies and lay eggs at any stage of the colony cycle. In 160 

particular, it is known that some eggs produced by non-natal workers are laid before their 161 

host colony's competition point and that these eggs may successfully develop into adult males 162 

(Lopez-Vaamonde et al. 2004). However, given the low frequency of non-natal workers 163 

observed in field colonies (see above), the chance of non-natal workers' eggs being present 164 
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before their host colony's competition point is also likely to be low. For these reasons, queens 165 

and workers potentially activate egg policing only once the competition point has occurred. 166 

In this study, we therefore sought to determine the relative effectiveness of the colony's egg 167 

policing as a function of the origin of workers' eggs (natal or non-natal workers) and colony 168 

stage. We hypothesized that egg policing is more effective (1) against natal worker-laid eggs 169 

than against non-natal workers' eggs, i.e. because the former occur more frequently and so 170 

selection to police them is likely to have been stronger, and (2) after the competition point 171 

than before the competition point, i.e. because natal workers lay eggs only after the 172 

competition point, and non-natal workers' eggs are likely to be rare, suggesting policing 173 

yields greatest benefits after the competition point. Accordingly, we employed a factorial 174 

design, introducing eggs of either natal or non-natal worker origin to B. terrestris colonies 175 

both before and after the receiving colonies' competition point.  176 

 177 

Materials and Methods 178 

Colony maintenance and microcolony construction 179 

Ten pre-competition point B. terrestris terrestris colonies were obtained from a commercial 180 

company (Syngenta Bioline, Weert, The Netherlands). The colonies were queenright 181 

(containing the foundress queen) upon receipt. Colonies were maintained in plastic nest 182 

boxes provided by the supplier (20 cm × 20 cm × 15 cm), in standard conditions (constant 183 

darkness, approximately 28oC, 50% relative humidity) for the duration of the experiment, 184 

with all observations and manipulations being conducted under dim red light. These colonies 185 

and all experimental bees were fed ad libitum with pollen and sugar syrup (‘Attracker’; 186 

Koppert Biological Systems, Berkel en Rodenrijs, The Netherlands) throughout the 187 

experiment. The 10 colonies were divided randomly into 5 pairs and labelled accordingly. To 188 
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obtain worker-laid eggs, workers and cocoons (brood cells each containing a pupa or late-189 

stage larva) were removed from each colony and placed into small (140 ×  79 ×  60 mm) 190 

plastic boxes (hereafter, 'microcolonies'). Three microcolonies were constructed per colony of 191 

origin, with each containing 3-5 workers and 5 cocoons. Such microcolony conditions induce 192 

workers to lay eggs (e.g. Alaux et al. 2007; Amsalem and Hefetz 2011). To maintain at least 193 

3 workers per microcolony, workers that died were replaced by additional workers randomly 194 

selected from the colony of origin. Once workers in at least one microcolony per colony of 195 

origin had begun to lay eggs (9 days after microcolonies had been established), egg cell 196 

introductions were commenced, with this day classed as the beginning of the experiment for 197 

all colonies. The total duration of the experiment, from first to last introduction, was 17 days.  198 

 199 

Egg cell introduction: experimental set-up 200 

Egg cell introductions of eggs derived from the microcolonies into the ten whole colonies 201 

were conducted to test the response of pre- and post-competition point colonies to eggs laid 202 

by either natal or non-natal workers. For each egg cell introduction, one investigator (JGH) 203 

introduced the contents of one or more egg cells taken from a microcolony to a manually-204 

constructed artificial egg cell, with a single artificial cell containing several eggs then being 205 

used for each introduction. The total number of egg cell introductions was 119, consisting of 206 

744 eggs overall (mean ± SD = 6.3 ± 1.5 eggs per introduced egg cell). In order to 207 

standardise across treatments, artificial egg cells were constructed from wax taken from an 208 

empty cell in the receiving colony on the day of the introduction and were designed to 209 

resemble B. terrestris egg cells in size and shape. The workers in the microcolony from 210 

which the eggs were taken were originally from either the receiving colony (natal egg origin) 211 

or another colony (non-natal egg origin). Where possible, non-natal eggs introduced to a 212 
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receiving colony were sourced from a microcolony whose workers originated from the 213 

colony with which the receiving colony had been paired (109 of 119 introductions). This 214 

pairing protocol was used to keep the number of introduced eggs sourced from each colony 215 

approximately equal, so reducing any effect of colony of origin. On dates when 216 

microcolonies from a paired colony failed to provide sufficient eggs for introduction to a 217 

receiving colony, eggs were instead taken from a microcolony derived from another colony. 218 

Where this was not possible (due to insufficient eggs), no introduction into the receiving 219 

colony was performed on that day. In placing eggs in the artificial egg cell, care was taken to 220 

ensure that wax from the worker-made egg cell in the microcolony did not contaminate the 221 

wax used to construct the artificial egg cell, and that both the cell and eggs only came into 222 

contact with the tools used (cocktail sticks and forceps) and nitrile gloves, which were 223 

replaced between each introduction. Care was also taken to avoid crushing the eggs when 224 

sealing the cell. After each artificial egg cell (containing the eggs) had been sealed, the cell 225 

was then placed and fixed on top of the brood cells in the receiving colony in a visible 226 

position. As far as was possible, introductions (111 of 119 introductions) were carried out 227 

over sets of two consecutive days, with a colony receiving egg cells in the natal treatment on 228 

the first day, and in the non-natal treatment on the second day (or vice versa, in a randomly 229 

determined order). This helped to ensure that treatments were equally represented across time 230 

for each colony. The remaining 8 of 119 introductions were performed at other times 231 

throughout the experiment (fig. 2). All ten colonies received six natal introductions and six 232 

non-natal introductions with the exception of one colony that received only five natal (and six 233 

non-natal) introductions. No more than one introduction per day was conducted in any one 234 

colony, and all introductions were performed between 14:00 and 18:00. 235 

 236 
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Since we wished to test whether the response of colonies to eggs differed according to colony 237 

stage (i.e. whether before or after competition point), each of the ten whole colonies was 238 

monitored regularly (every 1-2 days) to check whether it had reached the competition point. 239 

Following Duchateau et al. (2004), a colony was considered to have reached the competition 240 

point when at least one of four criteria was observed (multiple open egg cells, egg-eating by 241 

queen or workers, aggression between queen and workers, or egg-laying by workers), except 242 

that the opening of introduced experimental egg cells or the eating of eggs from them were 243 

excluded (since such behaviours may have been the result of the experimental conditions and 244 

did not necessarily demonstrate egg-laying by workers in the receiving colony). In two 245 

colonies, the competition point occurred at, or before, the start of the experiment. In another 246 

one colony, the competition point had not occurred by the end of the experiment. In the 247 

remaining seven colonies, the competition point (CP) occurred during the experiment (mean 248 

± SD = 8 ± 4 days into the 17-day experimental period). The egg cell introductions were 249 

performed both before and after the competition point, creating four experimental conditions 250 

as follows: natal worker eggs introduced into pre-competition point colonies (n = 19 egg cells 251 

introduced), non-natal worker eggs introduced into pre-competition point colonies (n = 22 252 

egg cells introduced), natal worker eggs introduced into post-competition point colonies (n = 253 

40 egg cells introduced), and non-natal worker eggs introduced into post-competition point 254 

colonies (n = 38 egg cells introduced). We also monitored the colonies for the death of the 255 

queen, which occurred during the experiment in three colonies (2a, day 12; 2b, day 2; 4a, day 256 

1). 257 
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 258 

Egg cell introduction: assessment of egg cell fate 259 

The fate of introduced egg cells (including their contained eggs) was assessed in three ways. 260 

First, to investigate the initial time course of policing, and to measure egg cell fate in the 261 

period shortly after introduction, we determined, at intervals, the rate of egg cell ‘destruction’ 262 

over the first 3 hours since introduction, with a 'destroyed' egg cell being defined as one that 263 

had been opened and then left open with no eggs remaining. For this, after each egg cell 264 

introduction, the introduced egg cell was observed at 30-minute intervals over 3 hours to 265 

check it for destruction. Second, to investigate the longer term fate of egg cells, we 266 

determined whether the cells had been destroyed or not after 20 hours since introduction. 267 

Third, to account for the fate of egg cells that, after 20 hours, had survived destruction, we 268 

determined the proportion of eggs remaining in each of these cells. For this, we removed 269 

surviving cells from the colony and counted the number of eggs remaining inside. The 270 

proportion of eggs remaining was calculated, over all introduced egg cells (i.e. both those 271 

destroyed after 20 hours, which returned values of zero, and those surviving destruction after 272 

20 hours), as (number of eggs remaining) / (number of eggs introduced). Occasionally, it was 273 

observed that eggs had been laid in the introduced egg cell, and this was also shown by data 274 

from digital filming (see below). Although it was not possible for the investigator to 275 

discriminate between such eggs and eggs present when the egg cell was introduced, egg-276 

laying in the introduced egg cells was unlikely to have affected the conclusions because a) it 277 

was relatively rare (occurring in 2 of 15 digitally filmed introductions; see Results), and b) a 278 

relatively large proportion of egg cells were destroyed (see Results), so these would have 279 

been scored as destroyed even if they had contained eggs laid since the introduction of the 280 

egg cell. All assessments of egg cell fate, including counts of eggs remaining, were 281 
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conducted blindly by a second investigator (TN), who was naïve as to the treatment of each 282 

cell. 283 

 284 

Egg cell introduction: digital filming of adult behaviour at introduced egg cells 285 

To check that eggs that went missing from introduced egg cells were in fact eaten, a sample 286 

of introduced egg cells were also digitally filmed for 10 hours (or until the cell was 287 

destroyed) following introduction. Specifically, fifteen introduced egg cells (3 natal, pre-288 

competition point, 2 non-natal, pre-competition point, 4 natal, post-competition point and 6 289 

non-natal, post-competition point) were filmed using digital camcorders (Sony DCR-SR32). 290 

Filming began within 30 minutes of the egg cell introduction, after setting up the camcorders 291 

to focus on introduced cells. Seven introductions were filmed at the start of the experiment 292 

(day 1 or 2), and eight introductions were filmed at the end of experiment (day 15 or 16). 293 

Each colony was filmed 1-2 times. The digital films were then viewed to score all instances 294 

in which introduced egg cells were opened, egg eating from them visibly occurred or egg 295 

laying into them visibly occurred. This allowed us both to check whether egg eating was the 296 

cause of the reduction in egg numbers in introduced egg cells and to estimate the extent of 297 

egg laying (if any) into introduced egg cells. The caste (queen or worker) of individuals 298 

performing these actions was also scored. Finally, because egg eating may have sometimes 299 

occurred without being visible in the digital film (due to the cell's mouth being obscured), 300 

and to refine our estimate of the relative proportions of queen and worker policing, a subset 301 

of filmed introductions (three at the start and three at the end) were analysed in more detail to 302 

measure the time over which either queens or workers spent 'engaged' at the egg cell, i.e. with 303 

the head inserted into the cell (indicating either egg eating or another behaviour such as 304 

inspection of the egg cell's interior).  305 
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 306 

Statistical Analyses 307 

The effect of egg origin (whether introduced eggs were laid by a natal or non-natal worker) 308 

and colony stage (whether receiving colony was pre- or post-competition point) on the rate at 309 

which introduced egg cells were destroyed over the first 3 hours following introduction was 310 

tested using a mixed effects Cox (Proportional Hazards) model fitted by maximum 311 

likelihood. Egg origin, colony stage and their interaction were used as explanatory variables. 312 

Colony identity was used as a random intercept factor to account for the repeated use of each 313 

colony for the experimental egg cell introductions. The event time was the time elapsed 314 

between introduction and the earliest time (in intervals of 30 min) at which the introduced 315 

egg cell was observed to have been destroyed (i.e. opened and containing no eggs). Any cells 316 

opened but still containing eggs were classified as not destroyed. Cells not destroyed within 3 317 

hours were included as right-censored data (i.e. as still informative because the cells were not 318 

destroyed before this time). 319 

 320 

Generalised linear mixed models (GLMMs), with a zero-inflated binomial error distribution 321 

and logit link function, were used to evaluate the effects of egg origin and colony stage on 322 

egg cell fate at 20 hours. Whether or not the egg cell was destroyed within 20 hours of 323 

introduction was used as a binary response variable, and egg origin, colony stage and their 324 

interaction were used as fixed factors. Colony identity was used as a random (intercept) 325 

factor to account for the multiple measurements of egg policing obtained from each receiving 326 

colony. 327 

 328 
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Finally, another set of GLMMs was used to test the effect of egg origin and colony stage on 329 

the proportion of eggs remaining within egg cells after 20 hours. These were conducted with 330 

the same specifications as the previous GLMMs, but with the proportion of eggs remaining as 331 

the response variable. 332 

 333 

Model selection was based on delta AICc and model weight values for all possible 334 

combinations of explanatory variables in each set of GLMMs, including null models with the 335 

intercept only (Burnham et al. 2011; Grueber et al. 2011). Models with a delta AICc below 4 336 

were considered to be equally supported candidate models (Burnham et al. 2011). Model-337 

averaged parameter estimates (and error) for all fixed terms in the candidate set were 338 

obtained using a natural average method (Grueber et al. 2011), and variables with a 339 

coefficient with a CI (95%) not overlapping zero were considered to have a stronger effect.  340 

 341 

All statistical analyses were performed using R versions 2.15.2 or above (R Core Team 2012, 342 

2022), using the survival (Therneau 2015), coxme (Therneau, 2022), lme4 (Bates et al. 2015), 343 

glmmTMB (Fournier et al. 2012; Skaug et al. 2013; Brooks et al. 2017), MuMIn (Barton 344 

2019) and DHARMa (Hartig 2020) packages. 345 

 346 

Results 347 

Fate of introduced egg cells 348 

The analysis of the rate of egg cell destruction within the first 3 hours after introduction 349 

detected no effects of egg origin (laid by natal or non-natal worker) or colony stage 350 

(receiving colony is pre- or post-competition point). Specifically, this rate was not 351 

significantly affected by egg origin (Cox model coefficient = 0.038 , z =  0.11, , p = 0.91), 352 
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colony stage (coefficient = -0.232,  z = -0.52, p = 0.6), or the interaction of these terms 353 

(coefficient = -0.321, z = -052,  p = 0.6; fig 1). However, there was an effect of colony 354 

(random intercept s.d. = 0.543, deviance difference = 2.45, χ2 = 4.892, d.f.= 1, p = 0.026), 355 

suggesting the existence of variation across colonies in the effectiveness of their policing.  356 

 357 

The analysis of the rate of egg cell destruction at 20 hours after introduction also detected no 358 

effects of egg origin or colony stage. Specifically, when modelling egg cell destruction at 20 359 

hours as a response variable, GLMMs with a fixed interaction term of egg origin × colony 360 

stage were not retained in the candidate set of models. Models with egg origin and/or colony 361 

stage as fixed terms received the same support as the intercept-only model (delta AICc < 4). 362 

This latter result indicated that egg origin and colony stage did not have a strong effect on 363 

egg cell fate at 20 hours (model averaged parameter ± CI: 0.22 ± 0.892 and 0.130 ± 1.61, 364 

respectively; fig. 2). 365 

 366 

By contrast, the analysis of the proportion of eggs remaining in egg cells after 20 hours found 367 

that this proportion was lower for eggs laid by non-natal workers, but only if introduced to 368 

pre-competition point colonies. GLMMs including egg origin, colony stage and their 369 

interaction as fixed terms were retained in the candidate set of models (delta AICc < 4). The 370 

intercept-only model, and the model with colony stage as the single fixed term, were not 371 

retained. Estimates of averaged fixed term coefficients indicated that the interaction of egg 372 

origin × colony stage had a strong effect (model averaged parameter ± CI: egg origin  -0.321 373 

± 0.321, colony stage 0.261 ± 0.513, interaction -0.671 ± 0635). Specifically, in pre-374 

competition point colonies, but not post-competition point ones, the proportion of eggs 375 

remaining in introduced egg cells after 20 h was lower for non-natal eggs (0.15) than for natal 376 



17 
 

 

eggs (0.24) (fig.3). In post-competition point colonies, the corresponding proportions were 377 

0.27 and 0.28 for non-natal and natal eggs, respectively (fig. 3). 378 

 379 

In two colonies (2b and 4a), the queens died early in the experiment and no egg cell 380 

introductions were performed before the queen died, meaning queenlessness may have 381 

affected the results. For all models, removing these two colonies did not change the candidate 382 

set of models or the magnitude of the effect of the egg origin × colony stage interaction, 383 

suggesting that early queen death had no discernible impact on the findings. 384 

 385 

Adult behaviour at introduced egg cells 386 

Among the 15 introductions in which adult behaviour at introduced egg cells was digitally 387 

filmed, two involved egg cells that had no eggs present at the start of filming (presumably 388 

because egg-eating had already occurred in the <30 minutes between introduction and the 389 

start of filming). Of the remaining 13 introductions, one ended with all eggs remaining after 390 

20 hours. Among the other 12 introductions (i.e. with eggs present at the start of filming and 391 

fewer left at the end), egg eating from the introduced egg cells was observed in all cases. 392 

Specifically, egg eating by both workers and the queen was observed in 2 cases, egg eating 393 

by the workers alone was observed in a further 8 cases, and egg eating by the queen alone 394 

was observed in a further 2 cases. Hence, workers accounted for an estimated (2 × 0.5) + (8 × 395 

1.0) + (2 × 0.0) = 9 of 12 observed egg-eating events (75%). Observed egg eating was always 396 

preceded by the queen or workers opening the cell. For the six filmed introductions analysed 397 

for engagement time, the total amounts of queen and worker engagement were 601 s and 398 

1901 s, respectively. Therefore, consistent with the observation data, workers accounted for 399 

76% of engagement behaviour at egg cells. We conclude that, in the experiment as a whole, 400 
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workers performed approximately 75% of all egg eating and queens performed 401 

approximately 25% of all egg eating. 402 

 403 

Worker egg-laying into the introduced egg cell was observed in one of the 15 introductions in 404 

which adult behaviour at the introduced egg cell was filmed, and queen egg-laying into the 405 

introduced egg cell was observed in a second such introduction. Because egg-laying in these 406 

cases was partially obscured by other bees, and multiple eggs may have been laid in any one 407 

session, it was not possible to determine the number of eggs laid during filming. In these two 408 

cases (which represent 13% of introductions followed by filming), no eggs remained in the 409 

cells at 20 hours. However, if egg-laying occurred in other cases, it is possible that these eggs 410 

could have remained in introduced egg cells until 20 hours, and artificially inflated the 411 

number of eggs remaining. Since some non-natal eggs would have been replaced with natal 412 

ones, such an occurrence might have affected the conclusions regarding the effect of egg 413 

origin. We therefore re-ran the relevant models on our data but with a simulated removal of 414 

post-introduction egg-laying up to the observed level, by subtracting a variable proportion of 415 

the eggs remaining (0 – 13%) following each non-natal introduction, and found that our 416 

results were not affected. Hence egg-laying into introduced egg cells at the observed level did 417 

not affect our conclusions.  418 

 419 

In all 15 introductions followed by filming, workers and/or queens were observed opening 420 

the cell to expose eggs, including four cases in which some eggs remained after 20 hours, 421 

suggesting that the artificial cells did not prevent individuals from accessing and eating eggs 422 

throughout the experimental introductions. 423 
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Discussion  424 

To test the effectiveness of policing of worker-laid eggs as a function of egg origin and 425 

colony stage, we introduced egg cells containing eggs laid by natal and non-natal workers 426 

into pre- and post-competition point B. terrestris colonies. We found that the complete 427 

destruction of introduced egg cells (i.e. such that cells had no surviving eggs) did not depend 428 

on egg origin or colony stage, as there were no differences in the initial rate (i.e. rate over the 429 

first 3 hours) of egg cell destruction or the frequency of egg cells destroyed after 20 hours. 430 

However, we found that the mean proportion of surviving eggs differed with egg origin for 431 

introductions into pre-competition point colonies. Specifically, the mean proportion of 432 

introduced eggs per cell surviving after 20 hours was 15% for non-natal eggs, compared to 433 

24% for natal eggs. No such difference was found in introductions into post-competition 434 

point colonies. Therefore, policing by colonies (principally workers) of non-natal worker-laid 435 

eggs was more effective than their policing of natal worker-laid eggs, but only during the pre-436 

competition point stage of the colony cycle.  Moreover, the results show that policing of eggs 437 

in B. terrestris is not a behaviour that is activated only once the colony has passed its 438 

competition point. 439 

 440 

Intriguingly, these results provide evidence of an interaction between egg origin and colony 441 

stage on the effectiveness of egg policing, but not in the direction predicted by our initial 442 

hypotheses. One reason why workers might police eggs from non-natal workers more 443 

effectively in pre-competition point colonies is that disruption to colony efficiency could be 444 

particularly costly while the colony is still growing and before it has produced sexuals (new 445 

queens and males). Colonies do not apparently have greater overall sensitivity towards the 446 

presence of worker-laid eggs during this time, since the survival of natal worker-laid eggs 447 

was similar before (24%) and after the competition point (28%). However, as natal worker-448 
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laid eggs are not laid before the competition point in nature, there may have been selection 449 

for increased sensitivity towards non-natal eggs during this colony stage only, since any 450 

worker-laid eggs present would normally be unrelated ones laid by socially parasitic drifter 451 

workers from other colonies. Additionally, it is possible that the threat of cuckoo bumblebees, 452 

congeneric interspecific social parasites that parasitise bumblebee colonies by usurping the 453 

queen and laying eggs (Goulson 2010), may also have increased the sensitivity towards eggs 454 

laid by non-natal females during the colony’s growth period. In other eusocial Hymenoptera, 455 

worker discrimination of non-natal eggs has also been reported, but without the social context 456 

of colony stage being investigated (Lorenzi and Filippone 2000; Helanterä and Sundström 457 

2007; Pirk et al. 2007; Meunier et al. 2010; Chernenko et al. 2011). 458 

 459 

Our study demonstrates that, in the pre-competition point stage, B. terrestris colonies can 460 

detect non-natal worker-laid eggs and police them more effectively, which represents a form 461 

of both egg discrimination and kin recognition. The mechanism used to achieve this remains 462 

unknown, but, in line with previous studies (see above), almost certainly involves detecting 463 

differences in chemical cues on the egg surface. It is also worth noting that, unlike the case in 464 

other examples of worker-laid eggs escaping policing (Oldroyd and Ratnieks 2000; Martin et 465 

al. 2002), the relatively small magnitude of the discrimination against non-natal worker-laid 466 

eggs in the current study is unlikely to have arisen through workers chemically disguising 467 

eggs, as has been hypothesised (e.g. Amsalem et al. 2015; Gruter et al. 2018). This is because 468 

non-natal (as well as natal) eggs were taken from isolated groups of workers and not from 469 

workers that had chosen to enter non-natal colonies. In addition to the policing of worker-laid 470 

eggs, other behaviours may also help workers prevent the production of worker-produced 471 

males (Gruter et al. 2018; Lhomme and Hines 2018), such as aggression towards 472 

reproductive natal or non-natal workers (Duchateau and Velthuis 1988; Lopez-Vaamonde et 473 
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al. 2004; Blacher et al. 2013a). Evidently, even in combination, policing behaviours are not 474 

always completely successful, as demonstrated, in B. terrestris, by some worker-laid eggs 475 

escaping policing (Zanette et al. 2012; current study) and by the existence of worker-476 

produced adult males of both natal and non-natal origin in field or semi-natural colonies 477 

(Lopez-Vaamonde et al. 2004; Takahashi et al. 2010; O'Connor et al. 2013).  478 

 479 

There are several ways in which the experimental design and the commercial colonies used in 480 

our study might have affected the results found. First, receiving colonies might have found it 481 

harder to discriminate natal and non-natal workers’ eggs because being kept in microcolonies 482 

had caused natal workers to lay eggs lacking chemical cues signalling their natal origin. 483 

However, discrimination did occur in pre-competition point colonies, and another experiment 484 

in B. terrestris involving eggs experimentally transferred into egg-cups after been laid by 485 

individuals in microcolonies (Zanette et al. 2012) suggested that queen- and worker-laid eggs 486 

remain chemically distinct enough for discriminations to occur in introduction tests, 487 

indicating that cues of origin are not invariably lost in microcolonies. Second, chemical 488 

differences between eggs might have been decreased in the laboratory setting per se, i.e. (in 489 

the present case) in both full colonies and microcolonies, as has been shown to occur in 490 

Pachycondyla ants (van Zweden et al. 2009). Additionally, the commercial origin of our bees 491 

could conceivably have resulted in lower genetic diversity between our colonies than between 492 

wild B. terrestris colonies, which also could have decreased chemical differences. Again, 493 

however, any such effect did not prevent discrimination of natal and non-natal eggs in pre-494 

competition point colonies in the current experiment, or B. terrestris workers discriminating 495 

between queen- and worker-laid eggs in the experiment of Zanette et al. (2012).  Third, it is 496 

conceivable that the high degree of egg-eating in the current study was a product of using 497 

artificially constructed egg cells. However, workers were able to open these egg cells despite 498 
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their artificial construction, and hence to make contact with the eggs inside them, as 499 

evidenced by the digital films showing that all filmed introduced egg cells were opened, even 500 

in cases in which all eggs remained at the end of 20 hours. In addition, rates of egg cell 501 

destruction were similar to those in the experiment of Zanette et al. (2012) that used egg cells 502 

constructed by B. terrestris queens and workers.  503 

 504 

Overall, therefore, our results suggest that, in B. terrestris, egg eating can act as a general and 505 

effective form of policing against egg laying by workers, as, on average, 75.3% of introduced 506 

eggs were eaten. In addition, non-natal worker-laid eggs were more likely to be policed in 507 

pre-competition point colonies, in which, in nature, all worker-laid eggs would be from non-508 

natal workers. These results have implications for understanding the evolution of both types 509 

of worker egg laying. In the case of egg laying by natal workers, it must first be noted that the 510 

prevalence of natal eggs is typically much higher than that of non-natal worker-laid eggs 511 

within colonies of B. terrestris and probably other Bombus species (see Introduction), and so 512 

worker policing in such species most probably originated as the policing of selfish workers, 513 

i.e. policing by other natal egg-laying workers (Wenseleers et al. 2005b; Zanette et al. 2012). 514 

Our study showed that the effectiveness of policing of natal eggs did not differ between the 515 

growth (pre-competition point) and post-competition point stages of the colony cycle (fig. 3). 516 

Therefore, workers in the pre-competition stage probably refrain from egg-laying through 517 

self-restraint, rather than from a greater risk of their eggs being policed, which is consistent 518 

with the idea that all natal workers share an interest in the colony achieving its mature colony 519 

size (Avila et al. 2019). In the case of egg laying by non-natal workers, the results suggest 520 

that, all else being equal, the socially parasitic strategy of these workers might be most 521 

successful in host colonies that have passed the competition point.  However, a non-natal 522 

worker might still gain from egg laying within a host colony before the host colony's 523 
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competition point, since this would increase the worker's chances of producing an ‘early 524 

male’ with a higher mating success (Lopez-Vaamonde et al. 2004). 525 

 526 

In conclusion, our results suggest that intraspecific social parasitism in bumblebees may have 527 

selected for context-dependent policing, whereby the eggs of non-natal workers are policed 528 

with greater effectiveness before the competition point. This is potentially surprising given 529 

the relatively low frequency of intraspecifically socially parasitic workers in bumblebees (see 530 

Introduction). However, drifting (and associated social parasitism) may have been ancestrally 531 

more common, as it is currently in some other bees (65% of workers drifting in Melipona 532 

fasciculata, Oliveira et al. 2021; 32% of nests containing unrelated workers in Lasioglossum 533 

malachurum, Soro et al. 2009) and in some wasps (up to 56% of workers drifting in Polistes 534 

canadensis, Sumner et al. 2007). Our data therefore suggest that intraspecific social 535 

parasitism may produce relatively strong selective effects, although the comparative 536 

importance of natal and non-natal worker reproduction in the evolution of worker policing 537 

deserves further investigation. A phylogenetic comparative analysis of the relative 538 

frequencies of each form of worker reproduction across Bombus species, and of any 539 

associated worker policing, would go far in addressing this issue.  540 

 541 

  542 
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Figure legends 543 

Fig. 1 The proportion of artificial egg cells introduced to Bombus terrestris colonies (n = 10 544 

colonies) remaining intact (not destroyed) at 30, 60, 90, 120, 150 and 180 minutes after 545 

introduction. Natal pre-CP: natal worker eggs introduced to pre-competition point colonies (n 546 

= 19 egg cells); non-natal pre-CP: non-natal worker eggs introduced to pre-competition point 547 

colonies (n = 22 egg cells); natal post-CP: natal worker eggs introduced to post-competition 548 

point colonies (n = 40 egg cells); non-natal post-CP: non-natal worker eggs introduced to 549 

post-competition point colonies (n = 38 egg cells). Mean ± SD eggs per egg cell = 6.3 ± 1.5 550 

eggs. 551 

 552 

Fig. 2 The fate of artificial egg cells introduced to Bombus terrestris colonies (n = 10 553 

colonies) 20 hours after introduction for cells containing eggs from natal or non-natal 554 

workers.  Colony IDs (left-hand side of panels) with shared digits (1A, 1B etc.) identify 555 

paired colonies (5A and T4 were also paired). Each colony received 11-12 introduced egg 556 

cells over the time course of the experiment (experimental day), each egg cell being depicted 557 

by a separate circle. Filled circle = cell destroyed (opened with all eggs removed); open circle 558 

= cell not destroyed. Thick vertical lines indicate the date of the competition point for each 559 

colony. Asterisks indicate the date of queen death for each colony, where this occurred during 560 

the experiment. 561 

 562 

Fig. 3  Mean proportions of eggs remaining in artificial egg cells introduced to Bombus 563 

terrestris colonies (n = 10 colonies) after 20 hours. Upper plots depict the mean proportion of 564 

eggs remaining for individual colonies as a function of egg origin and colony stage: natal or 565 

non-natal = natal or non-natal worker-laid eggs, respectively; pre-CP or post-CP = pre- or 566 

post-competition point receiving colonies, respectively. Sample sizes: natal, pre-CP, n = 19 567 
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egg cells; non-natal, pre-CP, n = 22 egg cells; natal, post-CP, n = 40 egg cells; non-natal, 568 

post-CP, n = 38 egg cells. Mean ± SD eggs per egg cell = 6.3 ± 1.5 eggs, 0–6 introductions 569 

per each of the four experimental conditions, per receiving colony. Error bar, ±1 SE. 570 

Horizontal lines with no error bar indicate no eggs remained in any introduction; blank plots 571 

indicate no introductions. Lower plots: violin plots showing the medians and distributions of 572 

proportions of remaining eggs. Black plots, pre-competition point colonies; grey plots, post-573 

competition point colonies. Filled circles ± error bars depict median ± interquartile range.  574 

 575 

 576 

  577 
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