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Insect societies display a remarkable level of cooperation, but their colonies also represent a valuable
resource that can be taken advantage of by genetically unrelated individuals. Indeed, several recent
studies have documented cases of intraspecific reproductive parasitism, whereby workers penetrate and
lay eggs in unrelated colonies in order to have their brood raised by the host workers. Previously, it has
been predicted that queenless colonies should be a prime target of such intraspecific worker parasitism,
as in such colonies the parasite workers would be able to reproduce without interference from either the
queen or other workers. So far, this prediction has been supported with data from the honeybee, but
evidence from other social insect groups is currently lacking. Here we present the first such test in the
common wasp, Vespula vulgaris. In particular, workers from queenright colonies left the natal nest at a
higher rate than those from queenless colonies. However, contrary to our predictions, drifter workers
targeted queenless and queenright colonies equally. Chemical data suggest that this lack of discrimi-
nation may be linked to recognition constraints and the lack of volatile signals that reliably indicate the
presence or absence of the queen. In addition, in queenright colonies, drifters activated their ovaries at a
rate that was ca. five times higher than the natal workers. Overall, our results suggest that also in wasps,
workers can gain inclusive fitness by drifting to unrelated nests, even if the chances of successfully
reproducing there may be very slim.
© 2015 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Social insects display a remarkable reproductive division of la-
bour between fertile queens and largely sterile workers (Hamilton,
1964a, 1964b). Nevertheless, asymmetries in the genetic related-
ness to different classes of colony members can also lead to various
types of reproductive conflict within the colony (Ratnieks & Reeve,
1992), such as over sex allocation (Trivers & Hare, 1976) or male
parentage (Bourke & Franks, 1995; Ratnieks, Foster, & Wenseleers,
2006). Conflict over male parentage is caused by the fact that in
many species, the workers, although unable to mate, still retain the
ability to produce unfertilized, male-destined eggs (Starr, 1984).
Such worker reproduction causes a conflict of interest between the
workers and their mother queen, as each is genetically most related
to their own sons (r ¼ 1/2). In many species, however, either the
queen or theworkers selectively eat or ‘police’worker-laid eggs and
prevent workers from reproducing, thereby helping to keep cheater
workers at bay (Ratnieks & Visscher, 1989; Ratnieks & Wenseleers,
2005; Wenseleers & Ratnieks, 2006b). In species in which such
policing is very effective, this leads to a situation where most
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workers are better off not trying to reproduce in the presence of the
queen, resulting in a form of ‘enforced altruism’ (Ratnieks &
Wenseleers, 2008; Wenseleers, Hart, & Ratnieks, 2004;
Wenseleers, Helantera, Hart, & Ratnieks, 2004; Wenseleers &
Ratnieks, 2006b). Worker policing appears to be most common in
species in which queens are multiple mated such as honeybees or
the common wasp, Vespula vulgaris (Foster & Ratnieks, 2001b;
Helantera, Tofilski, Wenseleers, & Ratnieks, 2006; Wenseleers &
Ratnieks, 2006a). This is because in such species, workers are
collectivelymore related to the sons of the queen (brothers, r ¼ 1/4)
than to the sons of other workers (a mix of full (r ¼ 1/4) and half
(r ¼ 1/8) nephews; Ratnieks, 1988). When the mother queen hap-
pens to die, however, workers generally stop policing each other's
reproduction, resulting in a large proportion of the workers then
activating their ovaries and starting to lay eggs (Miller & Ratnieks,
2001).

Given the limited reproductive options that social insect
workers have in their natal colony, it has been suggested that
reproductive workers could also be selected to leave the maternal
nest to try to enter and reproduce inside other colonies. Indeed,
evidence for such reproductive worker parasitism or ‘egg dumping’
is now known or suspected to occur in many eusocial bees,
evier Ltd. All rights reserved.
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Figure 1. Experimental set-up used to measure rates of reproductive worker para-
sitism. Each square represent a common wasp colony, with Qþ and Q� being colonies
that either did or did not contain a mother queen, respectively. Stars show the position
of the nest entrances and arrows indicate the possible drifting patterns. Colonies are
not drawn to scale.
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including honeybees, bumblebees and Halictid bees (Alves et al.,
2009; Beekman & Oldroyd, 2008; Birmingham, Hoover, Winston,
& Ydenberg, 2004; Birmingham & Winston, 2004; Chapman,
Beekman, & Oldroyd, 2010; Chapman, Higgs,
Wattanachaiyingcharoen, Beekman, & Oldroyd, 2010; Klahn,
1988; Lopez-Vaamonde, Koning, Brown, Jordan, & Bourke, 2004;
Sumner, Lucas, Barker, & Isaac, 2007; Takahashi, Martin, Ono, &
Shimizu, 2010; Ulrich, Perrin, & Chapuisat, 2009; Zanette et al.,
2012; Zanette, Miller, Faria, Lopez-Vaamonde, & Bourke, 2014).
Reproductive worker parasitism has been predicted to be an
especially profitable strategy in species that have highly effective
policing, as workers in such species could gain large fitness benefits
by infiltrating unrelated queenless nests, where no policing is in
force (Miller & Ratnieks, 2001) and hence where they could
reproduce without interference (Nanork, Paar, Chapman, Wongsiri,
& Oldroyd, 2005). Evidence to support this theory originally came
from the dwarf honeybee, Apis florea, the workers of which were
shown to selectively target and infiltrate queenless colonies
(Chapman et al., 2009; Nanork et al., 2005), and parasite workers
had a greater reproductive success and higher rates of ovary acti-
vation than the host workers (Chapman, Higgs, et al., 2010;
Chapman et al., 2009; Nanork et al., 2005). In the western honey-
bee, Apis mellifera, and the Asian hive bee, Apis cerana, by contrast,
workers did not selectively parasitize queenless nests, but when
parasite workers did occur, they reproduced at a higher rate than
the natal workers (Chapman, Beekman, et al., 2010; Nanork et al.,
2007). Rates of reproductive parasitism were also slightly lower
than in A. florea, which has been suggested to be linked with the
fact that while A. florea build its combs out in the open, A. mellifera
and A. cerana are cavity nesting, and therefore have stronger de-
fences against worker reproductive parasitism due to their ability
to guard the entrance to their colony and prevent non-natal
workers from entering (Chapman, Beekman, et al., 2010; Nanork
et al., 2007).

To further test the hypothesis that social insect workers could be
selected to evade policing by infiltrating unrelated queenless nests,
we carried out experiments with the common wasp, which inde-
pendently evolved sociality and also displays highly effective
worker policing behaviour (Foster & Ratnieks, 2001a; Oi, Van
Oystaeyen, et al., 2015; Oi, van Zweden, et al., 2015). In fact,
similar to the honeybee, hardly any workers reproduce and nearly
all eggs laid byworkers are policed in commonwasp colonies in the
presence of the queen (Wenseleers & Ratnieks, 2006b), but this
changes drastically upon loss of the queen, after which the per-
centage of reproductive workers can reach up to about 30% (van
Zweden, Bonckaert, Wenseleers, & d'Ettorre, 2014; Wenseleers &
Ratnieks, 2006b). Hence, we predicted that workers could gain
large fitness benefits by parasitizing queenless nests in order to
evade policing. This hypothesis was tested by checking whether
workers were more likely to drift from queenright to queenless
colonies, and determining the rates of ovary activation of drifted
workers relative to those of the host colony. Moreover, we used the
solid-phase microextraction (SPME) technique to sample chemical
volatiles from the colonies and test whether there were any cues
that workers could use to infer whether colonies were queenright
or queenless before attempting to enter the colony.

METHODS

Social Parasitism Bioassay

Sixteen colonies of V. vulgaris were collected in the field in the
surroundings of Leuven, Belgium in August 2013 and July 2014.
Theywere placed inwooden boxes in the laboratorywhereworkers
were allowed to forage freely. Following the experimental set-up
developed by Chapman et al. (2010), four colonies were placed in
a 3 � 3 m squarewith their entrances facing out, and the queenwas
removed from two of them (Fig. 1). All workers from each colony
(average 604 ± 200 workers) were paint marked with a different
colour at the beginning of the experiment in order to recognize
their source colony at the end of the experiment. Four trials were
performed over the course of 2 weeks each, after which all workers
were anaesthetized with carbon dioxide and freeze killed to assess
the number and origin of drifters. Trial 1 was performed in August
2013 and trials 2 to 4 were performed sequentially in July and
August 2014. Subsequently, all drifters (N ¼ 225) and a sample of
natal workers (N ¼ 524, average per colony ¼ 32.75) were dissected
in order to assess their ovary development levels. Ovaries were
considered undeveloped when the oocytes and trophocytes inside
the ovaries were in their early stages of development and still un-
differentiated, and considered developed when the largest oocyte
inside the ovaries was clearly larger than the associated trophocyte
follicle or when mature eggs with a chorion were present and the
trophocytes were fully degenerated.
Chemical Analysis

Solid-phase microextraction (SPME) with a triphase DVB/CAR/
PDMS SPME fibre was used to assess whether colonies with or
without a queen showed differences in the chemical volatiles that
were present. In three of the four trials, colonies were sampled
from a small aperture in the lid of the nestboxes for half an hour
each at two time points: at day zero in the beginning of the
experiment and after 10 days. The SPME fibres were then analysed
by gas chromatography and mass spectrometry (SHIMADZU QP
2010 ULTRA) with a capillary column Agilent J&W DB-5. Splitless
injection was used with an injection temperature of 250 �C. The
initial oven temperature was 35 �C and was increased at 10 �C/min
until the final temperature of 250 �C was reached. Heliumwas used
as the carrier gas, using a pressure of 75 kPa and a flow rate of 3 ml/
min. The electron ionization voltage was autotuned to enhance the
acquisition performance according to the molecular weight of the
compounds, and the ion source temperature was set to 300 �C.
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Figure 2. Observed drifting patterns in the common wasp, Vespula vulgaris. Bars
represent 95% Wald confidence intervals, calculated from the fitted binomial mixed
model, and odds ratios were calculated as the exponent of the coefficients of the fitted
model. **P < 0.01.
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Peaks in the chromatogram were integrated using GCMS Solutions
software, and compounds that were present in relative abundance
higher than 0.5% were selected for subsequent analysis. Substances
were identified based on their retention indices, calculated using
cubic spline interpolation of a linear alkane ladder ranging from
decane to tetracontane, diagnostic ions in the mass spectra as well
as through library searches, using the NIST 14 mass spectral
database.

Statistical Analyses

All statistical analyses were carried out using R version 3.2.2 (R
Development Core Team, 2014). Generalized linear mixed models
in package lme4 1.1-10 (Bates, Maechler, Bolker, & Walker, 2014)
with binomial responses and logit link functionwere used to assess
the drifting patterns as well as ovary development levels of worker
wasps. To test for directionality in drifting patterns, the probability
of drifting to other colonies was specified as the response variable,
the condition of the source and target colony (queenright or
queenless) was included as a fixed factor and the relative colony
size (at the end of the experiment) of the target colony relative to
the source colony was included as a continuous covariate. In
addition, trial, source and target colony were included as crossed
random intercepts. To test whether drifted workers had higher
rates of ovary activation than the natal host workers, we used a
binomial mixed model with the probability of having active ovaries
as the dependent variable, group (natal versus non-natal) and
condition (queenright versus queenless) as fixed factors and colony
and trial as random intercepts. In addition, we tested whether
drifters have higher rates of ovary activation than their nestmates
in their natal colony. To this end we used a binomial mixed model
with the probability of having active ovaries as the dependent
variable, group (natal nestmates versus drifters) and condition
(queenright versus queenless) as fixed factors and colony and trial
as random intercepts. We performed a pairwise contrast analysis to
test for all possible combinations of drifting direction and condition
of natal colonies using the package lsmeans 2.20-23 (Lenth & Herv,
2015). Wald Z tests were used to assess the significance of the fixed
effects for all models. Finally, Aitchison-transformed peak areas
(Aitchison, 1982) and Permanova using package vegan 2.2-1 with
1000 permutations (Oksanen et al., 2007) as well as a random
forest algorithm using package randomForest 4.6-10 (Liaw &
Wiener, 2002) were used to test whether there were significant
multivariate differences between the groups and whether queen-
right and queenless colonies could be reliably separated on the
basis of their odour profile.

Ethical Note

The field sampling and experiment with live animals were
conducted according to the Belgium and European regulations for
animal experimentation (Belgian Royal Decree of 6 April 2010 and
European Directive 2010/63/EU on the protection of animals used
for scientific purposes of 20 October 2010). Sample sizes were kept
to a minimum needed to obtain reliable results.

RESULTS

Drifting Patterns

In support of the hypothesis that workers should be selected to
evade policing by drifting to other colonies, workers from queen-
right colonies had 1.8-fold higher odds to leave their natal colony
than those from queenless colonies (Fig. 2; binomial mixed model:
Z ¼ 3.75, P ¼ 0.001). Surprisingly, however, therewas no preference
in terms of which class of colony they drifted to, as the probability
of drifting to queenless colonies was not significantly different from
that of drifting to queenright ones (Fig. 2; binomial mixed model:
Z ¼ �0.63, P ¼ 0.530). In addition, workers were more likely to drift
from smaller to larger colonies (expressed in number of workers
present at the end of our experiment, binomial mixed model, odds
ratio ¼ 1.30 for a unit increase in the relative size of the target
versus the source colony: Z ¼ 4.03, P < 0.001). During our experi-
ments, a considerable variation in the workers' survival rates could
be observed: in some of the colonies, the loss of natal individuals
reached up to ca. 90% at the end of the bioassays (see
Supplementary Material). Overall, the percentage of marked
workers that drifted to either queenless or queenright colonies was
relatively small (queenless 1.20%; queenright 1.13%, from a total of
9659 workers).

Ovary Development of Drifter Versus Host Workers

Under queenless conditions, the percentage of workers with
active ovaries was high for both the natal host workers (20.3%, total
of 281) and drifted workers (20.7%, total of 116) and was not
significantly different between the two (Fig. 3; binomial mixed
model: Z ¼ 1.34 , P ¼ 0.539). Under queenright conditions, how-
ever, drifted parasite workers had significantly higher levels of
ovary activation (11.9%, total of 109) than the host workers (1.6%,
total of 243; Fig. 3; binomial mixed model: Z ¼ 3.06, P ¼ 0.012).
When the ovary development levels of drifters were compared
with their nestmates in a pairwise contrast analysis we observed
that workers that drifted from a queenright to both queenless and
queenright colonies had significantly higher levels of ovary acti-
vation than their natal nestmates (to queenless, binomial mixed
model: Z ¼ 3.69, P < 0.001; to queenright, binomial mixed model:
Z ¼ 3.52, P ¼ 0.002). Drifters and natal workers did not differ in
their levels of ovary activation for all other drifting possibilities
(binomial mixed model: P > 0.05). This implies that reproductive
workers were either more likely to parasitize other colonies than
nonreproductive ones but were indiscriminate in terms of which
colonies they targeted, or that drifted workers do not respond to
the queen signal of an unrelated colony, as they could benefit from
also trying to reproduce there, possibly after the death of the host
queen, which can occur near the end of the season (Archer, 1984;
Potter, 1964). Overall, the rates of ovary activation of the host
workers in queenright (1.6%) and queenless (20.3%) colonies were
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queenright and queenless conditions. *P < 0.05. (b) Undeveloped and developed
worker ovaries.
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similar to figures reported previously in the literature for this
species (queenright colonies: 1.0%, Foster & Ratnieks, 2001a;
queenless colonies: 29.7%, Wenseleers & Ratnieks, 2006b).

Chemical Signature of Queenless Versus Queenright Nests

Forty-six different chemical volatiles were picked up using
SPME sampling in queenright and queenless colonies of V. vulgaris,
of which 19 could be identified (Appendix Table A1). Nevertheless,
queenright and queenless colonies showed no qualitative or
quantitative differences in terms of their odour profile (Permanova
with 1000 permutations: F ¼ 0.95, P ¼ 0.51). In addition, a stepwise
random forest classifier was also unable to reliably distinguish
between the two (average classification error ¼ 87.5%, Appendix
Table A2).

DISCUSSION

Our study is the first to demonstrate that intraspecific worker
parasitism occurs at a low rate in the common wasp, V. vulgaris, as
shown by the facts that ca. 2.3% of all workers had entered a non-
natal colony at the end of our 2-week experiment and that a sig-
nificant percentage (ca. 10e20%) of these had developed ovaries
(Fig. 3) Despite the observed high rates of ovary activation, we
cannot rule out the possibility that natal workers were not policing
eggs laid by the drifters. The rate of drifting observed in our study is
similar to figures reported for A. florea, A. mellifera and A. cerana in
natural or seminatural conditions, where ca. 1e5% of the worker
population was found to be derived from genetically unrelated
colonies (Chapman, Beekman, et al., 2010; Chapman, Higgs, et al.,
2010; Chapman et al., 2009; Nanork et al., 2007; Nanork et al.,
2005), but somewhat lower than the rates of drifting observed in
some other species, such as Polistes canadensis paper wasps
(8.9e56%, Sumner et al., 2007) or Bombus terrestris, Bombus hyp-
norum and Bombus deuteronymus bumblebees (2.7e28%,
Birmingham&Winston, 2004; Takahashi et al., 2010; Zanette et al.,
2014). In support of the hypothesis that common wasp workers in
queenright colonies could be selected to evade policing by moving
to other colonies, we also found that workers were more likely to
drift from queenright than from queenless colonies. Indeed, it has
previously been estimated that in V. vulgaris and the related Vespula
germanica, workers have a very low chance of successfully repro-
ducing in the presence of the queen. Between 10% and 60% of all
male eggs have been estimated to be laid by workers, but less than
1% of the adult males are workers' sons (Bonckaert, van Zweden,
d'Ettorre, Billen, & Wenseleers, 2011; Helantera et al., 2006;
Wenseleers& Ratnieks, 2006b). Hence, reproductive workers could
benefit greatly from moving to other colonies to evade policing.
Surprisingly though, our results provided no evidence that drifter
workers selectively targeted queenless colonies, but instead
showed that they also routinely entered other queenright colonies,
where over 10% had active ovaries, against only 1.6% for the host
workers.

The fact that workers appeared to infiltrate both queenless and
queenright colonies could be explained in two ways. First, it could
be that reproductive workers were more likely to parasitize other
colonies than nonreproductive ones but were indiscriminate in
terms of which colonies they targeted. This possibility is supported
by our chemical analyses, which showed that there were no
consistent differences in the volatiles emitted by colonies with or
without a queen, thereby limiting the ability of workers to recog-
nize and selectively infiltrate queenless nests. Second, it could be
that drifted workers would not be selected to respect the sterility-
inducing signals of a genetically unrelated queen (Blacher et al.,
2013; Oi, Van Oystaeyen, et al., 2015; Oi, van Zweden, et al., 2015;
Van Oystaeyen et al., 2014; Yagound, Blacher, Chameron, & Châline,
2012), and that they would try to produce their own sons inside
unrelated queenright colonies. Although seemingly unlikely, given
the low chances of them successfully reproducing there, this is not
impossible, as theoretical models have shown that dispersal to
other patches can be strongly favoured as a way to reduce local
competition with relatives, even when the chances of successfully
dispersing and reproducing elsewhere are very low (Frank, 1998;
Gandon, 1999; Gyllenberg, Parvinen, & Dieckmann, 2002;
Hamilton & May, 1977; Johnson & Gaines, 1990). In addition, it
may be that the workers would still be able to gain direct fitness
after the death of the host queen, which can occur near the end of
the season (Archer, 1984; Potter, 1964). These adaptive reasons to
parasitize other colonies are in line with those that have been
proposed for bumblebees, the workers of which also infiltrate other
queenright colonies (Lopez-Vaamonde et al., 2004; Zanette et al.,
2014), despite the presence of highly effective queen policing
(Ratnieks, 1988; Wenseleers & Ratnieks, 2006a).

Overall, our results corroborate the predictions of kin selection
theory (Beekman & Oldroyd, 2008; Hamilton, 1972; Hamilton &
May, 1977; Zanette et al., 2014) that social insect workers may be
selected to avoid local competition with relatives by not repro-
ducing in their own colonies in the presence of the queen but
instead drift to unrelated colonies in order to gain direct fitness
benefits. However, in contrast to the previous suggestion that such
behaviour should selectively target other queenless nests
(Chapman et al., 2009; Nanork et al., 2007), where policing would
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not be in force, we found that worker reproductive parasitism
occurred both in the presence and in the absence of the queen.
These results suggest that even low chances of successfully repro-
ducing elsewhere may favour the occurrence of intraspecific
worker parasitism. We therefore predict that intraspecific worker
parasitism may be a much more common phenomenon in social
Hymenoptera than previously acknowledged.
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Table A2
A random forest classification matrix based on the overall colony volatile chemical
profiles

Q� Qþ Classification
error

0 days 10
days

0 days 10
days

Q� 0 days 0 0 4 2 100
10 days 1 0 2 3 100

Qþ 0 days 3 1 0 2 100
10 days 0 2 1 3 50

Estimate of error rate: 87.5

The test is unable to reliably distinguish queenright and queenless colonies based on
their odour profiles. Classification errors and estimate of error rate are shown in
percentages.
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