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Chapter 8
Causes and Consequences of Reproductive 
Conflicts in Wasp Societies

Cintia Akemi Oi, Tom Wenseleers, and Ricardo Caliari Oliveira

Abstract  Wasps are a true model in studies on the origin and evolution of 
cooperative behavior and the mechanisms that help to stabilize sociality and resolve 
internal conflicts. Indeed, the wide variety of social organizations found in the 
group – ranging from solitary to highly social – provides unique opportunities to 
test how cooperation evolved and how conflicts are suppressed in societies with 
different degrees of social complexity. As the individuals in wasp colonies are not 
genetic clones of each other, inclusive fitness theory predicts that there should often 
be significant scope for conflicts between the queen and worker castes arising from 
specific genetic relatedness asymmetries within the colony. In many species, for 
example, the workers retain the ability to develop their ovaries and lay unfertilized 
male-destined eggs, thereby allowing them to challenge the reproductive monopoly 
of the queen. The amount of worker reproduction that is tolerated within the colony 
is a function of the genetic relatedness patterns within the colony and the costs and 
benefits of cheating, which under some circumstances can drive social enforcement 
mechanisms, whereby eggs laid by workers are selectively cannibalized or “policed” 
by the queen herself or by other workers. In some wasp species, such policing is so 
effective that workers are better off not trying to reproduce in the first place because 
nearly all the workers’ eggs would be policed anyway. The fact that policing can 
align the evolutionary interests of the queens and workers facilitates the evolution 
of queen signaling systems (i.e. queen pheromones, that act as honest signals for the 
presence of a healthy and fertile queen, resulting in workers refraining from 
reproducing in many social species). In many other species though, queen-worker 
conflict can be severe, with workers sometimes even engaging in matricide – killing 
their own mother queen to be able to reproduce without interference. This chapter 
provides an overview of both current and past research on reproductive conflicts 
within the Vespidae wasps and how their study has been instrumental in testing 
some key predictions of inclusive fitness theory.
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8.1  �Inclusive Fitness Theory as a Basis to Understand 
Reproductive Conflicts

Wasps are a key model in the study of insect sociality. This is due to the fact that this 
group of insects presents a remarkable diversity of lifestyles – from solitary to truly 
social, “eusocial” species. Although the majority of species are solitary, the evolu-
tion of sociality in some lineages is thought to have greatly facilitated their ecologi-
cal success (Wilson 1971; Grimaldi and Engel 2005). Wilson (1971) considered 
organisms eusocial when they possess three major characteristics: (1) a reproduc-
tive division of labor between a reproductive and nonreproductive caste, (2) overlap 
of generations, and (3) cooperative care of the young. Whether this definition should 
or should not include species with mostly behaviorally defined castes, such as most 
Polistinae and Stenogastrinae wasps, where workers are usually totipotent and 
retain the ability to mate, is a point of debate (Boomsma and Gawne 2018; Sumner 
et al. 2018). We will here follow the commonly adopted convention to refer to those 
as primitively eusocial and to the species with morphologically defined castes and 
an obligate worker caste, i.e., with workers that have lost the ability the mate, as 
highly eusocial (cf. Michener 1974; O’Donnell 1998; Wenseleers and van Zweden 
2017). By this token, all of the Vespinae wasps are highly eusocial, whereas most of 
the Polistinae are primitively eusocial, with the possible exception of a few swarm-
founding Polistinae, such as Agelaia, which can achieve colony sizes of over half a 
million individuals and which have quite pronounced caste dimorphism and have 
been suggested to possess an obligate worker caste (O’Donnell 1998; Wenseleers 
and van Zweden 2017; Piekarski et al. 2018). The Stenogastrinae hover wasps and 
some members of the Crabronid wasp Microstigmus are considered facultatively 
eusocial, given that many nests also just contain a single breeding female (Field 
2008; Turillazzi 2012; Matthews 1991). Recent phylogenomic evidence indicates 
that the presence of preimaginally determined castes, which do not need to be 
reflected in overall morphology, was likely the ancestral condition for all of the 
Polistinae and Vespinae (Piekarski et al. 2018), implying that a subset of the daugh-
ters expressed a distinct, likely subfertile, phenotype at the very outset of eusocial-
ity. This has been explained on the basis that the queen-worker castes were likely 
built on preexisting ground plans and pathways in solitary ancestors, e.g., related to 
ancestral breeding cycles (Piekarski et al. 2018; Hunt and Amdam 2005; Hunt et al. 
2007b). Recent phylogenetic data also show that social behavior in the Stenogastrinae 
evolved independently from that in the Polistinae and Vespinae (Piekarski 
et al. 2018).

The origin of a sterile worker caste that refrains from reproducing and instead 
helps to rear the queen’s offspring presents an important evolutionary paradox and 
an apparent contradiction with the expectation that organisms should be selected to 
maximize their personal reproduction (Ratnieks et al. 2011). Indeed, Darwin him-
self referred to this question as a “special difficulty” that seemed to jeopardize his 
theory of evolution via natural selection (Ratnieks et al. 2011). A formal resolution 
of this paradox only came with the development of Hamilton’s (1964) inclusive 
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fitness theory, which showed that individuals can be selected to altruistically sacri-
fice their own reproduction if their altruism would be directed toward relatives, as 
these can indirectly help to propagate copies of the altruist’s own genes, thereby 
allowing the altruistic trait to persist in the population (Wenseleers et  al. 2010; 
Gardner et al. 2011). In formulating this theory, Hamilton was heavily influenced by 
the social insects, and he noticed that insect sociality appeared to be unusually com-
mon among the haplodiploid Hymenoptera, where females (workers and queens) 
develop from fertilized diploid eggs and males are usually derived from unfertil-
ized, haploid eggs. He pointed out that as a result of this genetic system, any female 
would genetically be more highly related to full sisters (relatedness coefficient 
r = 0.75) than to its own daughters (r = 0.5, Fig. 8.1) and suggested this could pre-
dispose them to evolve helping behavior and give up the option to mate and repro-
duce on their own (Hamilton 1964). However, later authors noted that his argument 
was not quite correct, since haplodiploidy also causes females to be less related to 
their full brothers (r = 0.25) than to their own sons (r = 0.5), resulting in an average 
relatedness to siblings (brothers and sisters) that is the same as that to own offspring, 
0.5, if they produce both sexes in an equal ratio (Trivers and Hare 1976). Later 
analyses have therefore concluded that haplodiploidy can only slightly increase the 
likelihood for eusociality to evolve and only does so under very specific conditions, 
e.g., if the workers would be able to bias the sex ratio toward highly related sisters 
(Grafen 1986; Seger 1983; Quiñones and Pen 2017), if the workers would be able 
to combine the rearing of sisters with the production of their own male offspring 
(Craig 1979, Fig. 8.1), or if there is male-biased dispersal (Johnstone et al. 2011). 
Indeed, several recent studies have concluded that haplodiploidy as such was most 
likely not a strong driving force in the evolution of eusociality but that high related-
ness, linked with lifetime monogamy, and a high benefit to cost ratio of helping 
surely were (Hughes et  al. 2008; Davies and Gardner 2018; Boomsma 2009; 
Boomsma and Gawne 2018; Liao et al. 2015; Boomsma et al. 2011; Quiñones and 
Pen 2017).

Another important insight that came from Hamilton’s work was the realization 
that inclusive fitness theory would not just be able to explain under what conditions 
sociality would be able to evolve but that it also predicted the exact conditions under 
which social conflicts could be expected. Insect societies, including many social 
wasps, have proven an excellent test bed to test these theories, given that the genetic 
asymmetries within their colonies produce much scope for conflict, both among the 
queen and workers as well as among the workers themselves (reviewed in Ratnieks 
et al. 2006).

8.2  �The Scope for Conflict in Insect Societies

Empirical study of conflict within insect societies began with Trivers and Hare 
(1976), who used inclusive fitness theory to show that in social Hymenoptera there 
is strong potential conflict between the mother queen and her daughter workers over 
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the rearing of young males versus queens. Specifically, they noted that in colonies 
headed by a single once-mated queen, workers would on average be three times 
more related to sisters (r = 0.75) than to brothers (r = 0.25), whereas the queen 
would always be related equally to sons and daughters (r = 0.5). Hence, it was pre-
dicted that the queen and workers would have conflicting evolutionary optima, with 
the workers being selected to invest three times more in females than in males but 

Fig. 8.1  Genetic relatedness coefficients in social Hymenoptera if the colony is headed by a 
single-mated (top) or double-mated queen (bottom). The relatedness coefficients r are the genetic 
relatedness values between a focal worker and individual sisters, brothers, sons, or nephews, 
whereas r  is the average genetic relatedness of a focal work to each of these classes of individu-
als. The different thorax colors represent distinct genetic backgrounds. In this diagram, the produc-
tion of diploid (2n) females, derived from fertilized eggs, are indicated with black arrows, whereas 
the production of haploid (n) males, derived from unfertilized eggs, are indicated with gray arrows
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the queen being favored to invest equally in both (Trivers and Hare 1976). Since 
then, researchers have documented many other areas where conflict can be 
expressed, including in the context of conflict over male parentage (Ratnieks 1988; 
Bourke and Franks 1995; Hammond and Keller 2004; Wenseleers et  al. 2004b; 
Wenseleers and Ratnieks 2006a; Ratnieks and Wenseleers 2008; Bourke 1988), 
queen rearing (Keller 1997; Tarpy et al. 2004; Ratnieks et al. 2006), and caste fate 
(Bourke and Ratnieks 1999; Wenseleers et al. 2003; Wenseleers and Ratnieks 2004) 
or, in societies lacking morphologically distinct queens and workers, over breeding 
role and the choice between helping and nesting independently (Hart and Ratnieks 
2005; Hart and Monnin 2006; Reeve 1991; Reeve and Keller 2001; Tibbetts 2007; 
Strassmann et al. 2002). Below we will review how some of these conflicts have 
been documented in wasps and how this has led to some of the best tests of inclusive 
fitness theory to date. We start with two conflicts that theoretically are predicted to 
occur but which in wasps have only received relatively limited study, namely, con-
flict over sex allocation and queen rearing, and then move on to review types of 
conflicts that have been investigated very extensively in wasps, namely, conflicts 
over breeding roles in primitively eusocial wasps and conflicts over male parentage. 
We then discuss how in some species these conflicts are resolved via policing mech-
anisms and chemical signaling systems, which likely evolved hand in hand, while in 
others queen-worker conflict remains unresolved, resulting, for example, in worker 
matricide, where the workers kill their own mother queen to eliminate all reproduc-
tive competition and be able to reproduce on their own.

8.3  �Conflict over Sex Allocation

Sex ratio theory predicts that workers in social Hymenoptera should be selected to 
invest in queens versus males in proportion to the relatedness asymmetry to both 
sexes (Bourke and Franks 1995; Crozier and Pamilo 1996; Ratnieks et al. 2006). 
This relatedness asymmetry becomes smaller in species where queens mate with 
multiple males, where colonies are headed by multiple queens, or when the majority 
of the males in the colony are produced by the workers (Bourke and Franks 1995; 
Crozier and Pamilo 1996; Ratnieks et al. 2006). Hence, in these situations, the sex 
ratio favored by the workers becomes closer to the 1 to 1 investment sex ratio 
favored by the mother queen(s), resulting in reduced potential conflict. Theory also 
predicts that intraspecific variation in the kin structure of colonies is expected to 
favor facultative sex ratio biasing or “split sex ratios,” whereby workers should pro-
duce more queens in colonies with single-mated queens or low queen numbers, 
where relatedness asymmetry is high, and more males in colonies with multiple-
mated queens or high queen numbers, where relatedness asymmetry is low 
(Boomsma and Grafen 1991; Ratnieks 1991).

These sex ratio predictions have been tested most extensively in ants, and data 
from many species support the hypothesis that workers selfishly bias sex allocation 
in their own favor or facultatively bias sex allocation in response to the colony kin 
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structure (reviewed in Bourke and Franks 1995; Crozier and Pamilo 1996; West 
2009). For example, a meta-analysis comprising data from 22 species of ants, bees, 
and wasps provided strong evidence for facultative sex allocation biasing in response 
to variation in relatedness asymmetry (or mate or queen number, which directly cor-
relates with relatedness asymmetry) (Meunier et al. 2008). Key supporting evidence 
in this analysis came from primitively eusocial wasps, as in both Polistes fuscatus 
(Noonan 1978) and in five species of swarm-founding epiponine wasps (Queller 
et al. 1993; Hastings et al. 1998), sex ratios were found to be split and follow varia-
tion in queen number, thereby suggesting worker control of sex allocation. In 
Polistes metricus, Metcalf (1980) also reported that sex ratios were split due to some 
colonies being orphaned, causing the workers in those colonies to rear their own 
males and the remaining colonies to be selected to compensate for this male bias by 
producing more female-biased sex ratios. A different outcome though was recorded 
in Polistes chinensis, where Tsuchida (2003) also recorded male-biased allocation 
in orphaned nests but found that workers in queenright nests did not compensate by 
increasing female investment but rather by engaging in high levels of worker repro-
duction in the presence of the mated foundress, causing over half of all the adult 
males to be the workers’ sons, whilst producing an investment sex ratio that was 
close to the queen’s optimum (Tsuchida et  al. 2003; Wenseleers and Ratnieks 
2006b). This shows how different types of social conflict can interact with each 
other and how the workers can sometimes win one type of conflict at the cost of 
losing another. Such outcomes as well as multiple stable queen-worker equilibria or 
ever continuing queen-worker arms races have been predicted by models that con-
sidered how multiple traits in queens and different types of social conflicts coevolve 
with each other (Helms 1999; Wenseleers et al. 2013). Many other factors though 
are suspected to influence optimal sex allocation in social insects (West 2009). 
Suzuki (1986), for example, reported investment sex ratios for 11 Polistini and 2 
Ropalidiini paper wasps and found an approximately equal investment sex ratio in 
species that produce males and reproductive females simultaneously, implying 
queen-controlled sex allocation in those species but a female-biased investment sex 
ratio and worker control in both protandrous and protogynous species that produce 
either males or females first in the season. These data illustrate the importance of 
considering the full dynamics of the production schedule of both sexes, which in 
most models of social Hymenopteran sex allocation have so far been neglected (but 
see Avila et al. 2019 for a promising approach to do so).

Whether investment sex ratios across different Vespine wasps correlate with 
queen mating frequency and relatedness asymmetry remains largely unknown, as 
sex ratios are quite hard to measure due to the long period over which sexuals are 
produced and the fact that in Vespine wasps, two different sizes of males are pro-
duced, derived from sexual and worker comb (Bonckaert et  al. 2011b). Johnson 
et al. (2009), however, provided tentative evidence that queen polyandry reduces 
queen-worker conflict over sex allocation in the North American yellowjacket 
Vespula maculifrons, as the predicted optimal investment sex ratio of the mother 
queens and the workers, given the observed queen mating frequency, was very close 
to each other, 0.5 and 0.56, and the observed investment sex ratio intermediate and 
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not significantly different from either. Likewise, the numerical sex ratios reported 
for the polyandrous yellowjackets V. germanica and V. vulgaris in Edwards (1980) 
and Spradbery (1971) translate into investment sex ratio values of 0.63 and 0.56, 
which are again intermediate between the queen’s (0.5) and the workers’ optima 
(0.65 and 0.65, given observed queen mating frequencies, Bonckaert et al. 2007; 
Foster and Ratnieks 2001b). On the other hand, Archer (1998) observed that work-
ers selectively eliminate some of the male larvae in V. vulgaris, thereby suggesting 
that even in these polyandrous species, workers do bias sex allocation in their own 
favor to a limited extent. Hence, observed levels of polyandry are not fully effective 
at eliminating all potential conflict in these yellowjackets. Detailed comparative 
studies of investment sex ratios in other Vespine wasps, such as in Dolichovespula 
and Vespa, as far as we are aware are not available but a priori would be expected to 
show stronger potential female bias under worker control due to the effective mat-
ing frequency in those genera being much lower than in the large-colony Vespula, 
often being close to one (Foster et al. 2001; Foster and Ratnieks 2001a; Hughes 
et al. 2008; van Zweden et al. 2014). This prediction remains to be tested. In D. are-
naria, however, split sex ratios have been suggested to occur, even though two stud-
ies reported opposite effects, with Foster and Ratnieks (2001a) citing decreased 
female investment in function of paternity but Loope (2016) finding the opposite 
pattern. Hence, these studies require further replication.

8.4  �Conflict over Queen Rearing

Another potential conflict that can occur in insect societies is when there are differ-
ent degrees of relatedness between individual workers and different queens raised in 
the colony. In wasps, this can occur when queens are multiple mated, as is common 
in many Vespine wasps (Foster and Ratnieks 2001a; Hughes et al. 2008), or when 
the colony contains multiple mother queens or foundresses, which is common in 
many Polistinae and Stenogastrinae paper wasps (Turillazzi and West-Eberhard 
1996; Ross and Matthews 1991; Hughes et  al. 2008). In these cases, one would 
expect that workers could be selected to nepotistically aid only in the rearing of new 
queens to which they are most related, i.e., full-sister queens. In a swathe of species, 
from the honeybee to stingless bees, ants and Polistine, and Vespine wasps, such 
nepotism has been looked for, but the consensus is that it is quite rare in social 
insects overall (Keller 1997; Tarpy et al. 2004; Goodisman et al. 2007; Wenseleers 
2007). In wasps, nepotism and within-colony kin discrimination was, for example, 
found to be absent in the multiqueen colonies of the swarm-founding wasp 
Parachartergus colobopterus (Strassmann et al. 1997) and in the polyandrous colo-
nies of the yellowjacket Vespula maculifrons (Goodisman et al. 2007). It is thought 
that even though potential conflict over queen rearing exists, recognitional errors 
often make it too costly in practice to be evolutionarily favored (Keller 1997; 
Wenseleers 2007; van Zweden and d’Ettorre 2010). Indeed, cuticular hydrocarbons 
from Polistinae and Vespinae wasps failed to distinguish reliably among patrilines 
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in the hornet Vespa crabro, even though they could distinguish among nestmate 
workers of different matrilines in the paper wasp Polistes dominulus (Dani et al. 
2004). In line with this last finding, Leadbeater et  al. (2014) reported a limited 
degree of kin-biased behavior in P. dominulus, thereby providing the first evidence 
for within-nest kin discrimination in a primitively eusocial wasp.

8.5  �Conflict over Breeding Role in Species 
with Totipotent Females

In most Polistinae and Stenogastrinae wasps and in the Crabronid genus 
Microstigmus, queen-worker dimorphism is either weak or absent (Noll and Wenzel 
2008; Turillazzi 2012; Matthews 1991), and all or most females are thought to be 
“totipotent,” i.e. being able to mate and produce both male and female offspring 
(Reeve et al. 1998; Tibbetts 2007; Strassmann et al. 2002). Totipotency provides 
significant scope for conflict over breeding role, as it allows any individual in the 
colony to replace the existing queen (Reeve 1991; Jandt et  al. 2014; Hart and 
Monnin 2006; Hart and Ratnieks 2005), to become an additional queen (Strassmann 
et al. 2002), or, except in the swarm-founding Polistinae, to found a nest indepen-
dently (Reeve and Keller 2001). The relatedness benefits for females to mate and 
breed are similar to those of becoming a morphologically specialized queen (Bourke 
and Ratnieks 1999; Wenseleers et  al. 2003). That is, in the face of reproductive 
competition with other females, a female benefits if she can become the dominant 
breeder and produce own offspring (sons and daughters, r  =  0.5) rather than a 
worker rearing the less-related offspring of other females (r < < 0.5). The cost of 
helping can be significantly reduced though if there are potential direct fitness ben-
efits associated with delayed nest inheritance (Leadbeater et al. 2011) or if there are 
insurance-based advantages of helping (Reeve and Nonacs 1997; Field et al. 2000; 
Shreeves et al. 2003), e.g., so-called assured fitness returns resulting from the fact 
that when a helper dies, the offspring she contributed may be brought to maturity by 
surviving nestmates (Gadagkar 1990), or “bet hedging”-type benefits of helping 
(Kennedy et al. 2018). Indeed, in both Polistinae paper wasps and Stenogastrinae 
hover wasps, insurance-based advantages (Reeve and Nonacs 1997; Field et  al. 
2000; Shreeves et  al. 2003; Field 2008) as well as advantages associated with 
delayed nest inheritance (Field et al. 1999; Field et al. 2006; Shreeves and Field 
2002; Field 2008; Monnin et al. 2009; Leadbeater et al. 2011) have both been shown 
to be important in driving helping behavior. In the paper wasp Polistes dominula, for 
example, females that inherit the dominant position were shown to produce more 
offspring than solitary females (Leadbeater et al. 2011).

There is extensive evidence for conflict over breeding role in wasps with totipo-
tent females. In Polistinae with independent nest founding, dominance interactions 

C. A. Oi et al.



155

frequently determine who will take the dominant breeding spot (Fig.  8.2, Reeve 
1991; Jandt et  al. 2014), and subordinates sometimes challenge the dominant 
breeder to attempt to overthrow it (Hart and Monnin 2006; Hart and Ratnieks 2005; 
Jandt et  al. 2014). Conflict over the decision to either help or reproduce is also 
apparent from the fact that some first-generation females, which normally act as 
workers, have been observed to leave the colony early to become a queen the next 
year (in Polistes annularis, Strassmann 1989; P. fuscatus, Reeve et al. 1998; and 
P. dominula, Tibbetts 2007). Similarly, first-generation females of P. exclamans 
may leave the nest to find satellite nests elsewhere the same season (in P. exclamans, 
Strassmann 1981). In swarm-founding Epiponini, conflict over breeding role (“caste 
fate conflict”) has been suggested to result in an excess of females mating to be 
readopted in the natal nest when colonies have few mother queens left (Henshaw 
et al. 2000; Queller et al. 1993; Strassmann et al. 2002). This excess is then reduced 
as a result of queen-queen competition or active elimination by workers (Strassmann 
et al. 2002; Platt et al. 2004), thereby driving the characteristic cycles in queen num-
ber that occur in this group (Noll and Wenzel 2008). Such queen overproduction 
only occurs in colonies with few mother queens, presumably because the workers as 
a collective then favor their production (Strassmann et al. 2002) and because the 
potential benefits for females to mate and reproduce are largest, as there would be 
few competing queens already present. It is possible that the high levels of queen 
production observed in Epiponine wasp colonies with few queens is therefore not 
just a consequence of split sex ratios as Queller et al. (1993) proposed but that caste 
fate conflict is an important additional driver of this pattern.

Several mechanisms have been suggested by which overt conflict over breeding 
role could be avoided in primitively eusocial wasps. In North American populations 
of Polistes dominula and P. exclamans paper wasps, signals of dominance and fight-
ing ability, so-called badges of status, have been suggested to be encoded by specific 
patterns on the foundresses’ clypeus, which correlate with body size (Tibbetts and 
Dale 2004; Tibbetts and Sheehan 2011). In this way, conventional settlements can 
resolve conflict and prevent overt aggression. Furthermore, individuals that were 

Fig. 8.2  Aggressive contests regulate reproduction in many primitively eusocial paper wasps. 
Here, aggressive “boxing” behavior decides which of these two Polistes satan females will be able 
to become the main egg-layer in the colony. Photo: Ricardo Caliari Oliveira
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painted to emulate the wasps’ having a higher rank than their true rank were found 
to be punished by nestmates, thereby helping the signaling system to remain honest 
(Tibbetts and Dale 2004). Clypeal status badges, however, were not found to be 
used in European populations of P. dominula (Green and Field 2011; Green et al. 
2013), while clypeal patterning was shown to be correlative with fertility in the 
Brazilian paper wasp P. satan (Tannure-Nascimento et al. 2008). Another potential 
mechanism that the dominant breeder could use to reduce the chances that it’s off-
spring would reproduce would be to provide them with limited food to keep them 
smaller and less fecund. In neither paper wasps nor hover wasps, however, this 
subfertility hypothesis has so far received any empirical support (Field and Foster 
1999; Couchoux and Field 2019). Some models have also suggested that social 
contracts could help to reduce conflict among cofounding females in primitively 
eusocial wasps (Reeve and Keller 2001; Nonacs and Hager 2011). In so-called 
transactional skew models, dominants were argued to offer a sufficiently large 
reproductive share to the subordinate, lest the subordinate would leave to found her 
own nest (Reeve and Keller 2001; Nonacs and Hager 2011). Although initial data 
from some Polistes paper wasps appeared to support social contract-type transac-
tional skew models (e.g., Reeve et al. 2000; Tibbetts and Reeve 2000, reviewed in 
Nonacs and Hager 2011), many later studies have supported other models, such as 
ones where reproductive shares arise from selfish competition among individuals 
(so-called “tug of war” models) (Nonacs and Hager 2011) or follow biological mar-
ket theory, in which dominants will compete for the helpers and pay a price for it, 
sharing part of reproduction with the subordinates, and subordinates choose who 
they will help depending on the options they are offered (Grinsted and Field 2017a, 
b). Over the past decade, the exact support for different classes of reproductive skew 
models has become quite contentious, however, and many of the formulated models 
have become quite hard to test due to the difficulty of measuring the underlying 
model parameters (Nonacs and Hager 2011). Finally, in some species of indepen-
dently founding and swarm-founding wasps, a transition from aggressive regulation 
of reproduction via dominance interactions to one based on chemical signaling has 
been suggested (e.g., Mitra et al. 2011; Mitra and Gadagkar 2011; Dapporto et al. 
2007b, reviewed in Jeanne 2020 this book). However, this would only be expected 
to be evolutionarily stable in those species where the queen and workers’ interests 
are strongly aligned (Oi et al. 2015b).

8.6  �Conflict over Male Parentage

A final area in which significant scope for conflict is expected in wasp societies is in 
the context of male parentage (Trivers and Hare 1976; Bourke 1988; Wenseleers 
and Ratnieks 2006a). Conflict over male parentage has been intensively studied 
across many ants, bees, and wasps and has yielded some of the best support for 
inclusive fitness theory to date (Wenseleers et al. 2004b; Wenseleers and Ratnieks 
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2006a, b; Ratnieks and Wenseleers 2008). The scope for conflict over male parent-
age stems from the fact that workers, though unable to mate, usually still possess 
functional ovaries and are therefore capable of laying unfertilized, male eggs 
(Wenseleers and Ratnieks 2006a). However, since both the queen and each of the 
workers are genetically most related to their own sons (r = 0.5), they are in conflict 
over who should produce the males in the colony. This can favor the queen to try to 
stop the workers from reproducing via aggression or egg eating. This process is 
known as “queen policing” and appears particularly common and effective in spe-
cies with small colonies, including small-colony Polistine and Vespine wasps (e.g., 
Polistes chinensis and P. dominulus, Saigo and Tsuchida 2004; Liebig et al. 2005; 
Dolichovespula sylvestris, Wenseleers et al. 2005b; D. norwegica, Bonckaert et al. 
2011a; Vespula rufa, Wenseleers et al. 2005a), as well as in Halictid bees and bum-
ble bees (Ratnieks et al. 2006; Wenseleers and Ratnieks 2006a; Zanette et al. 2012).

Conflict over male parentage not only occurs between the queen and workers but 
also among the different workers themselves. Individual workers, for example, may 
benefit from producing highly related sons, but the workers as a collective may 
rather prefer that the queen would produce all the male offspring. This conflict is 
most pronounced in species where colonies are headed by multiple-mated queens or 
by multiple related queens, as in both cases the workers can end up being more 
related to the sons of the queen than to the sons of other workers (Starr 1984; 
Ratnieks 1988; Pamilo 1991) (Fig. 8.1). In these situations, nonreproductive work-
ers have been shown to benefit from trying to suppress the reproduction of other 
workers via targeted aggression or the selective cannibalism of worker-laid eggs, a 
process that was dubbed “worker policing” (Ratnieks 1988; Ratnieks and Visscher 
1989). In line with prediction, worker policing was first documented to occur in the 
multiple-mated honeybees (Ratnieks and Visscher 1989; Ratnieks et al. 2006) but 
has since been discovered to occur also in several social wasps, including in the 
multiple-mated large-colony yellowjackets Vespula vulgaris and Vespula german-
ica (Foster and Ratnieks 2001b; Bonckaert et al. 2007, Fig. 8.3) as well as in the 
predominantly single-mated European hornet Vespa crabro (Foster et al. 2002) and 
both monandrous and polyandrous ant species (Wenseleers and Ratnieks 2006a; 
Ratnieks et al. 2006).

The fact that worker policing is not purely restricted to species with multiple-
mated queens suggests that the relatedness difference between queen’s sons versus 
workers’ sons is not the only evolutionary driver of this behavior. Indeed, several 
studies have pointed out that worker policing likely also has other benefits, e.g., 
linked to the fact that workers may kill worker-laid eggs as part of a strategy to 
cause a female-biased sex allocation ratio (Foster and Ratnieks 2001c), that workers 
may aggress egg-laying workers to increase their work rates and improve colony 
productivity (Ratnieks 1988; Wenseleers and Ratnieks 2006a), or that the policing 
may in fact be carried out by reproductive workers, who may gain direct fitness 
benefits from eliminating the eggs laid by other workers (“selfish policing”, 
(Wenseleers et al. 2005b; Bonckaert et al. 2011a; Zanette et al. 2012). In a large 
meta-analysis of the male parentage in over 100 ants, bees, and wasps, however, 
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Fig. 8.3  Three types of policing regulate conflict over male parentage in social wasps. a In species 
where colonies are headed by a multiple-mated queen, as in the German wasp Vespula germanica 
(pictured) and the common wasp Vespula vulgaris, regular “worker policing” occurs (Foster and 
Ratnieks 2001b; Bonckaert et al. 2007). As in the honeybee (Ratnieks and Visscher 1989), such 
policing involves nonreproductive worker selectively detecting and removing eggs laid by 
“cheater” workers that try to reproduce inside the colony. By contrast, in species where colonies 
are normally headed by a single-mated queen, such as in the tree wasp Dolichovespula sylvestris 
(pictured in the video stills in panels b to g) (Wenseleers et  al. 2005b), the Norwegian wasp 
Dolichovespula norwegica (Bonckaert et al. 2011a), and the small-colony yellowjacket Vespula 
rufa (Wenseleers et al. 2005a), it is usually either the queen herself that polices worker-laid eggs 
(“queen policing,” panels b to d show a worker laying an egg, the queen then removing it, after 
which she deposits her own egg in the same cell) or reproductive workers that selectively destroy 
the eggs laid by other competing workers (“selfish policing,” panels e to g show a worker laying an 
egg, after which another worker destroys the egg to then lay her own egg). Photos by Tom 
Wenseleers
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colony kin structure did significantly correlate with the percentage of adult males 
that were workers’ sons in the direction predicted by inclusive fitness theory 
(Wenseleers and Ratnieks 2006a, Fig. 8.4a). In wasps, for example, it was the case 
that in species where colonies were headed by a multiple-mated queen, as in large-
colony yellowjackets (Vespula spp.) (Bonckaert et al., 2007; Foster and Ratnieks 
2001b; Ross and Matthews 1991), or by multiple related queens, as in the swarm-
founding Polistinae (Epiponinae) (Hastings et  al. 1998; Henshaw et  al. 2002; 
Henshaw et al. 2000), only few or none of the adult males were workers’ sons, sug-
gesting the presence of highly effective worker policing (Fig. 8.4a). By contrast, in 
species where colonies were usually headed by a single, once-mated queen, and 
where workers were collectively most related to the sons of other workers, a signifi-
cant fraction of the adult males could be produced by the workers (Wenseleers and 
Ratnieks 2006a, Fig. 8.4a). In the Asian paper wasp Polistes chinensis, for example, 
genotyping data showed that over half of all adult males were worker produced 
(Tsuchida et  al. 2003). In addition, in a British population of the Saxon wasp 
Dolichovespula saxonica, patterns of male parentage suggested that workers show 
a facultative expression of worker policing, with workers only policing the eggs laid 
by other workers in colonies with a multiple-mated queen, but not in those with a 
single-mated one (Foster and Ratnieks 2000). Such facultative worker policing, 
however, did not appear universal and was not found in a Danish population of the 
Saxon wasp (Bonckaert et al. 2011b).

In a number of Vespine wasps, several of the aforementioned forms of policing 
have been shown to co-occur within the same species. For example, in the tree wasp 
Dolichovespula sylvestris, the Norwegian wasp D. norwegica, and the small-colony 
yellowjacket Vespula rufa, eggs laid by rare cheater workers were found to be 
policed both by the queen (queen policing) and by competing reproductive workers 
(selfish policing) (Wenseleers et al. 2005b; Bonckaert et al. 2011a; Wenseleers et al. 
2005a, Fig.  8.3). Interestingly, selfish worker policing, though driven purely by 
direct reproductive competition, was exclusively targeted toward the eggs laid by 
other workers, as the workers spared the eggs laid by the queen (Wenseleers et al. 
2005b; Bonckaert et  al. 2011a). Presumably, this is linked to the fact that if the 
reproductive workers would remove the eggs laid by the queen, it would become too 
costly from a colony-level perspective; as such, reproductive competition would 
then severely compromise the successful rearing of new brood in the colony, which 
would entail large indirect fitness costs.

Lastly, potential conflict over male parentage could also be caused by intraspe-
cific worker parasitism, whereby workers could try to deposit male eggs in other 
colonies to have them reared by nonrelatives. Such “egg dumping” or intraspecific 
worker parasitism has been well-documented in bees (Beekman and Oldroyd 2008), 
and several studies have also tried to document it in primitively and highly eusocial 
wasps (Sumner et al. 2007; Oliveira et al. 2016). In the common wasp Vespula vul-
garis, it was found that workers from queenright colonies left the colony at a higher 
rate than those in queenless colonies, presumably to evade worker policing in their 
natal colony, and that drifted workers activated their ovaries at ca. five times the rate 
than natal workers (Oliveira et al. 2016). RFID tracking technology also demon-
strated very high rates of drifting in the paper wasp Polistes canadensis, even though 
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Fig. 8.4  Worker reproduction in wasp societies in function of relatedness (a) and policing (b). (a) 
Patterns of male parentage support the relatedness theory for the evolution of worker policing. In 
wasps, the percentage of adult males that are workers’ sons, derived, e.g., from genotyping data, 
correlates with the relatedness difference of the workers to other workers’ vs. the queen’s sons. 
This is in line with the prediction that in species where colonies are headed by a multiple-mated 
queen or by multiple related queens, workers should be selected to suppress the reproduction of 
other workers due to the fact that they would then be more related to the sons of the queen than to 
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rates of worker ovary activation were not higher among the drifters than among the 
natal workers (Sumner et al. 2007).

8.7  �Resolution of Conflict over Male Parentage via Policing

In general terms, all the forms of social policing described above can be regarded as 
mechanisms that should reduce the incentive for individuals to act selfishly and in 
the long term should benefit the functional cohesion of the group (Ratnieks 1988; 
Leigh 1977; Frank 2003; Agren et  al. 2019). Hence, over evolutionary time, the 
mere presence of these forms of policing would be expected to increase the level of 
cooperation and reduce the percentage of workers in the colony that try to cheat by 
laying their own eggs (Wenseleers et al. 2004a, b; Ratnieks and Wenseleers 2008; 
Agren et  al. 2019). A comparative study that looked at the relationship between 
policing and the percentage of workers that attempted to reproduce inside the col-
ony supported this prediction (Wenseleers and Ratnieks 2006b). In particular, across 
nine species of wasps, the percentage of workers with active ovaries was found to 
be a strongly decreasing function of how effectively worker-laid eggs were policed 
by nestmates (Wenseleers and Ratnieks 2006b), as this disincentivizes them to even 
try to reproduce (Wenseleers et al. 2004a, Fig. 8.4b, b). In species where queens are 
predominantly single-mated, such as in Dolichovespula spp. and in the small-colony 
yellowjacket Vespula rufa, worker-laid eggs are policed mainly by the queen or by 
other egg-laying workers (selfish policing). Yet, these forms of policing are not 
100% effective (Wenseleers et al. 2005a, b; Bonckaert et al. 2011a), implying that 
workers in these species can still have a significant incentive to reproduce inside the 
colony (Wenseleers et al. 2004b), often causing a significant fraction of the workers 
to activate their ovaries (Fig. 8.4b). By contrast, in two polyandrous large-colony 

Fig. 8.4 (continued) the sons of other workers (Ratnieks 1988; Pamilo 1991) (Data from Wenseleers 
and Ratnieks 2006a). (a) More effective worker policing favors greater cooperation. Across nine 
species of wasps, the percentage of workers that attempt to reproduce inside the colony is a strongly 
decreasing function of how effectively worker-laid eggs are policed by nestmates, as this disincen-
tivizes them to even try to reproduce (Wenseleers et al. 2004a, b). Species with queen polyandry 
(orange), where nonreproductive workers police eggs laid by other workers, have more effective 
worker policing and have fewer workers attempting to reproduce inside the colony than species 
with low queen paternity (blue), where it is mainly the queen and reproductive workers that remove 
eggs laid by other workers (“queen policing” and “selfish policing”) (Data from Wenseleers and 
Ratnieks 2006b). Species abbreviations: Panel a: Crabronidae  – Mc, Microstigmus comes; 
Epiponini – Pt, Polybioides tabidus; Bm, Brachygastra mellifica; Pt, Parachartergus colobopterus; 
Polistini – Pb, Polistes bellicosus; Pc, P. chinensis; Pd, P. dorsalis; Pf, P. fuscatus variatus; Pg, 
P. gallicus; Pm, P. metricus; Vespinae – Da, Dolichovespula arenaria; Dm, D. maculata; Dmed, 
D. media; Dn, D. norwegica; Ds, D. saxonica; Dsy, D. sylvestris; Vcf, Vespa crabro flavofasciata; 
Vcg, V. crabro gribodi; Vd, V. ducalis; Vman, V. mandarinia; Vg, Vespula germanica; Vmac, 
V. maculifrons; Vr, V. rufa; Vs, V. squamosa; Vv, V. vulgaris. Panel b: Pc, Polistes chinensis; Vr, 
Vespula rufa; Dmed, Dolichovespula media; Dn, D. norwegica; Ds, D. saxonica; Dsy, D. sylves-
tris; Vc, Vespa crabro; Vg, Vespula germanica; Vv, V. vulgaris
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yellowjackets, Vespula germanica and V. vulgaris, nearly all worker-laid eggs are 
removed by worker policing (Foster and Ratnieks 2001b; Bonckaert et al. 2007). 
Hence, in those species workers have almost no incentive to even try to reproduce 
in presence of the queen, causing only few to activate their ovaries (Foster and 
Ratnieks 2001b; Bonckaert et al. 2007, Fig. 8.4b). These data are interesting in that 
they document a form of “enforced altruism,” whereby workers refrain from repro-
ducing because it is made unprofitable by the presence of policing (Wenseleers and 
Ratnieks 2006b; Ratnieks and Wenseleers 2008). Paradoxically, this also causes 
levels of cheating to be the lowest and the level of cooperation to be the highest in 
the species with the lowest genetic relatedness, i.e., in colonies of the polyandrous 
yellowjackets V. germanica and V. vulgaris, because low relatedness selects more 
strongly for worker policing (Ratnieks 1988). This pattern, however, flips when the 
same nine wasp species were studied in the absence of the queen, as worker repro-
duction is then limited merely by genetic relatedness and the indirect fitness costs of 
having an excess of workers reproduce inside the colony (Wenseleers et al. 2004b). 
Hence, in that situation, a negative relationship was observed between the percent-
age of reproductive workers in the colony and genetic relatedness (Wenseleers and 
Ratnieks 2006b; Ratnieks and Wenseleers 2008). In yellowjackets, the breakdown 
of cooperation seen in queenless colonies is particularly apparent. In the common 
wasp Vespula vulgaris, for example, only around 1% of the workers try to reproduce 
in the presence of the queen, but this increases to 30% following the loss of the 
mother queen (Wenseleers and Ratnieks 2006b). This is far more than what is 
required for the successful reproduction of the colony, as shown by the fact that in 
queenless colonies, the workers deposit multiple eggs in the cells of their combs 
(Fig.  8.5). Such conflicts, where individual selfishness causes a cost to all, are 
known as “tragedies of the commons” and have also been documented in the con-
text of conflict over caste fate (Wenseleers and Ratnieks 2004).

8.8  �Queen Pheromones Can Regulate Conflict over 
Male Parentage

Given the widely divergent reproductive interests of workers in colonies with or 
without a queen (Ratnieks and Wenseleers 2008), it is imperative that the workers can 
unequivocally assess the queen’s presence in order to optimally modulate their repro-
duction and behavior. In species with small colonies, individuals are in close contact 
with one another, and the queen alone is able to control the workers’ reproduction, 
usually by being aggressive toward them or by policing worker-laid eggs (Ratnieks 
and Wenseleers 2005). This is the case, for example, in Polistes wasps and perma-
nently queenless ant species where the dominant reproductive individual limits mat-
ing opportunities and reproduction of subordinates via targeted aggression (Reeve 
1991; Monnin and Peeters 1998; Peeters 1993; Liebig et al. 2005; Saigo and Tsuchida 
2004). Nevertheless, when the number of individuals reaches a certain threshold, the 
queen is no longer able to effectively keep workers from reproducing merely via the 
use of aggression (Keller and Nonacs 1993; Ratnieks and Reeve 1992). In such cases, 
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the workers assess whether or not the queen is present based on specific chemicals 
that she emits, which signal her presence and fertility status. When workers respond 
to such signals by inhibiting their ovary activation, such chemicals are referred to as 
queen signals or queen pheromones (Howard and Blomquist 2005; Holman et al. 
2010, 2013; Van Oystaeyen et  al. 2014; Monnin 2006; Liebig 2010; Peeters and 
Liebig 2009; Holman 2010; Liebig et al. 2000; D’Ettorre et al. 2004; Oliveira et al. 
2015; Fig. 8.5). The first queen pheromone that was identified in social insects was in 
the well-studied honeybee Apis mellifera (Butler 1959; Wossler and Crewe 1999; 
Hoover et al. 2003). In this species, a honeybee-specific blend of pheromones derived 
from the queen’s mandibular gland (QMP), containing the keto acid 9-oxo-decenoic 
acid as major compound, was shown to inhibit worker reproduction (Butler 1959; 
Hoover et al. 2003). Recent work, however, has shown that specific cuticular wax 
compounds act as more conserved queen pheromones across several groups of 
Hymenoptera, including wasps, ants, bumblebees, and the honeybee (Van Oystaeyen 
et al. 2014, reviewed in Oi et al. 2015b; Princen et al. 2019a). The fact that structur-
ally related and sometimes even identical hydrocarbon compounds were found to 
suppress worker reproduction across these different independently evolved lineages 
of social insects implies very strong evolutionary conservation and suggested that 
these signals likely evolved from preexisting fertility-linked compounds that were 
already present in the common solitary ancestors of all extant social Hymenoptera 
(Van Oystaeyen et al. 2014; Oi et al. 2015b).

In wasps, nearly all fertility or queen-characteristic compounds have been shown 
to consist of linear or branched saturated alkanes or alkenes (Table 8.1). The only 
possible exception is provided by the Stenogastrinae wasp Liostenogaster 

Fig. 8.5  Cooperation 
breaks down in queenless 
wasp colonies. (a) In 
queenright colonies of 
most social wasp species, 
such as in the common 
wasp Vespula vulgaris 
(pictured), the queen 
typically deposits just a 
single egg per cell, in line 
with the needs of the 
colony. (b) However, 
following the death of the 
mother queen, cooperation 
breaks down, and far more 
workers start reproducing 
than is necessary for the 
functioning of the colony, 
which is apparent from the 
fact that the workers then 
start depositing multiple 
eggs per cell. (Photos by 
Cintia Akemi Oi)
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Table 8.1  Evidence for the identity of compounds being used as queen or fertility signals in 
different groups of wasps

Species

Identified queen pheromones or compounds 
overrepresented in queens or dominant 
egg-layers (source)

Type of 
evidence Reference

Stenogastrinae
Eustenogaster 
fraterna

n-C23 (cuticle of egg-layers vs. 
non-egg-layers)

C Turillazzi et al. 
(2004)

Liostenogaster 
flavolineata

C20OH, n-C23, n-C24, n-C25 (cuticle of 
egg-layers vs. non-egg-layers)

C Turillazzi et al. 
(2004)

Liostenogaster 
vechti

C31:1 (cuticle of egg-layers vs. 
non-egg-layers)

C Turillazzi et al. 
(2004)

Parischnogaster 
striatula

n-C26, n-C27, n-C28, n-C29 (cuticle of 
egg-layers vs. non-egg-layers)

C Turillazzi et al. 
(2004)

Vespinae
Vespa crabro n-C24, n-C26, n-C27, 3-MeC27, n-C29 (cuticle 

of queens vs. workers)
C Butts et al. (1991), 

Butts et al. (1995)
Vespula 
maculifrons

n-C29, 3-MeC29, n-C31, 3-MeC31 (cuticle of 
queens vs. workers)

C Butts et al. (1991)

Vespula 
squamosa

13 + 15-MeC29 (cuticle of queens vs. 
workers)

C Butts et al. (1991)

Vespula vulgaris n-C27, n-C28, n-C29, 3-MeC27, 3-MeC29, 
11,17-, 13,17-, 15,19-diMeC31 (cuticle of 
queens vs. workers)

C, BS Bonckaert et al. 
(2012), Van 
Oystaeyen et al. 
(2014)

Dolichovespula 
maculata

C27:1, C29:1 (cuticle of queens vs. workers) C Butts et al. (1991)

Dolichovespula 
saxonica

n-C29, n-C31, 3-MeC29, 3-MeC31 (cuticle of 
queens vs. workers)

C, BS Bonckaert et al. 
(2011b), van 
Zweden et al. 
(2014;), Oi et al. 
(2016)

Ropalidiini
Ropalidia 
marginata

3 + 5-MeC29, 3 + 7 + 9-MeC31, 
13 + 15 + 17-MeC33 (Dufour’s gland of 
queens vs. workers)

C, BE Bhadra et al. 
(2010), Mitra et al. 
(2011), Mitra and 
Gadagkar (2011)

Belonogaster 
longitarsus

n-C30, C31:1, n-C32, n-C33, 11,15,19-trimeC33, 
14-, 15-meC34, 11,15,19-trimeC35, 12-, 13-, 
16-meC36, 12,16-dimeC36, 
12,16,20-trimeC36, 13,17-dimeC37, 
14,18-dimeC38, 13-, 15-, 17-meC39 (cuticle 
of gynes vs. workers)

C Kelstrup et al. 
(2017), Kelstrup 
et al. (2014a)

Polistini

(continued)
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flavolineata, where egg-laying females also upregulate the production of icosanol 
(Table 8.1). An actual queen signaling function of these compounds, however, has 
been demonstrated via bioassays with pure compounds in only two Vespine wasps – 
the common wasp Vespula vulgaris (Van Oystaeyen et al. 2014, Fig. 8.6) and the 
Saxon wasp Dolichovespula saxonica (Oi et al. 2016) – where a partly overlapping 
set of hydrocarbons was found to suppress worker reproduction (Van Oystaeyen 
et al. 2014; Oi et al. 2016). In the common wasp, it was further shown that one of 
the worker reproduction-inhibiting queen pheromones, 3-methylnonacosane, also 
acted as a queen egg marking pheromone that helps workers to recognize queen-laid 
eggs from worker-laid eggs and selectively police worker-laid eggs (Fig. 8.6, Oi 
et  al. 2015a). Such queen egg marking signals had long been proposed to exist 
(Endler et al. 2004; Ratnieks 1995; Oldroyd et al. 2002; Martin et al. 2004), but 
previous work had not succeeded in identifying the active compounds in any species 
(Martin et al. 2005).

Table 8.1  (continued)

Species

Identified queen pheromones or compounds 
overrepresented in queens or dominant 
egg-layers (source)

Type of 
evidence Reference

Polistes 
dominula

n-C29, n-C31, 11 + 13-MeC27, 5-MeC29 
(cuticle and eggs of dominant foundresses 
vs. subordinate foundresses), 9-C29:1, 9-C31:1, 
C33:2, C35:2 (cuticle of dominant vs. 
subordinate foundresses), n-C31, 2-MeC32, 
n-C33, 7 + 13 + 15 + 17-MeC33 (cuticle of 
foundresses vs. workers)

C Bonavita-
Cougourdan et al. 
(1991), Sledge 
et al. (2001), 
Dapporto et al. 
(2007a), Liebig 
et al. (2005)

Polistes gallicus n-C30, x-MeC31, 11,17 + 9,19-diMeC31, 
3,13-diMeC31, 13,15+ 9,11 + 11,21-diMeC33 
(queen vs. worker Van der Vecht organ 
secretion)

C Dapporto et al. 
(2007b)

Polistes metricus n-C29, 9 + 11 + 13 + 15-MeC29 (cuticle of 
queens vs. workers)

C Layton et al. (1994)

Polistes satan n-C23, 3-MeC23, n-C24, n-C25, 3-MeC25, n-C26, 
4-MeC26, 3-MeC26, n-C27, 5-MeC27, 
3-MeC27, 5-MeC28, 3-MeC28, n-C29, 3-MeC29, 
n-C31, 13,17-diMeC33, 13-, 12-MeC34, 
13-MeC35, 11,15-diMeC37 (cuticle of 
dominant egg-layers vs. subordinates)

C, BS Tannure-
Nascimento et al. 
(2008), Oi et al. 
(2019)

Epiponini
Polybia micans n-C25, 3-MeC25, n-C26, C27:1 (cuticle of 

queens vs. workers)
C Kelstrup et al. 

(2014a)
Synoeca 
surinama

C25:1, C29:1, n-C29, C31:1, n-C31 (cuticle of 
queens vs. workers)

C Kelstrup et al. 
(2014b)

Type of evidence: C,  correlational; BS, bioassays with synthetic compounds; BE, bioassays of 
glandular or cuticular extracts. Species for which specific fertility-suppressing queen pheromones 
have been identified based on bioassays with particular compounds are underlined and are 
shown in bold
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At an ultimate level, there is an ongoing debate over whether queen pheromones 
could ever “chemically castrate” the workers (the so-called “queen control” hypoth-
esis) or if workers merely respond to the queen pheromones in their own best inter-
ests (the “honest signaling” hypothesis) (Keller and Nonacs 1993; Grüter and Keller 

Fig. 8.6  The dual role of queen pheromones in regulating sociality in the common wasp. In the 
common wasp Vespula vulgaris, specific hydrocarbons that are abundant on the queen’s cuticle 
and eggs, as established by gas chromatography-mass spectrometry analysis (a), appear to have a 
dual role in regulating the social order in the colony (b), with heptacosane (n-C27), nonacosane 
(n-C29), and 3-methyl nonacosane (3-MeC29) acting as a worker reproduction inhibiting queen 
pheromone (b, left) (Van Oystaeyen et al. 2014) and also acting as a queen egg marking signal that 
helps workers to recognize queen-laid eggs from worker-laid eggs and selectively destroy or 
“police” worker-laid eggs (b, right) (Oi et al. 2015a). This was shown by the fact that administering 
these pheromones to queenless worker groups and applying them onto the surface of worker-laid 
eggs reduce the odds of the workers to activate their ovaries or reduce the odds of worker-laid eggs 
to be policed compared to in a solvent-only control treatment (*** = p < 0.001). (Modified based 
on data in Van Oystaeyen et al. (2014) and Oi et al. (2015a))
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2016; Oi et al. 2015b). Evidence to date seems to give more support to the latter 
hypothesis, with workers merely modulating their reproductive physiology and 
behavior in accordance with their own evolutionary interests (Oi et al. 2015b). First, 
queen pheromones appear highly conserved across species, and this goes against the 
rapid evolution of the bioactive queen substances expected under the queen control 
hypothesis, where workers would be expected to rapidly evolve resistance to the 
chemicals that the queen emits (Heinze and d’Ettorre 2009; Van Oystaeyen et al. 
2014). Further in line with honest signaling hypothesis is that queen pheromones in 
several species of ants, bees, and wasps have been shown to be positively correlated 
with fecundity (Liebig 2010; Peeters and Liebig 2009; Monnin 2006). This implies 
they are indeed honest signals of fertility. In some species, such as in the common 
wasp Vespula vulgaris, signal honesty has been shown to be maintained partly by 
the fact that queen fecundity and the production of specific hydrocarbon queen sig-
nals are under identical endocrine control (“hormonal pleiotropy,” Oliveira et  al. 
2017). Finally, the fact that worker reproduction was found to be modulated by the 
presence or absence of the queen in exact accordance with inclusive fitness theory 
and was found to be affected by the colony kin structure in the predicted direction 
shows that workers respect the queen’s signals only to the extent that it serves the 
workers’ own inclusive fitness interests (e.g. Wenseleers and Ratnieks 2006b; van 
Zweden et  al. 2014; Wenseleers et  al. 2013; Ratnieks and Wenseleers 2008; Oi 
et al. 2015b).

Exactly how the hydrocarbon queen signaling system evolved from preexisting 
pathways in solitary ancestors is still not known with certainty, but it has been sug-
gested that the queen signals could be derived from one of several preexisting path-
ways or unrelated signaling systems, e.g., they could (1) initially have been mere 
by-products of ovary activation, (2) be derived from ancestral oviposition-deterrent 
pheromones, or (3) be derived from ancestral sex pheromones (Oi et al. 2015b; Van 
Oystaeyen et al. 2014; Oliveira et al. 2015). In support of the by-product hypothesis, 
it has been shown that in both solitary and social species, the activation of the ova-
ries causes distinct changes in the cuticular hydrocarbon profiles of individuals 
(Blomquist and Bagnères 2010; Liebig 2010; Peeters and Liebig 2009; Holman 
2012). In addition, in the primitively eusocial paper wasp Polistes satan, it was 
shown that dominant breeders overproduce particular hydrocarbons but that in bio-
assays these compounds did not inhibit worker reproduction (Oi et al. 2019). This 
supports the hypothesis that queen signals in highly eusocial species were derived 
from fertility cues that initially lacked any signaling function. Queen pheromones 
could also have been co-opted from oviposition-deterrent pheromones. Such phero-
mones are known in several solitary wasp species, where they mark the oviposition 
site with chemicals that signal to other females that the particular site is already in 
use (e.g., Stelinski et al. 2007; Anderson et al. 2002). Although these pheromones 
are directed to inhibiting other females from egg-laying, the lack of evidence for 
such pheromones from other groups of insects with a different social organization 
weakens this hypothesis (Oi et al. 2015b). Finally, queen pheromones could have 
been derived from sex pheromones and be initially directed at the male sex. In some 
bees, for example, the exact same compounds were shown to act both as a sex 
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pheromone and as a queen pheromone or fertility-linked cue, with honeybee QMP 
being the best-known example (Oliveira et al. 2015). In honeybees, there is also 
some evidence that the queen-worker signaling system may have evolved by exploit-
ing preexisting receiver physiology, since QMP has been found to also inhibit repro-
duction in the distantly related fruit fly and in bumblebees (Princen et al. 2019b), but 
in wasps there is so far no evidence to also support such an evolutionary scenario.

8.9  �Overt Conflict over Male Parentage: Worker Matricide

While the sections above illustrate clear cases where conflict over male parentage is 
effectively resolved via the presence of policing mechanisms and queen signaling 
systems that coevolved with them, there are also clear examples in wasps where 
conflict over male parentage remains unresolved. A spectacular example is provided 
by worker matricide, where workers kill their own mother queen to be able to repro-
duce without interference, which has been documented not only in wasps but also 
in some ants and bumblebees (Ratnieks 1988; Bourke 1994; Foster and Ratnieks 
2001a). Various direct observations of worker matricide exist from several Vespine 
wasps, including the European hornet Vespa crabro and several Dolichovespula 
species (Bourke 1994; Foster and Ratnieks 2001a; Loope 2015). The exact timing 
and conditions under which such matricide should be favored can be calculated 
from inclusive fitness theory (Bourke 1994; Almond et al. 2019). In particular, the-
ory predicts that worker matricide should be favored most strongly in species with 
low queen paternity, where queen-worker conflict over male parentage is strongest 
and the workers are collectively mostly related to the sons of other workers (Ratnieks 
1988; Bourke 1994). In line with this prediction, workers in the Vespine wasp 
Dolichovespula arenaria were found to kill their mother queen preferentially in 
colonies headed by a singly mated queen, that is, in colonies in which workers stood 
to gain the greatest fitness (Loope 2015). It was also shown that this was costly, as 
matricide resulted in the production of fewer queens (Loope 2016). Furthermore, in 
a comparative analysis of nine Vespine wasps, Foster et al. (2001) reported colonies 
to be queenless more frequently in species with low queen paternity, in accordance 
with worker matricide there being more common. Together, these studies again pro-
vide strong support for inclusive fitness theory.

8.10  �Outstanding Questions

As we have shown, studies of reproductive conflicts in social wasps have yielded 
some remarkable insight into the basic structure of social conflicts and how they can 
be resolved. At the same time, several questions remain. In the areas of the study of 
social conflicts in wasp societies, the determinants of variation in investment sex 
ratio and the amount of overt conflict over male parentage in independently 
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founding paper wasps and some monandrous Vespine wasps remain elusive (Foster 
et al. 2000; Foster and Ratnieks 2001a; Hammond and Keller 2004; Wenseleers and 
Ratnieks 2006a; Suzuki 1986; Tsuchida et  al. 2003). To obtain a good match 
between empirically observed patterns and empirical data, it is likely that we will 
need new theoretical models that better take into account the dynamics of colony 
growth and sex allocation as well as the way in which different types of social con-
flict and traits in queens and workers coevolve with each other. At present, such 
theory still needs further development and testing as well as tailoring to the specific 
biology of particular species (e.g. Foster and Ratnieks 2001c; Wenseleers et  al. 
2013; Avila et al. 2019). The fact that model predictions have been shown to partly 
depend on the underlying genetic architecture of the traits may complicate such an 
endeavor (Olejarz et al. 2015, 2016; Davies and Gardner 2018). Another area that 
will be very rewarding to study further is the actual origin of sociality, which over 
the last decade has again become center stage. Indeed, fully understanding the fac-
tors that drove the major evolutionary transition to a eusocial lifestyle is surely one 
of the most important outstanding questions in evolutionary biology today. Social 
wasps are an excellent model system to study this question (Taylor et al. 2018). In 
fact, at an empirical level, research on primitively and facultatively eusocial wasps 
has given us some fantastic insights already, e.g., documenting direct fitness bene-
fits of helping (Field et al. 2000, 2006, 2008), which has been matched by similar 
findings in other taxa (Korb and Heinze 2016; Downing et al. 2016), and showing 
how the evolution of helping behavior is subject to biological market theory 
(Grinsted and Field 2017b). At a theoretical level, social evolution theory and bet 
hedging theory have recently been combined in a unified framework (Kennedy et al. 
2018), and the various preadaptations that can favor the evolutionary transition to 
eusociality have been subjected to systematic study, both from a proximate angle 
(Hunt 2012) and an ultimate perspective (Quiñones and Pen 2017). The detailed 
testing of some of these new models using comparative studies will remain an 
important task for the future. Lastly, much is yet to be unraveled about the genomic 
basis of social traits in wasps (Taylor et al. 2018). With many full genomes of spe-
cies of key phylogenetic placement and contrasting social structure expected to 
become available in the near future (Taylor et al. 2018), the study of social wasps 
are expected to provide key insight in the genomic basis of a diverse set of traits, 
ranging from group living and altruistic behavior to reproductive plasticity, preima-
ginal caste differentiation, swarm founding, and queen-worker conflict over male 
parentage (Jandt and Toth 2015; Patalano et al. 2015; Taylor et al. 2018). Key ques-
tions that such data will be able to address is the extent to which sociality was built 
on novel genetic innovations (Ferreira et al. 2013) as opposed to the mere repurpos-
ing of existing pathways (Hunt and Amdam 2005; Hunt et al. 2007a) and how prim-
itive and advanced eusocial systems, including queen-worker signaling systems and 
various conflict-resolving mechanisms, may have been built from preexisting traits 
in solitary ancestors (Johnson and Linksvayer 2010; Rehan and Toth 2015; Toth and 
Rehan 2017).
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8.11  �Concluding Remarks

Our aim in this chapter was to provide an overview on the current understanding of 
the causes and consequences of reproductive conflicts and conflict resolution mech-
anisms in social wasps and to present some new insights and perspectives for future 
research directions. Despite being among the most interesting organisms to study 
questions with respect to the origin and maintenance of sociality, we feel that wasps 
are still understudied compared to other social insect groups. We hope this chapter 
will incentivize students and young researchers to be as excited as we are to study 
and understand more about this fascinating group.
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