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Abstract

Introduction

Hamilton’s idea of haplodiploidy favouring the evolution of eusociality, the
haplodiploidy hypothesis, rests on the relatedness asymmetry between the sexes
characteristic of this sex determinations system. Further theoretical work on the
consequences of the relatedness asymmetry significantly improved our understanding
of sex allocation in social Hymenoptera. However, the positive role of haplodiploidy
on the initial evolution of worker behaviour, which Hamilton was originally trying
to explain, requires female biased sex ratios; thus, it’s been assumed to be of less
importance. A recent model, inspired on the life-history of primitively social
insects, has shown that haplodiploidy can indeed promote the evolution of worker
behaviour; if the necessary female bias sex ratio evolves due to the presence of a set
of preadaptations such as life-time monogamy, bivoltinism and maternal sex ratio
adjustment. However, the model ignores that workers have been shown to manipulate
brood sex ratios, and to differ from the queen in their sex ratio interests. Thus, in here
we extend the model to include the evolution of sex-specific ovicide, as a mechanism
of worker control over the sex ratio of the colony. We show under what conditions
worker fratricide evolves and has favourable consequences for the initial evolution
of eusociality; furthermore, we show worker fratricide leads to intermediate levels in
the tendency to help. Intermediate levels of helping tendency imply populations with
polymorphism in social behaviour, where some nests are solitary and some eusocial.
Furthermore, we show that the co-evolution of worker control and sex ratios, which
are contingent on the presence of workers, leads to a split production of the sexes
in the reproductive brood; where some nests produce males and other females. Our
model predicts the occurrence of three types of life-history structures that are found
in taxa known for their variability in social behaviour and life-history.

Due to the notable abundance of eusocial species in the order Hymenoptera, where
eusociality has arisen more than in any other order, it has been suggested that some
traits which are especially common in hymenopterans might facilitate the evolution
of eusociality (Hamilton 1964b; West-Eberhard 1987b; Boomsma 2009; Hunt
2012). The first proposal of a preadaptation to eusociality was formulated in the
haplodiploidy hypothesis. Hamilton (1964a) argued that reproductive division of
labour, the hallmark of eusociality, was favoured by the genetic sex determination
system present in the Hymenoptera, haplodiploidy. Under a haplodiploid sex
determination females are produced from fertilized diploid eggs, while males are
produced from unfertilized haploid eggs; thus, by sharing identical paternal halves
of their genomes full sisters have a higher coefficient of relatedness (3/4) than they
would have under diploidy (1/2). Hamilton’s (1964a) argument was that females,
hatched in a nest founded by a singly mated queen, would be more inclined to
forgo their own reproduction, and stay to help their mother raise siblings, under
haplodiploidy, due to the higher genetic relatedness. However, a more comprehensive
picture of the effect of genetic relatedness in the nest shows that females have a
lower coefficient of relatedness to their brothers (1/4) than to their sons (1/2), and
this exactly cancels the benefit of raising sisters rather than daughters. Therefore,
haplodiploidy favours eusociality only when the sex ratio is female biased in at least
some nests of the population (Trivers and Hare 1976), a condition which has been
referred to as split sex ratios (Grafen 1986; Boomsma and Grafen 1990). Conditions
for natural selection to favour split sex ratios, such as described by Trivers and Hare
(1976), are promoted by the bivoltine life-histories often found in the Hymenoptera.
That is because under certain demographic conditions the second brood of a
reproductive season is female biased, while the first one is male biased (Charnov
1978; Seger 1983). All in all, the relatedness asymmetry originally discussed by
Hamilton (1964a) can have an important role; however, it seems that a set of other
traits need to be in place for eusociality to be favoured.
In chapter 2 of this thesis, we built a model including many these elements and
showed how haplodiploidy, together with life-time monogamy, partial bivoltinism
and conditional sex ratios, can be regarded as preadaptations that favour not only
the evolution of reproductive altruism, but also a transition in life-history from
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bivoltinism to univoltinism. This set of preadaptations is together in several taxa
in the Hymenoptera, which may well explain why the transition to eusociality has
occurred so often in this order.
The partially bivoltine life-history considered by Seger (1983) and Quiñones and
Pen (chapter 2) highlights life-history differences between males and females which
partially align the interests of queens and workers regarding the sex ratio of the
brood workers help to raise. In a so-called female hibernation (FH) life cycle the
reproductive season starts with a singly mated female that produces two broods, one
in the spring and another one in the summer. Males produced in the spring brood
have the possibility to survive and mate a second time with females from the summer
brood (Fig. 1). Given that surviving spring females do not re-mate, the surviving
spring males bias the mating pool of the summer brood. In a male biased mating
pool the females are the rare sex, hence, the summer females are more valuable from
a reproductive point of view. Therefore, it is in the interest of the foundresses to
produce a female biased summer brood, which is also more related to the potential
workers (females from the spring brood) due to the relatedness asymmetry. The
occurrence of mating before overwintering, and the surviving of spring males, aligns
the interest of queens and workers regarding the direction of sex ratio bias in the
summer brood. However, once helping behaviour evolves and there is selection for
a larger worker force, the sex ratio of the spring brood turns fully female biased, and
the sex ratio of summer brood becomes even again (Fig. 1b). The lack of males in the
first brood brings back the conflict between workers and the queen; the queen prefers
an even sex ratio in the summer brood, and the workers a female biased brood.
Consequently, worker control over the sex ratio of the colony could evolve after the
evolutionary transition has occurred.
Trivers and Hare (1976) original hypothesis did not include the sex ratio biases
described by Seger (1983), rather it envisioned a population with split sex ratios
driven by some nests having the sex ratio controlled by queens, and some by workers.
Worker control over the sex ratio came to be seen both as a condition favouring
eusociality (Charnov 1978), and a source of conflict between colony members
(Mehdiabadi et al. 2003). Empirical studies show that workers often achieve at least
partial control over the colony investment policy (but not always: see e.g. Helms
94

Figure 1. Life-history structures before and after the co-evolution of helping behaviour, sex ratios,
and ovicide. a depicts the Female Hibernation (FH) life cycle originally described by Seger (1983) and
used in chapter 2. Mated females start the life cycle producing a spring brood, and produce a second
brood in the summer. Males and females hatched in the spring mate and produce also offspring for the
summer brood. If males from the spring brood survive, they can mate with the females from the summer
brood. Summer females after mating go into hibernation. b depicts eusocial univoltine life-history
that arises from FH after the evolution of helping and sex ratios. Females come out of hibernation and
produce first a spring worker brood, and then a summer reproductive brood. c depicts eusocial bivoltine
life-history that arises from FH after the evolution of helping, sex ratios, and ovicide under low worker
efficiency. Females come out of hibernation and produce first a fully female biased spring brood some
females become workers and some solitary breeders. In the summer brood, solitary females produce
only males, and social females only females. d depicts eusocial bivoltine life-history that arises from
FH after the evolution of helping, sex ratios, and ovicide under high worker efficiency. Three types of
females come out of hibernation and produce first a spring worker brood. In the summer brood, one type
of females produce only males (homozygote for z3), a second type produces only females (homozygote
for z3), and third type produces both males and females (heterozygote for z3).

(1999); Jemielity and Keller (2003); Duchateau et al. (2004); for a meta-analysis see
Meunier et al. (Meunier et al. 2008)), either by manipulating female development
(Hammond et al. 2002) or by selective destruction of male brood (Sundström et al.
1996; Foster and Ratnieks 2000). In general, experimental studies support the idea
that the queen and workers indeed have different sex allocation strategies and that
both have at least some leverage in the conflict (Mehdiabadi et al. 2003).
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Despite the success that sex ratio theory has had explaining patterns of sex-allocation
in social insects (West 2009), the question remains of whether split sex ratios, driven
by worker control, have had an important role in the initial stages of the evolution
of eusociality. The most common causes for split sex ratios, variation in number of
queens and queen mating frequency, could not have played a role in the evolution
of eusociality if the transition happened under strict monogamy and the sub-social
route, as the data suggests (Hughes et al. 2008; Boomsma 2009; Gardner et al. 2012).
Moreover, theoretical analysis of alternative conditions under which split sex ratios
and worker control could have favoured eusociality suggest this effect to be either
very weak or non-existent (Gardner et al. 2012; Alpedrinha et al. 2014). Nevertheless,
the models of Gardner and collaborators did not consider the bivoltine life-histories
proposed by Seger (1983), nor did they let the traits involved in the determinations
of sex ratios co-evolve with helping behaviour (chapter 2). Thus, here we assess
the effect of worker control over the sex ratios in the co-evolutionary scenario
proposed by in chapter 2. We are interested both in the potential favouring effect that
worker control could have on the evolution of eusociality and the consequences of
its presence in the later stages of social evolution. We model worker control as the
tendency of workers to eliminate male eggs and to partially recycle them to increase
the survival of female eggs. Furthermore, we allow all the relevant traits to coevolve together. For this purpose, we use a combination of inclusive fitness models
and Individual Based-Simulations (IBS).

The model
Life cycle
We use the matrix population model derived in chapter 2 for the female hibernation
life-cycle (for details see SM). The model captures the dynamics of a population
with a partially bivoltine life-history, that is, where reproductive individuals can
have up to two broods in a reproductive season (Fig. 1a). The cycle starts with mated
females in the spring after they survive the winter. These females produce a spring
z
brood, where a proportion 1 of the offspring are males and
females (from
here on we denote with tilde ~ complementary probabilities). Spring born females
can stay and forgo their own reproduction to stay and work in their mother’s nest,
and they do so with probability h; with probability
they mate with spring
born males and found their own nest. Females born in the spring that decide to form
96

Worker ovicide can drive the evolution of social polymorphism and split sex ratios

their own nest produce a brood in the summer; a proportion z2 of the offspring will
be males and
females. Spring males survive after mating with probability Sm; if
they do so they become part of the mating pool in the autumn. Spring foundresses
survive after their first brood with probability Sf. If they survive, they have another
brood. We assume that females are life-time monogamous; thus, they do not re-mate
to produce the second brood. The fecundity of surviving females in the second brood
is given by

F5 = F3 (1+ bH ) = F3 (1+ bh!z1 F1 )

(2)

where F3 is the summer brood fecundity of solitary females, b is the benefit per worker,
and H is the expected number of workers. H is proportional to the fecundity (F1) and
sex ratio ( ) of the first brood, and the helping tendency in of the workers (h). The
benefit of workers b quantifies the number of extra offspring breeding females get
per worker, relative to their fecundity as solitary breeders. This quantity has a clear
demographic interpretation: it represents the efficiency with which workers raise
siblings relative to their own offspring; thus, if b is equal to 1, workers are equally
good in raising sibling as in raising offspring. If b is larger than 1, workers are better
at raising siblings; and conversely, if b is smaller than one, potential workers are
better are raising offspring.
Our model differs from the one proposed in chapter 2, in the sex allocation of the
social nests, that is, the ones with workers. The proportion of males produced by
a female with workers is given by z3. This implies that reproductive females make
their sex allocation strategy dependent on the presence of workers. Moreover,
we allow workers to influence the sex ratio by selectively removing male eggs.
Each male egg is killed by the workers with probability ω , which is the workers
average tendency to kill male eggs (ω). Each killed male egg is recycled as a new
individual with probability ϕ, whose sex is determined by z3; hence, we call ϕ the
recycling efficiency. After ovicide, the total number of males produced in social
nests is
, that of females is
, and
is the total loss
of individuals due to ovicide. The idea here is that killed male eggs can be fed back
to the queen to produce more eggs, or they free resources to increase the survival of
97
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the rest of the progeny. Finally, males born in the summer, from social and solitary
nests, together with surviving males from the spring, compete for females born in
the summer. After mating, females born in the summer enter hibernation. We assume
that density regulation maintains a constant population size, thus, only a fraction of
the overwintering females emerges again in the spring (for details see SM).

Worker ovicide can drive the evolution of social polymorphism and split sex ratios

1. Sex ratios
The inclusive fitness of a mutant for the sex ratio in the spring brood is given by

(3)
Strategy
We work with a large haplodiploid population, where individuals are characterized
by 5 phenotypic traits (x= {h, z1, z2, z3, ω}) that together determine their social
behaviour and sex allocation strategy. h is the tendency of spring females to stay
and help on their natal nest. z1 is the proportion of sons produced by females in the
spring broods. For summer broods, z2 and z3 are the proportions of sons produced
by solitary females and females with workers, respectively. ω is the tendency of
each worker to kill male eggs; ω , the average worker tendency to kill male eggs,
determines the probability that each male egg is killed in a nest. If a male egg is
killed it will be recycled as a new individual with probability ϕ. The new ‘recycled’
individual will be again a male with probability z3, and a female with probability z!3 .
We assume a monomorphic population for all traits, with resident trait values x*i,
where x is one of the elements of the trait vector described before, and * denotes
resident value. We are interested in the fate of mutants with a trait value xi ≠ xi* in
the context of the resident xi* . Thus, we derive expressions for inclusive fitness of
those 5 mutants. Using the inclusive fitness, we derive expressions for the direction
and strength of selection on those 5 phenotypic traits. We use those expressions to find
evolutionary equilibria; and furthermore, we use adaptive dynamics assumptions,
including uncorrelated mutations on the different traits, to compute co-evolutionary
dynamics (for details see SM).
Inclusive Fitness
Using the class frequencies and reproductive values obtained from the matrix
population model we can derive expressions for the inclusive fitness of mutants for
the 5 traits of interest.
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where rdau and rson are the coefficient of relatedness between the foundress and her
*
daughters and sons, respectively; vf*1 and vf2
are the reproductive values of the
*
*
females and males from the first brood; vf2 and vm2
are the reproductive values of
females and males of the second brood. Reproductive values are derived from the left
eigenvector associated with the leading eigenvalue of the gene-flow matrix (see SM);
they are evaluated at the resident values for all the traits. If we assume the number
of workers to be a random variable with a Poisson distribution,
is the
probability that at least one female from the first brood stays and becomes a worker
in the foundress’ nest; in which case, the sex allocation is influenced by ovicidal
behaviour.
The inclusive fitness of a mutant for the sex ratio of solitary nests in the summer
brood is given by
,

(4)

where u5 and u5 are the stable class frequencies of the females from the spring brood
and the surviving foundresses, respectively.
The inclusive fitness of a mutant for the sex ratio in social nests is given by
.

(5)
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2. Helping behaviour
The inclusive fitness of a mutant female, for helping behaviour, born in the spring
is given by
,

(6)

where rsis and rbro are the relatedness coefficients between a worker and her sister and
brother, respectively.

Results
Co-evolutionary dynamics
The analysis of the evolutionary dynamics shows that the coevolution of helping
behaviour with sex ratios and ovicide favours the emergence of social behaviour
relative to a model without ovicide. The conditions derived in chapter 2 for the
evolution of helping (equation 47 SM) provide a boundary of minimal worker benefits
required for the evolution of helping in a bivoltine life-history. The dynamics shown

3. Ovicidal behaviour
The inclusive fitness of a worker mutant for ovicidal behaviour is given by
(7)
Strength and direction of selection
Using the inclusive fitness expressions, we derive the corresponding selection
gradients by taking the derivative with respect to the mutant trait, and consecutively
replacing the mutant with the resident trait, according to expression S5 (SM). The
selection gradients capture the strength and direction of selection on each one of the
traits. A positive value, for the selection gradient, means directional selection towards
higher trait values; conversely, negative values mean selection towards lower values.
Trait values for which the selection gradient is zero are evolutionary equilibria.
We use selection gradients to derive conditions for natural selection to favour
helping and ovicidal behaviour when they are rare. Furthermore, we use an adaptive
dynamics approach (Dieckmann and Law 1996; Pen and Taylor 2005) to compute the
co-evolutionary dynamics of the 5 traits. The rate of trait value change over time is
proportional to the selection gradient of that trait (6 SM). Moreover, we complement
the analysis of the dynamics with IBS, where a computer program keeps track of a
population of individuals who are followed through their individual life histories.
The trait values of individuals is subject to changes caused by random mutations,
thus, the distribution of trait values in the population is driven by natural selection
and random genetic drift. We keep track of changes in the trait value distributions.
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Figure 2. Co-evolutionary dynamics of helping, ovicide and sex ratios. a shows predictions from
the deterministic model, and b the corresponding stochastic IBS (thick lines represent the mean of the
trait in one representative run, and colour ribbons the area one standard deviation around the population
mean), for a parameter combination where helping is not expected to evolve without ovicide. During
the first 5000 generations, spring and summer sex ratio evolve opposite biases, and helping does not
evolve; hence, in the IBS (b) sex ratio in the social nests and ovicide evolve subject to genetic drift.
Once sex ratio of social nests turns female biased and ovicide increases, helping behaviour evolves. The
evolution of helping drives spring sex ratio towards full female bias, and ovicide splits the production
of the sexes between solitary and social nests. In the deterministic model (a), we simulate the changes
in ovicide, and sex ratio (generation 5000), caused by genetic drift and obtain the same transition in
social behaviour and life-history. c shows predictions of the deterministic model for a combination of
parameters where helping is expected to evolve without ovicide. The evolution of ovicide splits the
production of the sexes as in a, and reduces the final level of helping. d shows an IBS run with a high
worker benefits (b), and high recycling efficiency (ϕ). The higher level of helping and ovicide produces
a lack of males that triggers evolutionary branching in the sex ratio of social nests. The inset shows the
distribution of the sex ratio in social nests at the end of the simulation. Parameters values Sf = 0.8, Sm
= 0.8, F1 = F3 = 5.0
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in figure 2 (a and b) were obtained assuming worker benefits bellow the boundary
derived in chapter 2; nevertheless, helping behaviour emerges as an evolutionary
outcome. However, the dynamics that lead to this are not straightforward. In the
individual-based simulations (figure 2b), sex ratios of the first and second brood are
first biased in opposite directions (continuous green and orange line), in line with
previous predictions (Seger 1983). Secondly, we see ovicidal behaviour (ω purple
line fig. 2b) and sex ratio of social nests (z3 dashed orange line) change subject to
genetic drift. At this stage, ovicide and sex ratio in social nest are not under selection
because helping behaviour has not evolved, thus, there are no workers or social
nests (π=0). At around 5000 generations the sex ratio of social nests has reached a
considerable female biased, while ovicide keeps on increasing; these two changes
pave the way for helping behaviour to evolve (blue line). The emergence of helping
in turn influences the direction of selection on sex ratios. Spring sex ratio (green
line) turns female-only, summer sex ratio of social nests evolves further female bias
(dashed orange line), and summer sex ratio of solitary nests (continuous orange line)
becomes completely male-only. Ovicide is selected for, while the sex ratio changes
take place. But, once sex ratio of social nests is completely female biased, there are
no male eggs to be killed, thus, ovicide is again subject to genetic drift.
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the boundary derived in chapter 2. As expected helping behaviour evolves (blue
line), however, the increasing level of ovicide (purple line) at some point changes
the direction of selection on helping. Hence, helping behaviour decreases up until the
point when the sex ratio of social nests (dashed orange lines) becomes fully female
biased. At that point, ovicide does not have any fitness consequences because there
are no more male eggs to be killed in the social nests, thus, helping behaviour stops
decreasing.

The evolutionary transition in social behaviour and life-history, triggered by
stochastic changes, can be nevertheless understood with our deterministic inclusive
fitness model. In figure 2a we show the trajectories of the 5 traits derived from the
inclusive fitness model. During the first 5000 generations, only the sex ratios of
the spring and of solitary nests evolve their corresponding bias (Seger 1983). At
generation 5000, we alter the value of ovicide and sex ratio in social nests in the
same direction as it goes in the IBS. Sex ratio of social nests (z3) is changed from
the equilibrium value in solitary nests under FH towards further female bias; ovicide
is changed from zero to 0.5. Instead of returning to their previous values, the traits
follow an evolutionary trajectory very similar to the one found in the IBS.

The evolution of ovicidal behaviour promotes split sex ratios in the summer brood.
The dynamics presented in figure 2 (a-c) show that as ovicide evolves in the
population, either driven by natural selection or genetic drift, the sex ratio of social
nests (dashed orange lines) turns female biased. In contrast, the sex ratio of solitary
nests evolves toward male bias. The contrasting dynamics in the sex ratio of the
second brood amounts to natural selection splitting the production of females and
males in social and solitary nests, respectively (Figure 1c). Under the split sex ratios,
the proportion of male and females in the mating pool depend on the prevalence of
helping behaviour, which in turn depends on the tendency of spring females to stay
and work for their mother (h). Given that higher worker benefits (b) select for higher
helping levels, and this leads to less solitary nests, under high worker benefits there
is a shortage of males in the population, as these are produced by solitary nests.
The shortage of males generates a trade-off for social nests: if they produce male
eggs some will be killed by the workers, but the surviving males will enjoy a high
reproductive success. This trade-off drives the sex ratio of social nests towards an
evolutionary branching point (Geritz et al. 1997). The distribution of the sex ratio
in social nests splits into two alleles. One allele produces extremely male bias sex
ratios, and enjoys lower fecundity due to the costs of ovicide, and the other one
produces extremely female biased sex ratios. In the end, social nests are of three
types: one that produces only males, one that produces only females, and one with a
heterozygote female that produces even sex ratios (inset in Fig. 2d).

Despite having a positive effect on the emergence of helping, ovicidal behaviour has
a negative effect on the final level of helping arising from the evolutionary process.
The dynamics presented in figure 2c correspond to a parameter combination where
helping is expected to emerge without ovicide; the worker benefits (b=1.2) are above

The changes described before lead the population trough a transition in life-history;
depending on the magnitude of worker benefits (b), and the recycling efficiency (ϕ),
the population goes from the initial FH (Figure 1a) to either a life-cycle of a univoltine
eusocial species (if recycling efficiency is low, and ovicide does not evolve) (Figure
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2), or to a life cycle with polymorphism in helping behaviour (if ovicide evolves)
(Figure 1c), and the production of the sexes split between social and solitary nests,
or to a eusocial life-cycle, with split sex ratios (Figure 1d).
Eusociality threshold
In order to understand the effect of ovicidal behaviour and sex ratio on the evolution
of helping behaviour, we derived the conditions for natural selection to favour helping
in terms of the per-capita benefits that workers provide to the colony (B in equation
1). Conditions for the evolution of helping in terms of B are derived for bivoltine lifehistories in chapter 2, where it is shown that B>1 is necessary for selection to favour
helping under diploidy. Under haplodiploidy and female hibernation life-history, the
necessary benefits decrease as the survival probability of males (Sm) increases. In the
SM, we derive an analogous condition, including the level of ovicide and a different
sex ratio for nests with workers. For the sake of clarity, here we present an expression
assuming that z2 is in equilibrium with the level of male overlap, mimicking the
conditions before the evolution of helping in the evolutionary dynamics presented
in Fig. 2(a and b). In such case, natural selection favours the evolution of helping
whenever
.B >

2

(

)

3− 2z3 + z3ω φ ( 3− 2z3 ) − 1

(8)

Expression 7 shows ovicidal behaviour can both increase and decrease the necessary
benefits for helping to evolve, depending on how efficient killed male eggs are
recycled to new offspring (Fig.3a). The third term in the denominator can be either
positive or negative depending on ϕ. If the recycling efficiency is high, the third
term in the denominator of is positive, and ovicide is beneficial for the evolution of
helping. By imposing more female biased sex ratios, ovicide increases the inclusive
fitness that workers gain by staying to work at their mother nest. A higher efficiency
makes the process less costly for the colony. Expression also shows the positive effect
that female bias sex ratios in social nests have on the evolution of helping (Figure
3b), irrespective of ovicide. The second term of the denominator, which includes the
proportion of sons, is always negative; hence, the more females social nests produce
the lower is the threshold for the evolution of helping. Figure 3b confirms the effect
of the sex ratio of social nests in the benefits required for the evolution of helping
104

Figure 3. Minimal worker benefits required for the emergence of helping behaviour as a function of
ovicide (a) and sex ratio of social nests (b). The effect of ovicide (a) depends on the recycling efficiency
of the killed male eggs (ϕ); the higher the efficiency the more beneficial ovicide is, for the evolution of
helping. This effect is irrespective of the male survival probability. (b) Female biased sex ratios in social
nests considerably favour the emergence of helping, while male bias sex ratios inhibit it. Parameters
values Sf = 1, F1 = F3 = 5.0, ϕ=0.6 (unless stated differently).

under different levels of male overlap (see SM). Extremely female bias sex ratios
have a stronger effect in reducing the benefits required for the evolution of helping
than ovicide. The effect of sex ratio is even more favourable with male generation
overlap (Fig. 3b), which support the results presented in chapter 2.
As seen in the co-evolutionary dynamics, ovicide and female biased sex ratio in
social nests synergistically favour the evolution of helping, thus, the benefits required
for its emergence are considerably reduced (Figure 3).
While ovicide can have considerable effect favouring the emergence of helping
behaviour, it also has negative effect on the final level of helping achieved in the
population. For the derivation of the condition 7, we assumed a population at the
onset of helping behaviour (h=0). However, assessing the strength of selection as
a function of the level of helping gives a more complete picture of the effect of
105
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Figure 4. Strength and direction of selection on helping behaviour as a function of current level
of helping. When ovicide is zero (continuous and dashed lines) the strength of selection increases
monotonically without changing direction. The direction depends on the worker benefits, being
positive for higher benefits (continuous line). When ovicide is present (dotted and dotted-dashed lines)
selection favours helping when rare (h=0), but the strength decreases as it becomes more common, and
eventually changes direction; thus, helping is disfavoured by natural selection. Thin grey line represents
the boundary between positive and negative selection for helping. Parameters values Sf = 1, Sm=1, F1
= F3 = 5.0, ϕ=0.75.
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Figure 5. Minimal level of recycling efficiency required for the evolution of ovicide as a function
of sex ratio in social nests. Female biased sex ratios in social nests provide more lenient conditions
for the evolution of ovicide; that is, because they effectively reduce the cost of ovicide. Male overlap
also favours the evolution of ovicide. Thin grey line represents even sex ratios. Parameters values Sf =
1, Sm=1, F1 = F3 = 5.0.

ovicide. In the absence of ovicide, the direction of selection does not change with
higher levels of helping (continuous and dashed lines Figure 4). In contrast, when
ovicide is present selection favours helping when it is rare, and disfavours it when
it is more prevalent (dotted and dashed-dotted lines in Figure 3). Thus, the presence
of ovicide enforces negative frequency-dependent selection on the helping trait.
The frequency-dependent effect triggered by the evolution of ovicide is in line with
the co-evolutionary dynamics presented before (Figure 1c,d), where the helping
tendency reached intermediate values.

the emergence of ovicide (ω=0, see SM). Conditions for the evolution of ovicide can
naturally be expressed in terms of the recycling efficiency (ϕ), as the complementary
probability (1-ϕ) is a measure of the cost of ovicide. Figure 5 shows the minimal
recycling efficiency necessary for the evolution of ovicide (ϕmin) as a function of the
sex ratio in social nests, for different levels of male survival (Sm). Ovicide is favoured
when social nests have female biased sex ratios, and the pattern is strengthened by
high levels of male overlap. Ovicide evolves as a strategy of workers to control the
sex ratio of the colony at a certain cost; however, in nests with more female biased
sex ratios the cost is reduced.

Conditions for ovicide to invade
Using the selection gradient for ovicide (equation 60 SM), we derive conditions for
natural selection to favour ovicidal behaviour, assuming a population at the onset of

Conditions for sex ratio evolution
We use the selection gradient of the sex ratio traits to assess the effect that ovicide
has on the proportion of males and females. Figure S6a confirms the intuition gotten
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lines Figure 5b), female biased sex ratios can still be favoured. The excess of males
caused by male overlap make females the rare sex, and therefore more valuable in
reproductive terms. Thus, we expect ovicide to split the production of the sexes in
a population once sex ratio selection has already bias the sex ratios according the
pattern of male overlap.

Discussion

Figure 6. Strength and direction of selection in the summer sex ratios of social (a) and solitary
nests (b). In a, higher levels of ovicide promote biases toward females in the sex ratio of social nests.
Selection for the production of more females is stronger with lower levels of recycling efficiency. In b,
female biased sex ratios in social nests favour the opposite (male) bias in solitary nests when helping
is present in the population (dashed and dotted lines). When sex ratios are even, the female hibernation
life history with male overlap inherently bias the summer brood toward females (black lines). After
sex ratio evolution has acted (grey lines) the sex ratios are only biased by the presence of ovicide.
Horizontal thin grey lines represent the boundary between selection for more or less males. The vertical
thin grey line represents even sex ratio in social nests. Parameters values Sf = 1, Sm=1, F1 = F3 = 5.0,
b=1 for both panels; ω=0.8 and ϕ=0.8 in panel b.

from the co-evolutionary dynamics, ovicide imposes selection for more female
biased sex ratio in social nests; this effect is stronger with lower levels of recycling
efficiency. Hence, this is a response to the cost of ovicide, which increases with
lower recycling efficiency. Moreover, the solitary nests, which do not have ovicide,
are selected to have the opposite bias in the sex ratio compared to the social ones
(Figure 6b). Social nests produce more females, due to the costs of ovicide; therefore,
solitary nests are selected to produce more males which have a higher reproductive
value when rare. However, if the sex ratios are even and there is male overlap (black
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We have extended the model proposed in chapter 2, including ovicide as a mechanism
for partial worker control over the sex allocation of the colony. Under the partially
bivoltine FH life cycle, ovicide, together with a plastic sex allocation on the side
of the queen, can evolve, and its evolution can promote the evolution of helping
behaviour. However, the presence of worker ovicidal behaviour imposes negative
frequency-dependent selection on helping. Thus, evolution often leads the helping
tendency towards intermediate values and the population ends up in a polymorphic
state in social behaviour, where some nests are eusocial and some are solitary. The
cost imposed by ovicide on the social nests pushes the production of sexes to be split
between the solitary and social nests. Social nests eliminate the costs of ovicide by
producing only females, and the solitary nests produce only males. Furthermore,
when the benefits of worker behaviour are high enough to drive all females to become
workers, the production of the sexes is also split; in this case, different types of social
colonies arise through evolutionary branching (Geritz et al. 1997).
Split sex ratio theory has been very successful at explaining the patterns of sex
allocation in advanced social insects (Kümmerli and Keller 2009; West 2009),
however, its role in the initial evolution of eusociality has been revised on theoretical
grounds (Gardner et al. 2012). The evolution of split sex ratios is often driven by
relatedness variation, caused by different degrees of polyandry, between the male
and female producing nests (Boomsma and Grafen 1990; Kümmerli and Keller
2009). Such variations are not expected to occur in the initial stages of eusociality
(Boomsma 2009; Gardner et al. 2012), when females seem to be singly mated
(Hughes et al. 2008). However, here we show how eusociality and split sex ratios
can co-evolve in a monogamous population, mutually reinforcing each other. Rather
than being imposed by the mating system, relatedness differences in the nest can
emerge due to the flexible sex ratios that depend on both the time of the season and
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the presence of workers. Thus, we conclude that split sex ratios, with shared control
over sex allocation, can have an important role in the initial evolution of eusociality
in a life-history grounded on the natural history of primitively social insects.
In our individual-based simulations, ovicide initially evolves to higher values due to
genetic drift (Figure 1). In solitary populations, ovicide, as a trait of the workers, is
completely neutral because there are no workers. This initial neutral evolution of the
trait is an artifact of our simplified model. However, we believe that ovicide could
have been present before the evolution of eusociality through a different mechanism.
Egg cannibalism is part insect societies in different contexts like policing (Wenseleers
and Ratnieks 2006), offspring conflict (Schultner et al. 2014), parasitoid life-style
(Hopper and Mills 2015) and brood parasitism (Litman et al. 2013). The presence of
egg cannibalism in some of this context is not restricted to social insects, but also in
sub-social or solitary species. Thus, the behavioural machinery necessary for ovicide
is quite likely present in many hymenopteras, and was before, in their ancestors. For
ovicide to favour eusociality in the scenario our model presents, it is only necessary
to express egg cannibalism in the context of worker behaviour with a bias towards
killing males. Such bias would require workers to be able to discriminate between
male and female eggs. And even though, to our knowledge, there is no evidence of
that ability in workers, there is evidence workers using chemical cues to discriminate
related and unrelated eggs (Helanterä et al. 2014). Therefore, rather than a neutral
evolution of ovicide, we envisioned a hypothetical situation where worker behaviour,
in its initial stages, was correlated with the expression of male egg cannibalism.

Worker ovicide can drive the evolution of social polymorphism and split sex ratios

sex ratios despite having a monogamous mating system (Duchateau et al. 2004), thus,
it is not explained by traditional models based on differential mating frequencies
(Boomsma and Grafen 1990). Also, Megalopta genalis is a facultative eusocial
bee with polymorphism in social behaviour; solitary nests are known to produce
mostly males and social ones mostly females (Kapheim et al. 2013), however, there
is yet no evidence of ovicide in social nests. More generally, our model provides an
evolutionary explanation to the existence of social polymorphism, in contrast to the
common belief that such species are an intermediate stage on the path to obligate
eusociality.
We have assumed here that the only exchange of information between the queen and
her workers is the presence or absence of the workers, and this influences the queen’s
sex ratio strategy. However, more elaborate schemes for the exchange of information
can have an important influence on the evolutionary dynamics of the traits (Pen
and Taylor 2005). The worker ovicide strategy could potentially be dependent on
the sex ratio strategy of the queen, or the other way around. Such extra channels of
information exchange will probably result in less extremes biases, and thus, constrain
the divergence of the sex ratios. Less split sex ratios will lift the benefits required for
helping behaviour to get off the ground. Formal models are, nevertheless, necessary
to assess the effect of information flow in the co-evolution of the traits.

Primitively social insects have a wide variety of social and life-history structures
(Schwarz et al. 2007), but we understand very little of the causes underlying that
diversity. Our model predicts the evolution of three different life-histories, depending
on the values of two parameters (b, ϕ Figure 1). These life-history structures are
common in taxa with primitively social insects (Schwarz et al. 2007). Therefore,
using comparative methods to match the predictions of the model with data from
primitively social insects might shed light on the processes shaping the diversity
of life-history of social insects (Kocher and Paxton 2014; Kocher et al. 2014). A
preliminary overview indicates that some of the patterns predicted by the model are
present in some species. For example, the bumblebee Bombus terretris shows split
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Supplementary Information

In the summer generation, each class 3 female mates with a single class 7 male and produces

General modelling approach
Throughout this supplementary information we use the general modelling approach
described in the supplementary material of chapter 2. In here we use the female
hibernation life cycle and include ovicide of workers as a mechanisms of worker
control over the sex allocation of the colony. We describe in detail how the model of
chapter 2 is adapted to include such mechanism.

F3 offspring, with sex-ratio

Demography
Here we construct the demographic models that keep track of the class frequencies
in the partially bivoltine populations. A summary of our notation is in table S1. We
consider the female hibernation life-history (Seger 1983), and assume monogamy.

offspring produced by the summer generation mate in the autumn, as do a fraction Sm of

z2 . Each class 5 female may have helpers at her nest (with a
probability π), in which case she produces offspring with primary sex-ratio z3 , or else she
may have no helpers (with a probability
with primary sex-ratio

These transitions between spring and summer generations are encapsulated by the
matrix

1

3 hz1 F1
4 Sf hz1 F1
D1 = 5
Sf
6
7

Sf

z1 F1

2

0
0

(1)

0
0
0

Numbers above the columns indicate contributing classes, numbers along rows
receiving classes. Note that column 2 contains zeroes only since we only count
offspring of females in order to prevent double counting.
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z2 . If helpers are present at the nest, a proportion ω of the male eggs

are killed, and fed back to the queen; thus, a proportion ϕ of the killed eggs are turn into new

z3 ; we call ϕ the recycling efficiency from now on. Each class 5
female, which may have helpers at her nest, produces F5 offspring with sex ratio z2 . The
offspring with a sex-ratio

surviving class 7 males from the summer generation. The mated females go into hibernation
and have density-dependent survival such that the number of mated class 1 females in the
next spring is constant. These transitions are governed by the matrix

3

We keep track of 7 classes of individuals (see Figure S1 chapter 2). The spring
generation consists of mated females that have survived hibernation (class 1) and
the sperm they carry (class 2). Each mated female produces F1 offspring, of which
a fraction z1 sons (class 7) and z1 = 1 − z1 daughters (classes 3 and 4). A fraction h
of daughters remain at the natal nest and become helpers (class 4), while h = 1 − h
become independent breeders (class 3). Mated females themselves survive until
summer to breed again with probability Sf (class 5), along with the sperm they still
carry (class 6).

), in which case she produces offspring

D2 =

⎡ F z! α
⎢ 3 2
⎢
⎢⎣ F3 z!2α

1
2

4

5

6 7

(
)
α F (π ( z! + z! z ωϕ ) + π! z! )

0 α F5 π ( z!3 + z!3 z3ωϕ ) + π! z!2
0

5

3

3 3

2

0 0 ⎤
⎥
⎥
0 0 ⎥
⎦

(2)

Both demographic matrices can be combined into a single matrix that keeps track of
the class frequencies in both generations at DE:

D=

O1
D1

D2
O2

(3)

Here O1 and O2 are respectively 2 × 2 and 5 × 5 matrices filled with zeroes.
The DE class frequencies are solutions of Du = u , and they are

u1 ≡ 1
u2 = u1 = 1
u3 = hz1 F1

u4 = Sf hz1 F1
u5 = Sf
u6 = Sf
u7 = z1 F1

(4)
(5)
(6)
(7)
(8)
(9)
(10)
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We have set the relative frequency u1 of class 1 to unity and expressed the other class
frequencies as multiples thereof. This normalization also determines the densitydependent female winter survival, as follows:

α=

1
u3 F3 z!2 + u5 F5Z! A

(11)

where ZA is given by

Z! A = π z!3 (1+ z3ωφ ) + π! z!2 ,

(12)
and represents the average proportion of females produce by class 5 females, after
ovicide and recycling alter the balance between the sexes originally set by the
reproductive female. The average is given by the contribution of social and solitary
nests, weighted by the probability that nests of class 5 females have workers (π) or
not (1-π). Social nests produce an excess of females due to the effect of workers
killing and recycling male eggs ( z!3 z3ωφ ), while solitary nests produce the same
proportion of females as the class 3 females ( z2 ).
The denominator of the right hand side of expression indicates the number of female
autumn offspring adjusted by ovicide and recycling of killed male eggs. The scaling
ensures that every spring female is exactly replaced by another spring female one
year later.
Given the equilibrium class frequencies, we can calculate the average number of
mates per male in the autumn, respectively in the summer:

Q1 =

u3 F3 z2 + u5 F5 ZA
u3 F3 z2 + u5 F5 ZA + Sm z1 F1

Q2 =

u3
z
=h 1
u7
z1

(13)
(14)

In the autumn, males produced by the summer generation and the surviving males
of the summer generation (Sm z1 F1 ) compete together for u3 F3 z2 + u5 F5 ZA females.
Males from the summer generation are offspring of the class 3 females ( u3 F3 z2 ),
and of the class 5 females ( u5 F5 ZA ). Where ZF is the average sex ratio in nests of
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class 5 females, and is given by

Z A = π z3 (ω! + z3ωφ ) + π! z2

(15)

Where ω! is the proportion of male eggs that are not killed by the workers ( ω! = 1− ω
). Taken all this together in the autumn there are Q1 mates per male. While in the
summer, the class 7 males compete for the non-helping class 3 females, hence they
get Q2 mates per male.
1. Number of workers and effect of helping
The expected number of helpers for class 5 summer females is given by

H = hz1 F1 .

(16)

We can use this value to determine the probability that at least one helper is present
at the nest of a class 5 female, π, which is calculated from a Poisson distribution:
π = 1 − e−H .
We assume that each helper increases the number of offspring produced by their
mother by b, hence

F5 = F3 (1 + bH ) = F3 (1 + bhz1 F1 ) .

(17)

Note that a class 5 female’s output increases with the number of daughters
produced during the spring.

z1 F1 she

At the moment a helper ‘decides’ to stay at her natal nest, her expected contribution
B to her mother’s future reproductive output is conditional on her mother’s survival:

B = Sf b .

(18)

Class-specific individual reproductive values
Individuals of different classes tend to differ in their relative contributions to the
future gene pool, and individual reproductive values (RVs) quantify these differences
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(Fisher 1930). In matrix population models, the individual RVs are the elements of
the dominant left eigenvector of a gene flow matrix, and they are used as weights
in inclusive fitness calculations (Taylor 1990, Taylor et al. 2007). In this section we
first derive the class-specific RVs and then use these results to derive the RVs of
daughters and sons for the spring and summer generations.
The gene-flow matrix can easily be derived from Figure S1 (chapter 2) by inspecting
the outgoing edges from each node and determining what proportion of genes in
a ‘receiving’ node can be attributed to the ‘donating’ node. Surviving individuals
obviously contribute 100% of their genes to their surviving selves, while under
haplodiploidy a male offspring derives 100% of his genes from his mother, and for
a female offspring both her mother and her father get credit for 50% of her gene
content. This gives rise to the following gene flow matrix:
⎡
⎢
⎢
⎢
⎢
A=⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

0

0

0

0

1
2

α!z2 F3

αz2 F3Q1

0

1
2

αZ! A F5

1
2

αZ! A F5

0 αF5Z AQ1

0

0

0

0

0

1
2

!z F
h!
1 1

1
2

!z F
h!
1 1

1
2

h!z1F1

1
2

h!z1F1

0

0

0

0

Sf

0

0

0

0

0

0

Sf

0

0

0

0

z1F1

0

0

0

0

0

1
2

α!z2 F3Q2 ⎤
⎥
αSmQ1 ⎥
⎥
0
⎥
⎥
0
⎥
⎥
0
⎥
0
⎥
⎥
0
⎥⎦

v2 = hz1 F1v3 + Sf v6

(21)

v3 = 12 αz! 2 F3 v1 + αz2 F3Q1v2

(22)

v6 = αZ! A F5 v1
1
2
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(23)
(24)

(27)

z1 1
z
+ 2 Sm 2 (1 − Om + I m )
z1
z2

(28)

(29)

vf 2 = αv1 = 1
vm2 = αQ1v2 =

Im =

(20)

v5 = 12 αZ! A F5 v1 + αZ A F5Q1v2

vm1 = v7 = V

(19)

v1 = 21 hz1 F1v3 + Sf v5 + z1 F1v7

v4 = 0

vf1 = hv3 = V (2 − Om + I m )

Om =

Qi

(26)

The RVs of daughters and sons born in the spring and the summer, respectively, can
then be calculated as

Here

Note that the columns that correspond to contributions by males contain the
defined in (1-2), which are the mean number of mates per male.
T
T
The RVs are solutions of v = v A :

1
2

v7 = 12 αz! 2 F3Q2 v1 + αSmQ1v2

1
2

z! 2
z2

(1 − Om + I m )

Sm z1 F1
,
z2G + Sm z1 F1 + L

(31)

⎛
z −z ⎞
F5Sf π ⎜ z3ω + 1 + z3ϕω 2 3 ⎟
z! 2 ⎠
⎝

(

(30)

)

(32)

z2G + Sm z1F1 + L

L = Sf F5 πz3 (ω + z3ϕω)

(33)

V = 21 hz2 F3 ,

(34)

and

G = Sf F5 π! + 12 h! z! 1F1F3

(35)

Note that the RVs (33-) are normalized such that the RV of a daughter born in
summer, vf 2 , is set to unity and the other RVs are multiples of vf 2 . Two important
factors determine the balance of the RVs of the four classes. First, 0 ≤ Om ≤ 1 ,
which can be regarded as measure of generation overlap between spring and summer

(25)
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males; and −1 ≤ I m ≤ 1 , which can be regarded as the imbalance in summer males
due to the effect of social nests, including ovicide. If both of these terms are 0, the
1
relative within-generation RV of males to females reduce to the familiar 2 zi / zi
for haplodiploids (e.g. Taylor 1988). The measure of male overlap (Om) is zero if
Sm = 0 and/or z1 = 0 . The imbalance in summer males (Im) is zero if: females do
not survive to produce the second brood (Sf=0), the helping tendency is 0 (h,π=0),
or the probability of ovicide is zero (ω=0) and both social and solitary nests produce
the same sex ratio ( z2 = z3 ). It will only be negative if, in the absence of ovicide,
social nests produce more males than solitary females ( z3 > z2 ).
Effect of selection
In this section we derive inclusive fitness expressions and corresponding selection
differentials for individuals expressing the five traits of interest; that is, spring sex
ratio (z1), summer sex ratios for solitary (z2) and social nests (z3), helping tendency
(h) and ovicide tendency (ω). Throughout this section, we denote the trait of a focal
individual as x, and that of a resident individual as x*. Where x is an element of
the trait vector {z1 ,z2 ,z2 ,h,ω} . We weight the contribution of the focal to each
class by the RV of individuals in that class (see section S3), and by the coefficient
of relatedness between the focal and individuals of the receiving class. In outbred
haplodiploid populations, the average relatedness of a daughter to her mother is
rdau = 21 , a son is related to his mother according to rson = 1 , sisters are related by
rsis = 43 and brothers are related to their sisters by rbro = 21 .
1. Sex ratios
The inclusive fitness expressions are a focal female’s expected lifetime number of
daughters and sons, each weighed by a corresponding coefficient of relatedness and
RV, given a focal female’s sex ratios z1 , z2 and z3 in a resident population with
*
*
*
sex ratios z1 , z2 and z3 :
*
*
W1 (z1 ,z1* ) = F1 ( z! 1rdau vf1
+ z1rson vm1
)+

⎛
⎛ r v * z! (1 + z ωϕ) ⎞
*
*
3
Sf F3 ⎜ (π + bh!z1F1 ) ⎜ dau f 2* 3
⎟ + π! rdau vf 2 z! 2 + rson vm2 z2
⎜⎝
v
z
(ω
+
z
ωϕ))
+r
⎝ son m2 3
⎠
3

(
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⎞ (36)
⎟
⎟⎠

)

W2 (z2 ,z2* ) =

! 5 F3
u3 F3 + πu
! 5
u3 + πu

*
( z! 2 rdau vf*2 + z2 rson vm2
)

(37)

⎡ r v * (πz! (1 + z ωϕ) + π! z! ) ⎤
3
2
W3 (z3 ,z3 ) = Sf F5 ⎢ dau f 2* 3
⎥
! 2 ) ⎥⎦
⎢⎣ +rson vm2 (πz3 (ω + z3ωϕ) + πz

(38)

*

The corresponding selection differentials are
∂W1
∂z1

z1 =z1*

⎡
⎛
⎛ r v * z! (1 + z ωϕ) ⎞ ⎞ ⎤
dau f 2 3
3
⎢
!
(b
−
πh!
z
F
)
⎜
⎟⎟ ⎥
*
1 1 ⎜
*
*
= F1 ⎢ −rdau vf1
+ rson vm1
− hSf F3 F1 ⎜
⎝ +rson vm2 z3 (ω + z3ωϕ))⎠ ⎟ ⎥
⎢
⎜
⎟⎥
*
! z1F1 rdau vf*2 z! 2 + rson vm2
⎜⎝ + πh!
⎟⎠ ⎥
z2
⎢
⎣
⎦

∂W2
∂z2

=
z2 =z2*

∂W3
∂z3

(

z3 =z3*

u3 F3 + u5 F5 π!
u3 + u5

(39)

)

*
(−rdau vf*2 + rson vm2
)

(40)

⎡ r v * (−1 + ωϕ − 2z ωϕ) ⎤
3
= Sf F5 π ⎢ dau f 2*
⎥
⎢⎣ +rson vm2 (ω + 2z3ωϕ)
⎥⎦

(41)

Plugging in the RVs of the different classes and the coefficient of relatedness we get:

∂W1
∂z1

z1 =z1*

⎤
⎡
z!
z!
⎢V(−1 + 1 + 12 Om − 12 I m ) + 12 Sm 2 (1 − Om + I m )
⎥
z1
z2
⎢
⎥
⎢
⎥
⎛
⎛
⎞⎞ ⎥
z! 2
= F1 ⎢
!
! !
⎢ − 1 hS F F ⎜ (b − πhz1F1 ) ⎜ Z A + z Z A (1 − Om + I m )⎟ ⎟ ⎥
⎝
⎠⎟ ⎥
2
⎢ 2 f 3 1⎜
⎜
⎟⎥
⎢
⎜⎝ + πh
⎟⎠
! z! 1z! 2 F1 2 − Om + I m
⎣
⎦

(

(42)

)

Expression is a more general version of expression 39 from chapter 2 where ovicide
is not zero. The parameters Om , given by , measures overlap of male generations;
and Im, given by , measure imbalance in sex ratios cause by social nests. It is easy
to see that in the absence of help ( h = I m = 0), with non-overlapping generations
of males (Sm = Om = 0), all terms but the first vanish and the equilibrium sex
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*

*

ratio is z1 = z1 = 21 . In the absence of help but with overlapping male generations
(Sm , Om > 0) , the equilibrium spring sex ratio is male-biased, i.e. z1* < z1* . With
help ( h > 0) , the last term on the right of may come to dominate and a femalebiased sex ratio may be favoured. Also, if social nests differ in their sex ratio due
to ovicide (ω,I m > 0) , the male bias caused by generation overlap will be reduced.
The selection differential simplifies to

2. Helping behaviour
The tendency to be a helper is expressed in females born from the spring generation.
Their inclusive fitness is given by the reproduction they can get as independent
breeders, and the indirect effect they have on the reproduction of their mothers if
they become a helper. Specifically the inclusive fitness is given by:

! z! r v * + z r v * ) +
⎡ h(
2 dau f 2
2 son m2
Wh (h,h ) = F3 ⎢
*
⎢ hB r v z! 1 + z ωϕ + r v * z ω + z ωϕ
sis f 2
3
3
bro m2
3
3
⎣

( ( (

*

∂W2
∂z2

=

1
2

z2 =z2*

u3 F3 + u5 F5 π!
u3 + u5

(−1 +

z! 2
z2

(1 − Om + I m ))

(43)

Without overlapping generations of males (Sm = Om = 0) and absence of help
( h = I m = 0), the equilibrium sex ratio is again unbiased, z2* = z2* = 21 . If male
*
*
generations do overlap (Sm , Om > 0) females dominate in equilibrium: z2 > z2 , i.e.
a female-biased summer sex ratio. However, this bias is diminished if social and
solitary nests differ in their sex ratio due to ovicide (ω,I m > 0) .

∂z3

z3 =z3*

⎤
SFπ ⎡
z!
= 12 f 5 ⎢ −1 + ωϕ 1 − 2z3 + (ω + 2z3ωϕ) 2 (1 − Om + I m ) ⎥ (44)
u3 + u5 ⎢⎣
z2
⎥⎦

(

)

In a fully eusocial population ( h,π = 1 ), with lack of male overlapping generations
(Sm = Om = 0) and absence of ovicide (ω = 0) , the equilibrium sex ratio is
*
*
unbiased, z3 = z3 = 21 . Just like before, the overlap of males favours more female
bias ratios, and the imbalance caused by social nests more male bias ratios. However,
if we assume that sex-ratios are balanced, such that the reproductive value of summer
1
males takes the standard value of ½ ( vm2 = 2 ) , expression S50 reduces to

∂W3
∂z3

=
z3 =z3*

1
2

Sf F5 π
u3 + u5

⎡⎣ −ω(1 − ϕ) ⎤⎦
,

which shows that ovicide itself favours female bias sex ratios in social nests; and this
effect is stronger with lower recycling efficiency (ϕ).
120

( (

)))

The corresponding selection differential is

∂Wh
∂h

h=h *

⎡ −( z! r v * + z r v * ) +
⎤
2 dau f 2
2 son m2
⎥
= F3 ⎢
*
⎢ B(rsis vf*2 z! 3 1 + z3ωϕ + rbro vm2
z3 ω + z3ωϕ ) ⎥
⎣
⎦

( (

))

( (

(46)

))

plugging in the RVs and relatedness coefficients we get:

Finally, the selection differential for the sex ratio strategy of social nests is

∂W3

))

⎤
⎥ (45)
⎥
⎦

∂Wh
∂h

(

h=h *

(

)
) (

⎡
⎛ 3 z! 1 + z ωϕ +
3
⎢
⎜ 3
= 12 F3 ⎢ − z! 2 2 − Om + I m + 12 B ⎜
z! 2
1 − Om + I m
⎢
⎜ z3 ω + z3ωϕ
z2
⎢⎣
⎝

)

(

⎞⎤
⎟⎥
⎟⎥
⎟⎥
⎠ ⎥⎦

)

(47)

Helping behaviour will be favoured by natural selection whenever the selection
differential is positive, that is whenever

B>

(
)
z!
3 z! (1 + z ωϕ ) + z ( ω + z ωϕ ) (1 − O
z
2 z! 2 2 − Om + I m

3

3

3

2

3

m

2

+ Im

)

≡ Bmin

(48)

Assessing the initial evolution of helping, that is in a population without helpers
1
( h , I m = 0 ), and where solitary nests have even sex ratios ( z2 = 2 ), we can simplify
expression to:

B>

(

2 − Om

) (

)(

3 z! 3 1 + z3ωϕ + z3 ω + z3ωϕ 1 − Om

)

(49)
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Since

By replacing the reproductive values and relatedness coefficients we obtain

0 ≤ Om =

Sm z1 F1
≤ 1 and 0 ≤ φ,ω,z3 ≤ 1
z2G + Sm z1 F1 − L

(50)

∂ω

it follows that
1
≤ B ≤ 2.

(51)

min

3

Condition is a more general version of expression 47 in chapter 2 (SM), where we
take into account the effect of ovicide. The new range derived for Bmin (inequality
) shows that ovicide, under certain conditions – female biases autumn sex ratio in
social nests ( z3 ) and high recycling efficiency ( φ ) - favours the emergence of helping
behaviour in partially bivoltine life-histories. However, ovicide can also disfavour
helping behaviour, that is, if recycling efficiency is low, and/or sex ratios in social
nests are male biased. Also note expression shows that there is frequency-dependent
effect. Once helping has evolved ( h > 0 ), and given that workers have ovicidal
behaviour, there is imbalance in the sex ratio caused by social nests ( L , I m > 0
), which reduces the positive effect of generation overlap ( Om ) on selection for
helping behaviour. In other words, the extra females produced from the recycling of
male eggs, killed by workers, reduce the RV of females; thus, workers produce less
valuable sisters and selection for helping is weaker.
3. Ovicidal behaviour
Ovicidal behaviour is expressed in females born in the summer that decided to
stay in their mother nest to become workers. Their inclusive fitness is given by the
reproductive output of their mother weighted by the corresponding RV and coefficient
of relatedness (sisters and brothers). Specifically, the inclusive fitness of workers is:

( (

))

( (

))

*
Wω (ω,ω * ) = F5 hBπ ⎡⎢ rsis vf*2 z! 3 1 + z3ωϕ + rbro vm2
z3 ω + z3ωϕ ⎥⎤ (52)
⎣
⎦

and the corresponding selection differential is given by

∂Wω
∂ω
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(

ω=ω *

)

∂Wω

*
= F5 hB ⎡ rsis vf2* z! 3 z3ϕ + rbro vm2
z3 −1 + z3ϕ ⎤
⎣
⎦

(53)

⎡ ⎛
⎞ z!
z!
= 14 F5 hBπz3 ⎢ϕ ⎜ 3 z! 3 + z3 2 1 − Om + I m ⎟ − 2 1 − Om + I m
z2
⎢⎣ ⎝
⎠ z2

(

ω=ω *

)

(

⎤

)⎥⎥
⎦

(54)

From expression , we can derive conditions for natural selection to favour ovicide
behaviour in a population where there is no ovicide (w =0), and the sex ratio of
solitary and social nests is the same ( z2 = z3 ). In that scenario there is no imbalance
in sex ratio caused by differences between solitary and social nests ( I m = 0) , thus
ovicidal behaviour evolves whenever

ϕ>

1 − Om

(

z3 4 − Om

)

≡ ϕ min

(55)

Taking into account that

0 ≤ Om =

Sm z1 F1
≤1
z2G + Sm z1 F1 − L

(56)

We get

0 < φmin ≤

1

(57)

z3 4

Hence, male generation overlap favours the emergence of ovicidal behaviour, so
much so, that under full generation overlap ( Om = 1 ) the recycling efficiency only
needs to be larger than zero. For intermediate values of Om, the level of recycling
necessary depends on the sex ratio of the autumn brood. The lower the proportion
of males is the more difficult it is to evolve ovicide. If autumn sex ratio ( z2 , z3 ) is
lower than 1 4 , ovicidal behaviour cannot evolve at all.
Coevolution of sex ratios and helping behaviour
Coevolution of sex ratios, helping behaviour and ovicide was modelled using
a standard adaptive dynamics approach (Dieckmann & Law 1996; Pen & Taylor
2005). For each trait x (∈{z1 ,z2 ,z2 ,h,ω}) , the dynamics over evolutionary time t
is given by
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(58)

The scaling constant K = 0.002 was chosen to make the adaptive dynamics results
commensurate with the results from individual-based simulations (See section
Individual-based simulations).
The selection differentials are given above.
Numerical integration of differential equations (57) was carried out with R 3.1.0 (R
Development Core Team 2014), using the package deSolve (Soetaert et al. 2010).

autumn males and surviving summer males mate randomly with autumn females.
Out of those mated autumn females, 2500 survive the winter and start a new season
in the spring.
During all reproduction events, mutation occurs on each allele with a probability
µ. Each mutation changes the allelic value by an amount drawn from a normal
distribution with mean 0 and standard deviation σ (mutational step). The allelic values
were restricted to stay within 0 and 1. Parameter values chosen for the mutational
process do not affect the qualitative outcome of the simulations.

Individual-based simulations
Individual-based simulations were also used to analyse the evolutionary dynamics
using the programming language C++. The program keeps track of a population of
individuals that have life cycle described above. We analyse how the distribution of
allele values, for the different traits (sex ratios, helping and ovicide), changes along
time due the effects of mutation, natural selection and genetic drift.
The population of 2500 mated females was started assuming they are monomorphic
for all traits; all sex ratios started at ½ and both helping and ovicide tendencies at 0.
At the start of the season, spring females produce the summer brood with a sex ratio
given by the average value of the two z1 alleles, summer females stay in the nest of
their mother with a probability given by the average value of the two h alleles. Solitary
summer females mate with summer males. Spring females survive with probability
Sf and summer males with probability Sm. Surviving spring females produce a second
(autumn) brood with fecundity given by equation 23. If they have workers in the
nest, the brood has a sex ratio given by the average value of the z3 alleles and ovicide
takes place, destroying each unfertilised (male) egg with a probability given by the
average value of the ω alleles of the workers. Then, recycling restores a proportion
ϕ of the destroyed eggs; and the new offspring have a sex ratio given again by the
average value of z3 alleles of the foundress. Solitary spring and summer females have
an autumn brood too, with sex ratio given by the average value of the z2 alleles. All
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Table S1. Main model parameters and variables.
Symbol

Description

Fi

Fecundity class-i females

Sf

Survival probability adult spring females

Sm

Survival probability spring (LD) or summer (FH) males

ui

Relative number of class-i individuals in demographic
equilibrium

vi

Relative reproductive value of class-i individuals

z1

Sex ratios (proportion sons) in spring

z2 , z3

Sex ratios (proportion sons) in summer solitary, resp. social nests

zi = 1 − zi

Proportion daughters.

(

ω ω! = 1− ω
φ

)

Ovicidal tendency of workers
Recycling efficiency: proportion of killed male eggs that are
translated into new offspring

h ( h = 1 − h)

Helping tendency of spring daughters

!
π ( π! = 1 − π)

Probability of having workers at the nest

α

Scaling factor of winter survival to ensure stable population sizes

Q1 , Q2

Ratio of breeding females to males in spring resp. summer

b

Benefit of help. Additional offspring per helper

B = Sf b

Expected benefit of help, conditional on maternal survival

rx

Coefficient of relatedness of x to female controlling evolvable trait

W

Inclusive fitness

D1 , D2 , D

Demographic transition matrices for resp. spring, summer,
overall populations

A1 , A 2 , A

Gene flow matrices for resp. spring, summer, overall populations

λ

Population growth factor (dominant eigenvalue)
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