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Evolution of altruistic behavior was a hurdle for the logic of Darwinian evolution. Soon after Hamilton formalized the concept of

inclusive �tness, which explains how altruism can evolve, he suggested that the high sororal relatedness brought by haplodiploidy

could be why Hymenopterans have a high prevalence in eusocial species, and why helpers in Hymenoptera are always female.

Later it was noted that in order to capitalize on the high sororal relatedness, helpers would need to direct help toward sisters, and

this would bias the population sex ratio. Under a 1:3 males:females sex ratio, the inclusive �tness valuation a female places on

her sister, brother, and an own offspring are equal—apparently removing the bene�t of helping over independent reproduction.

Based on this argumentation, haplodiploidy hypothesis has been considered a red herring. However, here we show that when

population sex ratio, cost of altruism, and population growth rate are considered together, haplodiploidy does promote female

helping even with female-biased sex ratio, due the lowered cost of altruism in such populations. Our analysis highlights the need

to re-evaluate the role of haplodiploidy in the evolution of helping, and the importance of fully exploring the model assumptions

when comparing interactions of population sex ratios and social behaviors.
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values in Figure 2 can also be interpreted as the absolute number
of siblings a helper must produce in order for helping to be favored
in a univoltine semelparous population, regardless of the growth
trajectory of the population.

Discussion
We have shown that the efficiency requirement for evolution of
reproductive altruism is lower for haplodiploid females than for
other types of actors, irrespective of population sex ratio. This
contrasts with previous analyses, which have concluded that hap-
lodiploidy does not promote altruism in highly female biased pop-
ulations outside specific scenarios based on split sex ratios (e.g.,
Trivers and Hare 1976; Craig 1980; Grafen 1986; Bulmer 1994;
Bourke and Franks 1995; Smith and Szathmary 1997; Davies
et al. 2012; Gardner et al. 2012; Marshal 2015; Dawkins 2016;
Quiñones and Pen 2017). Due to the relatedness asymmetries
arising from haplodiploidy, a female is more related to her full
sisters than to her own offspring (Hamilton, 1964, 1972; Trivers
and Hare 1976). We have shown that helping is selected for if a fe-
male helper can raise just over 4/3 full sisters at 1:1 population sex
ratio in a stable sized population (inequality 8), whereas all other
types of actors would need to raise more than two siblings. Fur-
thermore, when the helpers shift the population sex ratio toward
females, the need for helpers to discriminate between brothers
and sisters disappears. Under 1:3 males:females population sex
ratio, a female helper still needs to produce only just over 4/3 full
siblings (of either sex) for helping to be selected for. Thus, hap-
lodiploidy provides consistent selective advantage for evolution
of female helper castes that is not present for any other type of
actor (diplodiploid males or females, or haplodiploid males).

Two crucial assumptions we make are monandrous mating,
which guarantees a high sororal relatedness, and the ability for
helpers to treat sisters and brothers differently. Monandry was the
ancestral state of the lineages that evolved eusociality (Hughes
et al. 2008), and is thus a reasonable model assumption. Worker-
controlled sex ratios seem common in social Hymenoptera
(Meunier et al. 2008), including primitively social species
(Boomsma and Eickwort 1993; Packer and Owen 1994), and
adaptive sex ratio manipulation by helpers in primitively social
bees (Mueller 1991) as well as ants (Sundström 1994) has been
demonstrated. Thus, ancestral presence of sex biased behaviors
by helpers is a plausible scenario.

The key difference between previous models and the current
analysis is in how population growth rate is taken into consid-
eration in the model, if at all. The current analysis reveals that
population sex ratio always has an effect on either the cost of
altruism or on population growth rate (Fig. 1). When inclusive
fitness valuations of siblings and own offspring have been com-
pared in previous analyses at different sex ratios (e.g., Trivers

and Hare 1976; Grafen 1986), the implicit assumption has been
that the sex ratio does not influence the cost of altruism (i.e.,
the number of offspring lost when becoming a helper). However,
this assumption means that in a population with a female-biased
sex ratio each female expects to produce more daughters than
in a population with an even sex ratio. Those daughters in turn
would expect to produce more daughters of their own, resulting
in an exponentially growing population (assuming that the pop-
ulation size is stable at even population sex ratio). Of course,
exponentially growing populations are not sustainable over evo-
lutionary timescales, and it is more relevant to compare inclusive
fitness valuations in populations that are approximately stable in
size.

The effect of population sex ratio on the cost of altruism
has been identified in previous studies. Gardner and Ross (2013)
and Davies et al. (2016) showed that if there is an initial bias
between males and females in their ability to provide help, the
mother should bias her primary sex ratio toward the more helpful
sex. The biased sex ratio lowers the expected reproductive suc-
cess of the more common sex (i.e., lowers the cost of altruism),
creating a positive feedback between maternal sex ratio manip-
ulation and altruistic helping. Our analysis differs from these
models by showing that haplodiploidy promotes the evolution
of female helpers also without initial bias in helping efficiency
and without maternal sex-ratio manipulation. We wish to stress
that the models are not mutually exclusive, but offer different
yet complementary viewpoints to understanding the evolution of
altruism.

Female helpers in haplodiploid species are under selective
pressure to bias helping toward sisters until the population sex
ratio reaches 1:3 (Trivers and Hare 1976). Our analytical results
(Figure 2) and population genetic simulations in the Supporting
Information (Tables S1 and S2) show that helping evolves more
easily in haplodiploid females than in other types of actor also
under a female-biased population sex ratio. Crucially, under a 1:3
sex ratio, the low benefit threshold applies to both brothers and
sisters of haplodiploid females. This sets the stage also for rela-
tively easy evolution of helping phenotypes that do not influence,
or depend on, the sex of produced relatives. Even if the original
helper phenotype would have been a brood carer and thus in a
position to manipulate brood sex ratio, also traits not directly re-
lated to brood care, such as foraging and colony defense, could
easily evolve under biased sex ratios. This may partly explain
the large diversity of tasks carried out by social Hymenoptera
workers, and even the evolution of specialized defensive casts in
ants and stingless bees (Hölldobler and Wilson 2009; Grüter et al.
2017).

Other ways how haplodiploidy may promote helping could
potentially work in concert with ours. With male-biased dis-
persal, haplodiploidy promotes the evolution of helping among
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same-generation females (Johnstone et al. 2011). When combined
with monogamy, haplodiploidy promotes altruistic behavior via
synergistic benefits (Fromhage and Kokko 2011). When poten-
tial female helpers are in nests that have a more female biased
sex ratio than the population sex ratio, they experience an ele-
vated in-nest relatedness without the need to direct their helping
efforts on their sisters. The importance of this “split sex ratios
effect” (Grafen 1986) was questioned by Gardner et al. (2012)
and Rautiala et al. (2014), but may nevertheless be play a role
when combined with a bivoltine life cycle (Quiñones and Pen
2017) or adaptive virginity (Rautiala et al. 2018; this study also
used the benefit threshold approach and a stable population size).
Whether the insights of the current analysis would impact these
other mechanisms is yet an open question. At least the conclu-
sions of Rautiala et al. (2014) do not hold when population size
is assumed to be stable and the effects of sex ratio on the cost of
altruism are taken into account.

In summary, we have shown that haplodiploid female helpers
have a lowered benefit threshold for helping regardless of the pop-
ulation sex ratio. We do not claim that this is the sole reason for
the high prevalence of female helpers in haplodiploid organisms.
However, when combined with favorable preadaptations such as
maternal care (Queller, 1989, 1994; Gadagkar 1990; Queller and
Strassmann 1998; Hunt 1999), the extended haplodiploidy hy-
pothesis presented here suggests that haplodiploidy may indeed
have contributed to the prevalence of reproductive altruism and
to the rise of complex societies with multiple specialized female
helper castes.
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