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Hamilton's principle of inclusive ®tness implies that reproduc-
tive altruism can evolve, because individuals can pass on genes
not only through their own o�spring, but also through the

o�spring of their relatives. Social insects are spectacular
examples of how some individuals may be selected to forgo
reproduction and instead help others reproduce. Social

Hymenoptera are also special because relatedness patterns
within families can be asymmetrical, so that optimal sex-ratios,
preferred male parentage or preferred mating frequencies

become objects of reproductive con¯ict. The now extensive
inclusive ®tness theory provides precise qualitative predictions
with respect to the emergence of such con¯icts. Recent
advances in the power of genetic markers applied to resolve

family structure in insect societies have brought about a series

of studies that have tested these predictions. In support of kin
selection as a major evolutionary force, the results suggest that
workers frequently control sex allocation. However, the very

establishment of such worker control has made new con¯icts
come to light, between mothers and fathers and between adult
individuals and brood. Evidence for these con¯icts is only just

beginning to be gathered. Recent studies tend to include issues
such as `information' and `power' (i.e. the ability to perceive
signals and the opportunity to act upon this information), and

to address selection for sel®shness at the individual level with
costs of social disruption at the colony level.
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Introduction

Much of the ecological success of social insects has been
attributed to their mode of life in which some individuals
specialize in reproduction, whereas others engage in rearing
o�spring of nestmates. The emergence of insect sociality

represents one of the latest of the major transitions in
evolution (sensu Maynard Smith & SzathmaÂ ry, 1995) and
has provided some of the most impressive examples of altruism

and cooperation.
The forgoing of direct reproduction in favour of helping

others reproduce poses a major evolutionary enigma: how can

natural selection, a process based on propagating genes to
future generations, produce individuals that never reproduce?
Hamilton's (1964) principle of inclusive ®tness provides a way

out of this dilemma, as it proves that individuals can gain
indirect ®tness through the sons and daughters of their
relatives. Indeed, the members of most social insect colonies
are related so that social life can be favoured and maintained

through kin selection (Bourke & Franks, 1995; Crozier &
Pamilo, 1996).

However, life in societies also entails con¯icts because

individuals within a colony are not genetically identical. The
merit of inclusive ®tness theory is that it allows accurate
quantitative predictions of reproductive con¯icts that can be

subjected to empirical testing in the ®eld and the laboratory.
A major challenge in modern inclusive ®tness thinking is to
understand how reproductive disputes are settled without

loss of social cohesion (Keller, 1999; Keller & Chapuisat,
1999). Here we review a set of con¯icts that arise in colonies
of social insects and discuss some of the mechanisms

underlying their resolution. For simplicity, we will focus
on fairly simple family structures where colonies have a
single queen, which may have mated with one or several
males.

The sources of con¯icts

Potential con¯icts arise in all organisms where interacting units
are genetically di�erent. A key example is the con¯ict between
parents and o�spring over parental investment in present vs.

future o�spring (Trivers, 1974; Clutton-Brock, 1991), a con-
¯ict that ultimately stems from the di�erent ®tness interests of
the investing mother and her present and future mates. Insects
of the order Hymenoptera represent a special case, because

o�spring usually remain as permanent helpers in the mother's
nest and are asymmetrically related to their female and male
siblings. In Hymenoptera, females develop from fertilized

diploid eggs and males from unfertilized haploid eggs, so full
sisters are more closely related to each other (75%) than to
their brothers (25%), but equally related to their o�spring

(50%). This di�erence in relatedness to sisters vs. brothers,
expressed either as a ratio or a proportion, is often referred to
as the relatedness asymmetry of workers. Furthermore, males

only transfer genes to daughters and therefore have no sons.
Finally, females are more closely related to their nephews than
to their brothers (Fig. 1a). These relatedness asymmetries
induce di�erent ®tness returns per unit investment and as a

result con¯icts over brood composition may arise among*Correspondence. E-mail: liselotte.sundstrom@helsinki.®
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family members. Such a rich variation in relatedness incentives
provides one of the most fruitful model systems to test
predictions emanating from Hamilton's rule. Recent rami®ca-
tions of kinship theory have further extended predictions and

tests into previously unexplored areas such as sexual selection
and mate choice in ants, bees and wasps (Queller, 1993;
Ratnieks & Boomsma, 1995; Boomsma, 1996).

Classes of con¯icts

Con¯icts over sex ratio

By combining Fisherian sex ratio theory and Hamiltonian kin
selection theory, Trivers & Hare (1976) predicted a sex

allocation con¯ict between Hymenopteran queens and their
daughter workers. This now classical prediction holds that
under monogyny (single queen per colony) and monandry

(single mating by queens) workers, who are all females, should
prefer a threefold investment in females compared to males,
whereas the optimum of the mother queen would be an equal

investment in the sexes. A further prediction is that the worker
and queen optima converge when queens mate with many
males, because the degree of relatedness asymmetry then
approaches one (Fig. 1). This implies that queens may be

under selection to mate multiply if con¯icts with their workers
are costly and provided that bene®ts of facultative sex ratio
biasing by workers are real (see below) (Queller, 1993;

Ratnieks & Boomsma, 1995).
Further theoretical developments have extended this popu-

lation-wide prediction to account for the commonly observed

within-population sex-ratio specialization among colonies
(Nonacs, 1986). When colony kin structure varies within
populations, split sex ratio theory holds that colonies with a
relatedness asymmetry above the average relatedness asym-

metry in the population should specialize in female produc-
tion, whereas those with a relatedness asymmetry below the
population average should specialize in male production

(Boomsma & Grafen, 1990, 1991). Such within-population
variation in relatedness asymmetry arises if the mating
frequency of queens varies across colonies (Fig. 1b). When

Fig. 1 Relatedness asymmetry and its
consequences. A. The relatedness between
workers and di�erent categories of brood

as a function of queen mating frequency.
B. Types of con¯ict as a function of queen
mating frequency and relatedness asym-
metry within colonies. The vertical loca-

tion of the boxes indicates the level of
con¯ict between classes of individuals,
whereas the horizontal location of boxes

indicates the e�ect of queen mating
frequency. The graph also shows how
relatedness asymmetry approaches 1:1

(indicated by the dotted line) when queen
mating frequency increases to high values.
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workers are able to assess the kin structure of their colony and
realize split sex ratios, this con¯ict between workers and

queens is maximal in colonies headed by singly mated queens,
and weak or nonexistent in colonies headed by multiply mated
queens (Boomsma & Grafen, 1990, 1991).

Con¯icts over male parentage

In many species of social insects workers are able to lay
unfertilized haploid eggs that develop into males (Bourke &
Franks, 1995). When this happens, queens lose ®tness because
grandsons are raised instead of sons. As a collective, workers

may either agree or disagree on male parentage. Assuming no
costs to worker reproduction, the trait is favoured at queen-
mating frequencies below two, whereas workers are expected

to remove (i.e. police) each other's eggs at mating frequencies
above two (Ratnieks, 1988). Hence, as relatedness asymmetries
decline, the collective interests of the workers come to coincide

with that of the queen, and the worker±queen con¯ict over
male parentage disappears (Fig. 1b). However, as an individ-
ual, each worker still favours her own sons over anybody else's

sons, so that the worker±queen con¯ict is in fact replaced by a
con¯ict among workers.

Also the con¯ict over male parentage can be di�erentially
expressed when queen mating frequency varies within popu-

lations. A formal model for facultative worker policing has
not been developed, but recent evidence indicates that the
phenomenon probably follows similar rules as facultative sex

allocation (see below).

Alliances across generations and genomes

Sex ratio biasing by workers also a�ects the ®tness of colony
fathers because males can only pass on genes through
reproductive daughters. Hence, when workers facultatively

female-bias colony sex ratios in response to queen mating
frequency, they enhance the ®tness of their father at the
expense of the ®tness of their mother (Boomsma, 1996).

Conversely, when workers male-bias sex ratios in colonies
headed by a multiply mated queen, the males that co-sire a
colony may face a very low or zero ®tness. In other words, the

workers are the sex ratio allies of their joint father when their
mother is singly mated, but they become the sex ratio allies
of their joint mother when paternity is divided (Fig. 1b)

(Boomsma, 1996). Thus the worker±queen con¯ict over sex
allocation ultimately turns into a queen±male con¯ict over
mating and insemination. Male parentage also matters for
colony fathers, because they pass on their genes through males

produced by their daughter workers but not through males
produced by their mate. Thus, males favour single mating by
queens, because they attain monopoly on paternity of daugh-

ters and maximize the chance that the colony raises worker-
derived males.

Social Hymenoptera have several vertically transmitted

symbionts. Leafcutter ants rear fungi, Wolbachia bacteria
occur in most taxa (Wenseleers et al., 1998) and carpenter ants
(Camponotus) are known to have yet another type of intracel-
lular symbiont (SchroÈ der et al., 1996). Since they are mater-

nally transmitted, any male o�spring produced is a waste for
these symbionts. However, it is at present unclear to what

extent symbionts can manipulate reproduction in social insect
colonies, so that more females and fewer males are raised.

Con¯icts over individual destiny

Several authors (e.g. Pamilo, 1991; Nonacs & Tobin, 1992;

Ratnieks & Reeve, 1992) have pointed out that a con¯ict over
caste fate might arise between diploid brood and the adult
colony members (workers, queens and colony fathers)
(Fig. 1b). A female larva may pursue direct ®tness as a

reproductive instead of inclusive ®tness as a worker by
overexploiting the common resources of their colony (Frank,
1998; Bourke & Ratnieks, 1999). Kinship and social policing

may, however, limit or prevent this tragedy of the commons
(Frank, 1998). Self-restraint by larvae is expected under high
relatedness, but no prudence is expected under low relatedness.

Instead social policing may evolve to prevent unlimited
sel®shness (Wenseleers et al., submitted2 ). Increased caste
dimorphism, early caste determination and regulation of larval

feeding rate may have evolved to counteract larval sel®shness
and to secure the interests of the collective (Bourke &
Ratnieks, 1999; Reuter & Keller, 20013 ; Wenseleers et al.,
submitted).

The resolution of con¯icts

Several recent studies have tested predictions concerning
worker vs. queen control of sex allocation in ants, bees and
wasps, and often found that sex allocation patterns follow the

predictions under worker control (see Queller & Strassmann,
1998 for a recent review). Further studies have also shown that
queens lay mixed sex ratios and that males are apparently
eliminated in colonies where workers maximize their inclusive

®tness by raising all-female broods (Keller et al., 1996;
SundstroÈ m et al., 1996). However, sex ratios and relatedness
asymmetries are not always correlated (e.g. Pamilo & SeppaÈ ,

1994; Aron et al., 1995; Helms, 1999), indicating that either
queens sometimes control sex ratios, or that factors other than
relatedness play a decisive role.

Worker control of sex ratios a�ects the ®tness of both
mother-queens and colony fathers. SundstroÈ m & Ratnieks
(1998) showed that multiply mated queens in the ant Formica

truncorum gain a 37% ®tness advantage over single mated
queens owing to worker sex ratio biasing alone. Conversely,
males that sire a colony alone have a fourfold ®tness advantage
compared to those that co-sire a colony; 80% of this

advantage4 is due to facultative sex ratio biasing by workers
(SundstroÈ m & Boomsma, 2000). Hence, ®tness consequences
are indeed dire for one or the other parent when workers bias

sex ratios.
This begs the question whether queens and colony fathers

can evade the negative consequences of facultative sex ratio

biasing by workers. Theory predicts (Ratnieks & Boomsma,
1995) and the above results show that queens can gain from
mating with several males. However, genetic studies of a large
number of species indicate that, with a few notable exceptions,
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mating frequencies are usually close to one, indicating that
there are almost certainly costs associated with mating

multiply (Boomsma & Ratnieks, 1996). Males on their part
always stand to win from monopolizing paternity rather than
co-siring a colony, and would best pursue their ®tness interests

by inserting mating plugs (Baer et al., 2000) and by avoiding
non-virgin females as mating partners, provided later mating
opportunities are likely to arise. To date no studies have

addressed male mating preferences in species where split sex
ratios are known to occur. However, theory has been
developed for several such scenarios, predicting that males
may either transfer relatively few sperm when mating with a

non-virgin queen or may induce sperm clumping in the
spermatheca of their partner (Boomsma, 1996). Both mech-
anisms enhance the relatedness asymmetry between workers

and the brood they rear because they create uneven paternity
shares and thus enhance the likelihood that workers will
increase the investment in females. Observed patterns of

paternity skew in Formica (Boomsma & SundstroÈ m, 1997) and
Lasius (Boomsma & Van der Have, 1998) ants are consistent
with theory, although alternative explanations remain poss-

ible. However, we recently found support for sperm clumping
as a posthumous male strategy for enhancing the joint ®tness
of multiple ejaculates stored in the same spermathecae of
Formica truncorum queens (SundstroÈ m & Boomsma, 2000).

Also male parentage has been assessed, especially in bees
and wasps (Ratnieks & Visscher, 1989; Arevalo et al., 1998;
Peters et al., 1999; Foster & Ratnieks, 20015 ). In many of these

species workers do lay male eggs in the presence of the queen.
In honeybees whose queens typically mate with 10±20 males,
workers remove eggs laid by nestmate workers (Ratnieks &

Visscher, 1989), whereas no policing was found in the typically
singly mated wasps and stingless bees (Arevalo et al., 1998;
Peters et al., 1999). Evidence for facultative worker policing
was recently found in Dolichovespula saxonica (Foster &

Ratnieks, 2000), a species whose queens mate with 1±4 males.
In colonies headed by a singly mated queen over 50% of the
male brood was worker derived, whereas less than 25%

worker-derived males were found in colonies headed by
multiply mated queens, because workers selectively removed
worker-laid eggs (Foster & Ratnieks, 2000).

Surprisingly few genetic studies have directly addressed the
occurrence of worker reproduction in ants. In Formica ants
worker-derived males seem to be rare in queenright colonies,

although e�ective queen mating frequencies are well below two
(e.g. Walin et al., 1998). Workers of Formica fusca lay male
eggs in the presence of the queen, but these are not raised into
adults (H. HelanteraÈ , unpublished data). However, in queen-

less ant species reproductively active workers are attacked,
thus preventing worker reproduction (Heinze et al., 1994).
This suggests that a di�erent mechanism for worker policing

may be at work in di�erent contexts.
Any brood manipulation selectively a�ects the ®tness of

juveniles. Male larvae could evade culling by disguising their

gender up to an age when the costs of their elimination are
prohibitive (Nonacs, 1992). Such a disguise could be achieved
by mimicking the odour pro®le of females to prevent workers
from discriminating between male and female larvae. How-

ever, at least in the ants Solenopsis invicta, Pheidole pallidula
and Formica exsecta, males are culled (Aron et al., 1995;

Keller et al., 1996; SundstroÈ m et al., 1996), although not until
close to pupation in F. exsecta (Chapuisat et al., 1997). It is
still unclear whether workers can discriminate between male

and female eggs (but see Aron et al., 19956 ). In honeybees
workers remove all worker-laid male eggs early on, but are
apparently unable to discriminate between queen-produced

and worker-produced larvae (Ratnieks & Visscher, 1989).
With their high e�ective queen mating frequency the worker±
queen con¯ict over sex allocation is only slight, so there are no
clear incentives for honeybee workers to manipulate sex ratios

against the interests of the queen, and both parties bene®t from
an unambiguous signal.

No empirical work has been done to explicitly address

questions of sel®sh manipulations of destiny by larvae. Among
the monogyne insect societies the mass-provisioning Melipona
bees are interesting, as they tend to produce an excess of

females, most of which are culled after eclosion (Imperatriz-
Fonseca & Zucchi, 1995). Indeed, the fraction of diploid
brood taking the sexual developmental pathway closely ®ts the

value predicted (22%) under self-restraint and maximization
of larval inclusive ®tness, suggesting that the immature stages
have full control over development (Wenseleers et al., sub-
mitted). The situation may, however, be di�erent for more

derived taxa in which workers can control the provisioning
rate or where caste determination already occurs at the egg
stage.

Proximate mechanisms and constraints
on the expression of con¯icts

Many recent data indicate that con¯icts over sex allocation
and male parentage are expressed (i.e. are actual rather than
just potential sensu Ratnieks & Reeve, 1992) and that one of

the con¯icting parties prevails. Nonetheless, the ultimate
resolution of these con¯icts almost certainly also depends on
factors associated with productivity and dispersal, information

constraints, power asymmetries and interactions between
di�erent types of con¯icts (Trivers & Hare, 1976; Ratnieks &
Reeve, 1992; Bourke & Franks, 1995; SundstroÈ m, 1995).

Productivity, dispersal and the cost of con¯ict

Population-wide sex-allocation ratios may deviate from the
expected worker optimum, when variation in colony produc-
tivity or sex-biased dispersal (causing local mate or local
resource competition) induce additional biases in the sex ratio

(Bourke & Franks, 1995; Crozier & Pamilo, 1996). Especially
when worker and queen optima converge at lower relatedness
asymmetries, factors driven by productivity and dispersal

di�erences are more likely to prevail over genetic factors as
determinants of sex allocation (SundstroÈ m, 1995; Chapuisat &
Keller, 1999).

Costs in terms of reduced colony performance may
disfavour worker reproduction at the collective level,
although not at the individual level. Hence, worker policing
may occur, although relatedness levels would predict other-
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wise (Foster & Ratnieks, in press; H. HelanteraÈ , unpub-
lished). In this respect ants with perennial colonies di�er from

wasps and bees with annual colonies. When the time of
colony death is predictable, as is the case in annual societies,
workers may be selected to sacri®ce social cohesion, commit

matricide and raise their own sons instead of brothers
towards the end of the colony life cycle (Bourke, 1994). In
perennial colonies where future reproduction is important

there is a signi®cant inclusive ®tness premium on preventing
social disruption. Di�erences in life history strategies may
thus explain why worker reproduction apparently is more
common in bees and wasps than in ants, despite similar

genetic bene®ts. Interestingly, worker reproduction in yellow-
jacket wasps appears to be more common in species where
nest usurpation is frequent (Foster & Ratnieks, in press),

suggesting that social stability and life expectancy of societies
may a�ect the propensity of workers to reproduce.

Information

Successful facultative brood manipulation in response to

mating frequencies requires information by which workers
can: (1) assess the kin structure of their own colony;
(2) discriminate between male and female brood; and (3)
discriminate between queen-laid and worker-laid eggs. Unless

a direct way of assessment is available (e.g. identifying the sex
of the brood based on sexual size dimorphism or location in
the nest) such information must be based on heritable or

imprinted variation in individual odours. The fact that
facultative and selective brood manipulation in response to
queen mating frequencies has been found implies that such

cues do exist and can be capitalized on.
This begs the question whether males and queens can

manipulate odours to pursue their own interests. Queens are in
a position to label any eggs they lay, which serves their

interests when workers and queens agree upon male parentage.
Such odour cue labels have indeed been found in honeybees
(Ratnieks, 1995). A recent study of the Cape honeybee has

shown that workers of some patrilines also lay such imprinted
eggs, which are not removed by other workers (Oldroyd &
Ratnieks, 2000). As a result single fathers successfully pass on

their genes through males laid by their daughter workers at the
expense of the ®tness interests of the queen and the other
patrilines.

Power

Given that the necessary information is available for workers

to act upon, the resolution of con¯icts ultimately depends on
which party has the power and opportunities to impose its
interests. The incentive to pursue personal interests may also

di�er between parties, as the ®tness returns from manipula-
tions may di�er among castes. For example, queens su�er a
two-fold ®tness loss when exchanging sons against grandsons,

while workers only get a 1.5-fold ®tness gain from producing
nephews rather than brothers. Hence, selection may act more
strongly on queens to prevent worker reproduction than on the
workers to replace brothers with nephews.

Individual vs. collective interests can be pursued both
through physical and chemical actions. In queen±worker

interactions the queen only stands to lose one member of the
collective if she kills a worker, whereas the collective may stand
to lose everything if the queen is killed (Trivers & Hare, 1976;

Ratnieks & Reeve, 1992). In small societies, caste dimorphism
between queens and workers is often less pronounced than in
large societies, and direct interactions are often manifest as

dominance hierarchies maintained by physical suppression
(Wilson, 1971; Alexander et al., 1991; Bourke, 1999). In larger
societies, caste dimorphism is frequently more pronounced and
communication is commonly mediated through chemicals

(Bourke & Franks, 1995). Workers will, however, be selected
to ignore queen-produced signals unless it is in the inclusive
®tness interests of the collective to concede (Keller & Nonacs,

1993).Hence, queensmay have little power overworkers in large
societies, whereas the opposite may be true in small societies.

The juveniles are the potential targets of all manipulations

by adults and are under selection to evade elimination and/or
manipulation against their interests. Nevertheless, they appar-
ently have very little control over their fate. In bees and wasps

larvae develop in special cells con®ned to speci®c sections in
the nest, so that worker discrimination between classes of
brood is easy. In ants eggs and larvae of all castes are kept
together, but this does not always prevent discrimination and

selective culling (Keller et al., 1996; SundstroÈ m et al., 1996).
Whether a diploid larva develops into a worker or a female

depends in many species on provisioning (Bourke & Franks,

1995). Workers who rear the brood can control their feeding
rate and thus their fate (Bourke & Ratnieks, 1999). Ultimately
queens can gain control by determining the caste already at the

egg stage, as seems to be the case in some ants (HoÈ lldobler &
Wilson, 1990; for a review see Bourke & Ratnieks, 1999). Such
control over larval development by helpers has probably been
instrumental for the evolution of sociality, and therefore little

larval control may be expected.
In the light of opportunities to exert power it is surprising

that the long-dead colony fathers apparently can in¯uence

colony sex ratios, albeit through their daughter workers.
More remarkably, this occurs against the interests of the
colony queen, who stores the sperm she received during a

single nuptial ¯ight for her entire life, which in some ant
species can be as long as 30 years (Pamilo, 1991a). When
workers realize relatedness-induced split sex ratios, queens are

selected to mate multiply and to mix sperm to obtain a sex
ratio closer to their optimum, but males are apparently able
to mitigate at least part of these hypothesized e�orts by
queens by clumping their sperm (SundstroÈ m & Boomsma,

2000). The mechanism by which males can achieve this is,
however, unknown.

Conclusion

Social life entails a delicate balance between direct ®tness

returns through sel®sh behaviour and indirect ®tness returns
through collective bene®ts (Keller & Chapuisat, 1999). The
extent to which insect societies can tolerate some sel®shness
while at the same time realizing optimal compromises between
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these disruptive forces and the collective interest pose major
novel challenges to the study of social evolution. A successful
pursuit of individual interests always rests on information and
power, but unlimited re®nement of such traits may eventually

dissolve the society. Sel®shness can, however, also promote
social cohesion as has been shown for some wasps in their sex
ratio biasing activities (Queller et al., 1993; Henshaw et al.,

2000). Ultimately, it seems likely that social evolution is
mediated by selection both at the individual and the collective
level, but studies proving this are still rare.
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