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Abstract How sterile, altruistic worker castes have evolved in social insects and how they are maintained have long
been central topics in evolutionary biology. With the advance of kin selection theory, insect societies, in particular
those of haplodiploid bees, ants, and wasps, have become
highly suitable model systems for investigating the details
of social evolution and recently also how within-group
conflicts are resolved. Because insect societies typically
do not consist of clones, conflicts among nestmates arise,
for example about the partitioning of reproduction and the
allocation of resources towards male and female sexuals.
Variation in relatedness among group members therefore
appears to have a profound influence on the social structure of groups. However, insect societies appear to be
remarkably robust against such variation: division of labor
and task allocation are often organized in more or less the
same way in societies with high as in those with very low
nestmate relatedness. To explain the discrepancy between
predictions from kin structure and empirical data, it was
suggested that constraints—such as the lack of power or
information—prevent individuals from pursuing their own
selfish interests. Applying a multilevel selection approach
shows that these constraints are in fact group-level adaptation preventing or resolving intracolonial conflict. The
mechanisms of conflict resolution in insect societies are
similar to those at other levels in the biological hierarchy
(e.g., in the genome or multicellular organisms): alignment
of interests, fair lottery, and social control. Insect societies
can thus be regarded as a level of selection with novelties
that provide benefits beyond the scope of a solitary life.
Therefore, relatedness is less important for the maintenance of insect societies, although it played a fundamental
role in their evolution.
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Introduction
Our understanding of the mechanisms of evolution has
long been governed by metaphors such as “Nature red in
tooth and claw” (the poet Alfred Lord Tennyson 1850),
the “struggle for life (Darwin 1859), the “selfish gene”
(Dawkins 1976), or “the four billion year war” (Majerus et
al. 1996), which stress the apparent predominance of
competition and rivalry in natural selection. However,
even Darwin recognized that cooperation is a second important driving force in evolution, and later authors, including the Russian anarchist Peter Kropotkin (1902),
particularly emphasized the role of “mutual aid” in evolution. Cooperation among selfish biological entities is the
foundation of the major evolutionary transitions to stages
of higher complexity (independent replicators ! chromosomes, prokaryotes ! eukaryotes, individual cells !
multicellular organisms, individuals ! animal societies;
Maynard Smith and Szathm"ry 1995).
The transition from egoistic individuals to animal societies, in particular to the societies of eusocial bees,
wasps, ants, and termites, has long puzzled evolutionary
biologists. How, in a Darwinian world in which success
comes only to those who produce larger numbers of more
viable offspring than others, can genes spread that cause a
honey bee worker to refrain from egg laying and to instead suicidally sting predators that threaten the society?
Forty years ago, the British biologist William D. Hamilton had an idea that revolutionized our understanding of
how evolution works and at the same time gave a very
clever answer to this fundamental question. According
to Hamilton’s theory of kin selection (Hamilton 1963,
1964), genes, which under certain conditions suppress an
individual’s reproduction, can spread in a population
when the respective individual helps its relatives to rear
their offspring and in this way produces more replicas of
the gene than by its own reproduction. This can be expressed as Hamilton’s rule, C<rB, where C is the cost to
the helper (the average number of own offspring the
helper could have produced instead of helping), B is the
benefit to the recipient of the help (the number of the
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recipient’s offspring produced because of the helper’s
assistance), and r is the relatedness between helper and
recipient. Though alternative explanations of the origin of
eusociality were proposed in the early days of kin selection theory (e.g., Lin and Michener 1972; Alexander
1974), it is undisputed today that kinship is a major force
in the evolution of social behavior in the Hymenoptera
(H$lldobler and Wilson 1990; Bourke and Franks 1995;
Crozier and Pamilo 1996) and, more generally, also in
most other group-living animals (e.g., Griffin and West
2003).

Haplodiploidy and eusociality
Due to haplodiploid sex determination, relatedness between sisters is particularly close in the Hymenoptera. As
in other animals, mothers pass on copies of half of their
genes to any given daughter, and sisters therefore differ to
some extent in the maternally inherited genes. In contrast,
sisters are identical in all their genes inherited from their
father, because haploid males transmit copies of all their
genes to their daughters. Sisters are therefore completely
identical in the genes they inherited from their father and
share 50% of the genes inherited from their mother, resulting in an overall relatedness of 1/2(1+0.5), i.e., 0.75.
Because females transmit copies of only half of their
genes to their own offspring (r=0.5), they are more closely related to their sisters than to their sons or daughters
(see Table 1). Females can therefore gain extraordinarily
high indirect fitness benefits from helping their mothers to
rear female sexual sisters. Under certain initial conditions, e.g., when solitary virgins produce males and mated
females in social groups produce females, this may lead to
the evolution of a reproductive division of labor. Hamilton’s theory therefore sheds light on the circumstances
that may have favored the multiple evolution of eusociality in ants, social bees, and wasps (e.g., West-Eberhard 1975; Wade 1979; Gadagkar 1985; Bourke and
Franks 1995; Crozier and Pamilo 1996; Queller and
Strassmann 1998).
Together with the advance of a gene-centered view of
evolution (Dawkins 1976), the close genetic relationship
among Hymenopteran sisters has sometimes led to an
initial, unjustified fixation on genetic relatedness as the
dominant factor underlying social evolution in insects.
The findings of eusociality in clonal aphids (e.g., Aoki
Table 1 Relatedness among nestmates in Hymenopteran societies.
Life-for-life relatedness is given, which takes the different reproductive values of haploid males and diploid females into account
(see, e.g., Bourke and Franks 1995)
female
female
female
female
female
female
female

!
!
!
!
!
!
!

sister
brother
daughter or son
half-sister
nephew (son of sister)
son of half-sister
grandson

0.75
0.25
0.5
0.25
0.375
0.125
0.25

1987) and of inbreeding and high relatedness in the colonies of naked mole-rats (Reeve et al. 1990; but see
Braude 2000) and thrips (Chapman et al. 2000) may have
added to this relatedness-biased interpretation of sociality.
For example, in the 1970s, several authors attempted to
explain the evolution of eusociality in diplodiploid termites by suggesting that relatedness asymmetries simi- lar
to those in the haplodiploid Hymenoptera may arise
through tight linkage of genes to the sex chromosome or
through repeated cycles of inbreeding and outbreeding
(Bartz 1979; Lacy 1980). Neither is common in those
clades of extant termites that are presumed to be closest
to the ancestral species in which eusociality evolved
(Crozier and Luykx 1985).
The development of highly variable genetic markers,
which allow us to accurately determine nestmate relatedness (Queller et al. 1993), stimulated a large number of
genetic studies, which substantiated that the 3/4 relatedness hypothesis is not true for all Hymenopteran societies
and contributed to the view that relatedness cannot be
everything. Nevertheless, the other parameters in Hamilton’s equation, the costs and benefits of helping, are still
widely neglected in studies on social insects, probably
because they are much more difficult to quantify (Bourke
and Franks 1995).
Kinship not only plays a fundamental role in the origin
of sociality, but the genetic composition of animal societies is also thought to affect numerous details of social
life, such as the allocation of resources, the partitioning of
reproduction, and the occurrence and expression of conflict in the society. Differences in kin structure, resulting
from variation in the queen’s mating frequency or the
number of reproductive queens per colony, might also
influence the performance of the society under changing
environmental conditions or its disease resistance (Wade
1982; Keller and Reeve 1994; Boomsma and Ratnieks
1996). Social organization might therefore be expected to
strongly depend on the genetic relationships among colony members.
While a number of studies support a strong influence
of kin structure in some contexts (e.g., Trivers and Hare
1976; Peters et al. 1999; Reeve et al. 2000; Tarpy 2003),
others have failed to detect a clear association between
social and genetic structure (e.g., Woyciechowski and
Warakomska 1994; Heinze 1995; Brown and Keller 2000;
Hammond et al. 2003). In the following, we describe how
kin structure is expected to affect life history traits in
social Hymenoptera and briefly examine the evidence for
or against such an influence. We then summarize recent
ideas about constraints that prevent individuals and societies from reacting to variation in kin structure. Applying multilevel selection theory, we show that such
constraints may ultimately be beneficial, as is easily understood when societies are seen from a group-level
perspective.
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Kin structure and sex allocation
The combination of Fisher’s sex ratio theory and Hamilton’s kin selection theory, as pioneered by Trivers and
Hare (1976), has proven extremely fruitful and initiated a
large number of subsequent studies on sex allocation
patterns in social Hymenoptera (for reviews, see e.g.,
Bourke and Franks 1995; Crozier and Pamilo 1996;
Mehdiabadi et al. 2003). Whereas, in most animals, parents can maximize their fitness by allocating resources
equally to male and female offspring and the evolutionary
stable sex ratio is therefore almost generally 1:1 (Fisher
1930), the relatedness asymmetries (relatedness of workers to female vs male sexuals) resulting from haplodiploidy lead to changed sex-ratio optima for workers in
social Hymenoptera. The close relatedness among sisters
(0.75) is offset by the much lower relatedness to the
haploid brothers (0.25; Table 1). If the mother produced a
1:1 sex ratio, a female would be similarly related to her
mother’s as to her own offspring (0.5), and the inclusive
fitness benefits for helpers arising from haplodiploidy
would disappear (assuming that producing own offspring
is as costly as helping). Female Hymenopteran helpers
therefore favor a 3:1 sex ratio, i.e., they benefit from
helping most if they can manipulate sex allocation so that
three times more resources are invested in female than in
male sexuals. Population-level sex ratios in Hymenoptera
are indeed often female-biased, suggesting that workers
control the allocation of resources to the brood (Trivers
and Hare 1976; Bourke and Franks 1995; Crozier and
Pamilo 1996). This finding also convincingly supports kin
selection theory.
When a queen mates multiply (polyandry), the average
relatedness of a worker to female sexuals decreases (because some of them are now the worker’s half-sisters with
r=0.25, Table 1), while the relatedness to brothers remains unchanged. At high effective mating frequencies,
the average relatedness of workers to female sexuals approaches 0.25, the relatedness asymmetry vanishes and
the sex-ratio optima of queen and workers converge. The
same applies when a colony contains several related
queens (polygyny). Population-level sex ratios are indeed
less female-biased in polygynous than in monogynous
species (Trivers and Hare 1976; Bourke and Franks 1995;
Crozier and Pamilo 1996).
Sex allocation ratios may differ among colonies when
queen mating frequencies or the number of queens per
nest vary between colonies within a population. Split sex
ratio theory (Boomsma and Grafen 1990, 1991) predicts
that societies with fewer queens than the population average and societies with queens with a lower than average
mating frequency benefit most from focusing on the
production of female sexuals, whereas the others produce
males. In remarkable agreement with theory, single-queen
nests of the primitively eusocial bee Augochlorella striata
composed of a mother and her daughters reared a more
female-biased sex ratio than colonies consisting only of
sisters (Mueller 1991). Split sex ratios have also been
documented in the facultatively polyandrous wood ant

Formica truncorum, where colonies with a singly-mated
queen consistently produced female sexuals over four
consecutive years, while colonies with a multiply mated
queen produced males (Sundstr$m 1994). Similarly, in
populations of facultatively polygynous Leptothorax acervorum, polygynous colonies produced a more male-biased sex ratio than monogynous colonies (Chan et al.
1999). Formica queens produce male and female sexual
offspring in equal numbers, but male larvae disappear
from colonies with a singly mated queen (Sundstr$m et al.
1996). In Leptothorax, workers apparently do not destroy
male brood in response to varying relatedness asymmetries but rear more sexuals and fewer workers from female
larvae in monogynous colonies (Hammond et al. 2002).
This substantial support for the role of kin structure
in sex allocation is at odds with a growing number of
studies, which fail to detect the predicted variation in relatedness asymmetries associated with split sex ratios. For
example, colony sex ratios vary with the number of
queens, but not relatedness asymmetry, in the ant Pheidole pallidula (Fournier et al. 2003) and appear to be
independent of kin structure in several other species
(Helms 1999; Fjerdingstad et al. 2002). Finally, in dense
populations of the monogynous, monandrous ant Leptothorax nylanderi genetically heterogeneous colonies
may arise through colony take-over by a young founding
queen. In such usurped colonies, workers care for sexuals
to which they are not related and they thus do not benefit from manipulating resource allocation. Nevertheless,
these heterogeneous colonies produce mostly males, whereas genetically homogeneous colonies produce female sexuals (Foitzik and Heinze 2000, Foitzik et al. 2003).
Such split sex ratios without the expected variation in
relatedness asymmetries have been explained from variation in ecological parameters, such as resource availability (Nonacs 1986; Rosenheim et al. 1996), ongoing
queen–worker conflict about sex allocation (Banschbach
and Herbers 1996), and variable value of female sexuals
(Brown et al. 2002). It must be acknowledged that sex
allocation is a complex phenomenon that is likely affected by numerous parameters, but one might nevertheless
wonder whether the present plethora of explanations for
such a ubiquitous phenomenon is appropriate.

Kin structure and worker reproduction
In most social Hymenoptera, workers cannot mate and
lay fertilized eggs, but in many species they have retained the capability of producing males from unfertilized
eggs. Workers are more closely related to their own sons
(r=0.5) than to their brothers (r=0.25) and in monogynous, monandrous societies, a worker is even more
closely related to the sons of other workers, her nephews
(r=0.375), than to the sons of the queen (Hamilton 1972;
Table 1). Instead of manipulating sex allocation, workers
in a monogynous, monandrous society could therefore
increase their inclusive fitness by producing their own
sons (Fig. 1) or by helping to rear the sons of other
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Fig. 1 Egg-laying worker of the ant Platythyrea punctata. Workers
are typically more closely related to their sons arising from unfertilized eggs than they are to their brothers. Note that in some
populations of this species, unmated workers may produce diploid
offspring from unfertilized eggs by thelytokous parthenogenesis
(Heinze and H$lldobler 1995)

workers. Note that worker reproduction was advantageous
to the workers even if the production of one worker-derived male would need slightly more resources than the
production of one queen-derived male. The queen, being
more closely related to her own sons than to her grandsons, will typically be selected to prevent worker reproduction.
Kin theory does not make predictions as to how this
queen–worker conflict about the origin of males will be
resolved, but one might expect that the power of queens
and workers varies with colony size. While in small societies, the queen can possibly prevent worker reproduction by direct aggression and egg eating (“queen policing”, Ratnieks 1988), we would expect workers to be free
to reproduce in larger societies in which such direct queen
control is not possible.
As shown above, multiple mating by the queen strongly changes nestmate relatedness and, as a result, also the
workers’ interests about sex allocation. Polyandry affects
the workers’ fitness optima concerning the origin of males
in a similar way. Workers are always most closely related
to their own sons, but at queen mating frequencies above
2, they are more closely related to their brothers than to
the sons of an average worker nestmate. This should lead
to worker policing, i.e., workers are expected to destroy
the eggs laid by other workers (Ratnieks 1988; Monnin
and Ratnieks 2001).
In agreement with kin structure, unsanctioned worker
reproduction appears to be more common in monogynous, monandrous meliponine bees but extremely rare in
monogynous, polyandrous honeybees (T%th et al. 2002a,
2000b; but see T%th et al. 2003). However, in ants, maternity analyses using microsatellites or other genetic
markers give only scant evidence for workers being capable of producing males in colonies with a queen, regardless of colony size and queen number. With a few
exceptions, the queen has “won” this conflict about the
origin of males. In the presence of a functional queen,

worker egg laying and male production appears to be
restricted to a small minority of species (Bourke 1988;
Choe 1988). For example, morphologically specialized
“large workers” produce males in the subterranean ant
Crematogaster smithi (Heinze et al. 1995). The queen
and the brood presumably eat most of the eggs, but some
survive and develop into males (Heinze et al. 2000).
In contrast, workers in queenright colonies almost
generally appear to oppose egg laying by other workers,
again regardless of queen mating frequency and colony
size. In honeybees, the few workers that develop their
ovaries in the presence of the queen are attacked by their
nestmates and their eggs are eaten (Ratnieks and Visscher
1989; Visscher 1996; Ratnieks 1993), as predicted from
the high mating frequency of honeybee queens. However,
such worker policing has also been observed in a number
of social insects, in which it is not always expected from
relatedness alone, including hornets (Foster et al. 2002),
ants with normal caste dimorphism (Iwanishi et al. 2003),
ants without a morphologically differentiated queen caste
(Monnin and Ratnieks 2001), clonal Cape honeybees
(Pirk et al. 2003), and the clonal ant Platythyrea punctata
(Hartmann et al. 2003) (Fig. 1). In particular in the latter
species, where all individuals are genetically identical,
worker policing is not associated with relatedness benefits
(Greeff 1996).

Kin structure, division of labor,
and disease resistance
Mating is risky and energetically expensive for the young
queens, especially when it occurs during a nuptial flight.
Multiple mating therefore poses unnecessary costs and in
most species of social insects queens mate only once.
However, queens of honeybees, vespine wasps, Pogonomyrmex harvester ants, and leaf-cutting ants mate regularly with numerous males (e.g., Villesen et al. 1999;
Murakami et al. 2000; Palmer and Oldroyd 2000; Gadau
et al. 2003; Wattanachaiyingcharoen et al. 2003), and
in other taxa, some queens mate singly and others multiply (e.g., Sundstr$m 1994; Sanetra and Crozier 2001;
Fjerdingstad et al. 2002).
To explain this paradox, it was suggested that higher
mating costs might be somehow compensated by benefits
arising from the increased genetic variance among the
offspring of polyandrous queens, such as an improved
performance under a broader range of ecological conditions or a higher disease resistance (Sherman et al. 1988;
Keller and Reeve 1994; Crozier and Fjerdingstad 2001).
However, as with multiple mating in females of other
animals (e.g., Keller and Reeve 1995; Yasui 1998), it
has been surprisingly difficult to substantiate any benefits
associated with polyandry in social insects. For example,
multiply mated Lasius niger queens produced neither
more nor qualitatively better sexual offspring than singly
mated queens (Fjerdingstad et al. 2002, Fjerdingstad
2004).
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Some of the best support for the genetic variance hypothesis comes from studies with bees. Bumblebee colonies with singly inseminated queens fared worse when
infected with the parasitic protist Crithidia bombi than
colonies with queens that were artificially inseminated
with a mixture of semen from many males. Unfortunately,
most bumblebee queens mate only once in nature (Baer
and Schmid-Hempel 1999). In obligatorily polyandrous
honeybees, however, the evidence for advantages from
multiple mating is at present ambiguous. It has long been
recognized that patrilines may differ in their propensities
to take over special tasks, such as pollen foraging, undertaking, or water collecting (Frumhoff and Baker 1988;
Robinson and Page 1989; Robinson 1992). However, this
apparent specialization does not always directly result in a
benefit for polyandrous colonies. For example, in some
studies, the genetic diversity of a colony had no effect on
pollen diversity (Woyciechowski and Warakomska 1994),
honey yield, or colony size (Neumann and Moritz 2000).
In another study, multiple mating was found to be associated with larger pollen and honey stores and a higher
production of sexuals (Fuchs and Schade 1994). Similarly, data concerning disease resistance are conflicting:
in several studies infestation rates with various pathogens
did not differ significantly between colonies with singly
and multiply inseminated queens (Woyciechowski et al.
1994; Page et al. 1995), but Tarpy (2003) reported that the
variance in prevalence of chalkbrood disease is lower in
polyandrous colonies.
In general it appears that, at least in species in which
multiple mating is facultative, mating frequency has little
impact on colony performance other than concerning
sex allocation. In contrast, the transition from single to
obligatory multiple mating appears to be often correlated
with a massive increase in mature colony size and presumably also other evolutionary innovations (Murakami
et al. 2000; Villesen et al. 2002), giving genetic diversity
a new role in colony homeostasis (see below). Nevertheless it is remarkable that the social structure of insect
societies is quite stable against any effects from varying
relatedness: division of labor, communication, or nest
defense are organized in more or less the same way in
societies of clonal or monogynous/monandrous social
insects as in those of related, highly polygynous, or even
unicolonial species with extremely low nestmate relatedness (Mirenda and Vinson 1981; Herbers 1982; H$lldobler and Wilson 1990; Hartmann and Heinze 2003).

Constraints, costs and levels of selection
To explain this discrepancy between predictions from kin
structure and empirical data, researchers have repeatedly
evoked constraints that prevent individuals from pursuing
their own egoistical interests. These include physiological
or morphological constraints: workers that over the course
of evolution have lost their ovaries, perhaps because
worker reproduction has been selected against in an ancestral polyandrous species, will no longer be able to pro-

duce males even when queens in the extant species mate
only once. Workers may also lack the physical power to
enforce their interests against the often much larger queen
(e.g., Beekman et al. 2003), or they may not have the
information necessary to manipulate sex allocation or to
discriminately replace haploid, but not diploid queen-laid
eggs by their own eggs (e.g., Keller and Nonacs 1993;
Reeve 1998). Even the concept of inhibitive queen pheromones, abandoned by many researchers after Keller and
Nonacs (1993) argued against the evolutionary stability of
such manipulation, might be applicable under some conditions and could, for example, explain why hornet
workers are incapable of enforcing their own reproductive
interests against the queen (Foster et al. 2002).
Constraints may provide a proximate answer to the
question of why kin structure is not sufficient to explain conflict resolution. Given the enormous plasticity of
social insects, including the reversibility of sociality
(Wcislo and Danforth 1997), we wonder whether some of
these constraints would not disappear in evolution if they
were indeed highly disadvantageous. For example, in the
ant tribe Formicoxenini, worker egg laying in queenright colonies seems to be extremely rare in most species,
but regular male production by workers appears to have
evolved at least in the slave-maker Protomognathus
americanus (Foitzik and Herbers 2001). The presence of
rudimentarily or fully developed spermathecae in several
other slave-making ants clearly shows that even severe
anatomical constraints are sometimes not irreversible
(Heinze 1996). Therefore, ultimate explanations are necessary to understand why the social structure of insect
societies is robust against variations in relatedness. Such
answers may be provided within a kin selection framework when the inclusive fitness interests of all nestmates
are considered simultaneously, taking all costs and benefits of the various actions into account. That constraints
may ultimately be beneficial is perhaps more intuitively
understood when societies are seen from a group-level
perspective.
The often-criticized idea of group selection has been
the focus of one of the largest controversies in evolutionary biology (Reeve and Keller 1999). Its application
to social insects is not new and has resulted in the fruitful,
though much debated “superorganism concept” (e.g.,
Wilson 1971; Seeley 1989; H$lldobler and Wilson 1990;
Moritz and Southwick 1992). Darwin (1871) had already
applied group selection arguments to explain the evolution of altruism in social insects and humans. The scientists who initiated the modern study of ecology and behavior were influenced as much by pre-Darwinian notions
of harmony as by the theory of natural selection. They
often assumed that higher-level units function adaptively
and that characters may evolve for the good of the group,
species, or even the ecosystem (e.g., Wynne-Edwards
1962). In the 1960s, however, a consensus emerged that
natural selection almost never operates above the level of
the individual (Williams 1966). The process of group
selection proposed by Darwin, though theoretically possible, was seen to be highly improbable in the real world
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and it was suggested that the concept of adaptation should
be restricted to the level of the individual. This is where,
for many scientists, the heretic group selection episode
ends. It is often forgotten, however, that in the 1970s a
theoretical framework of multilevel selection theory
emerged that could withstand the earlier criticisms (Price
1970, 1972; Hamilton 1970; Wade 1985; Wilson 1997a,
1997b; Mayr 1997a). These models—often referred to as
“new group selection”, “intrademic group selection”, or
“trait-group selection”—partition fitness into within- and
between-group components, generally by using a covariance approach (Price 1972; Frank 1997).

Insect societies and multilevel selection
The continued controversy about group selection is
caused by the vague usage of the term “individual selection” (Wilson 1997b). In multilevel selection models it
is defined as natural selection within groups (e.g., Haldane 1932; Maynard Smith 1964; Williams 1966; Price
1970, 1972). However, outside multilevel selection theory, “individual selection” has taken on a much broader
range of definitions. Sometimes it is defined as an individual’s inclusive fitness, even though Hamilton (1975)
realized that inclusive fitness theory includes a component of group selection. Using the terms “within-group
selection” and “between-group selection” avoids such
ambiguities (Wilson 1997b). Whenever a population is
subdivided into groups, multilevel selection theory treats
the single group as an evolutionary unit within which
natural selection can occur. Within-group selection promotes traits that maximize the relative fitness of individuals within the group. The evolution of traits that are
not favored by within-group selection may be explained
by selection operating at a different level of the biological
hierarchy. When this approach is used, between-group
selection immediately becomes a significant and empirically well-documented evolutionary force [see Goodnight
and Stevens (1997) for a review of laboratory experiments, Frank (1985, 1990) for sex ratio theory in Hymenoptera, and Frank (1996) for reduced virulence in
parasites and diseases]. It also appears to be an ideal
methodology to address the lack of a correlation between
social structure and relatedness, which cannot be explained by within-group selection. Note that Hamilton’s
kin selection theory and group selection are mathematically equivalent and in the end make the same predictions. However, it may be easier to understand the evolution of insect societies and why relatedness is not the
only important parameter shaping social life by assuming
a group perspective.
Social insects meet the requirements needed so that
between-group selection can contend with the normally
much stronger within-group selection; in particular,
within-group variance is smaller than the between-group
variances. This can be accomplished by several mechanisms (see, e.g., Price 1970; Leigh 1983, 1991):

1. The exchange between groups needs to be low. Social
insect colonies are indeed closed societies in which
nestmate recognition reduces mixing between groups.
2. All members of a group should have a common descent. Social insect colonies, with some rare exceptions, consist of families, mostly parent–offspring associations.
3. The number of group members needs to be smaller
than the number of competing groups to limit withingroup variability relative to between-group variability.
This latter requirement has, to our knowledge, not yet
been considered for social insects. Insect societies may
contain hundreds of thousands of individuals, while the
number of colonies in a population is typically much
smaller. However, what counts is only the number of
reproductives within the society. Paralleling the germ–
soma separation in multicellular organisms, the sterility of workers and soldiers in species with large colonies may help to reduce within-group variability. In
contrast to previous explanations for the observed association between caste sterility and large colony size
(e.g., Bourke 1999; Jeon and Choe 2003), sterility
might thus be a cause rather than a consequence of
large group sizes.
Hence, a multilevel selection approach might offer
important insights about the robustness of insect societies
against variations in relatedness. Furthermore, it solves
the controversy about the level of selection (Keller and
Reeve 1999; Reeve and Keller 1999) and links social
insects with other major transitions in evolution that form
new hierarchical levels. Such new levels of selection may
arise when the cooperation among independent units
provides benefits for all partners and represents very
successful evolutionary breakthroughs that allow the occupation of new niches (Maynard Smith and Szathm"ry 1995). According to Mayr (1997a, 1997b) the term
“group selection” is justified under such conditions, because there are group phenotypes and the group as a
whole shows adaptive traits that are more than the sum of
the traits of individuals. Beneficial novelties linked to
group living and emergent properties also exist in social
insects.
Sociality in several animals, such as cooperatively
breeding birds and mammals and colonial spiders, may be
favored by various advantages of group living, such as an
increased food availability or a reduced predation pressure (e.g., Solomon and French 1997; Emlen 1997;
Cockburn 1998; Uetz 2001; Krause and Ruxton 2002).
However, such groups do not generally meet the requirements for between-group selection as the variance
within a group can be high compared with the variance
between groups, and therefore they do not form units of
selection. They often comprise open societies with individuals that are not derived from a common descent
(Fig. 2). In contrast, social insects—where group living
probably originated for the same reasons as in other animal groups—could evolve beyond simple groups because the common interests of group members were
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Fig. 2 Scenario for the evolution of group living. Predation
pressure and competition for
increased food acquisition favors the formation of animal
groups. In most species these
groups do not arise by common
descent (different colors) and
the groups are open (dashed
circles) allowing migration between groups (bowed arrow).
This contrasts with social insects (same color within circle;
circles enclosed by solid line).
Therefore, the former cannot
become levels of selection as in
the social insects where competition between groups arises
($) and selects for increased
group size. This leads to the
evolution of novelties, such as
division of labor and homeostasis, which present evolutionary breakthroughs that convert
the groups to units of selection.
Conflicts can arise within such
groups through genetic variability (different colors), for
example caused by polygyny,
which may increase group size.
Between-group selection now
favors groups with mechanisms
that prevent or suppress conflict
(evolution of worker sterility,
lack of kin discrimination)

aligned through common ancestry, which also facilitated
the evolution of altruism (Fig. 2). This stresses the importance of relatedness for the evolution of groups as new
units in the biological hierarchy. Subsequently, factors
such as intraspecific competition may have selected for
increasing group size and new properties emerged that
characterize the new level of selection and shifted the
balance between relatedness and group advantages to
group advantages as the driving forces in evolution. Ex-

amples for such emergent properties are given in the next
section. Continued competition among groups might have
favored the transition from single to obligatory multiple
mating, as this appears to be often correlated with a
massive increase in mature colony size (Murakami et al.
2000; Villesen et al. 2002).
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Fig. 3 Royal cell of the fungus-growing termite Macrotermes
bellicosus with the queen, the king, and their sterile workers,
showing extreme morphological differentiation, division of labor,
and alignment of reproductive interests. All colony tasks, except for
reproduction, are performed by the sterile workers and soldiers (not
shown). The queen has evolved into an “egg-laying machine”

Evolutionary breakthroughs and emergent properties
in insect societies
Insect societies represent a level of organization above the
individual organism which are characterized by their own
specific morphology, behavior, internal organization, and
life history pattern.
Division of labor, in which individuals specialize on
subsets of the tasks performed by a colony, is one of the
most prominent emergent features of social insect behavior (Fig. 3). This capacity to conduct all operations
concurrently instead of sequentially clearly distinguishes
a colony from individual organisms (Oster and Wilson
1978). As in engineering, performing operations in parallel makes systems more efficient and resilient against
perturbations. Furthermore, behavioral flexibility within
these colonies allows task-switching and provides the
basis for an adaptive allocation of tasks according to
needs (Gordon 1996; Beshers and Fewell 2001). Although
it is not clear whether castes are a cause or effect of large
colony size (Karsai and Wenzel 1998; Bourke 1999;
Anderson and Ratnieks 1999; Anderson and McShea
2001), group living is certainly a prerequisite for division
of labor to evolve. Intraspecific (Thomas and Elgar 2003)
as well as interspecific analyses (Karsai and Wenzel
1998; Bourke 1999; Anderson and Ratnieks 1999; Anderson and McShea 2001) have shown that colony size
and division of labor/task specialization are correlated.
Social homeostasis makes insect colonies resilient
against external disturbances. Division of labor with a
large worker force guarantees redundancy and back-up
systems (Oster and Wilson 1978). If some individuals fail
or die, others can take over and continue the work. This
assurance that investments are not wasted is even discussed as a driving factor in the evolution of insect sociality (Queller 1989, 1994; Gadagkar 1990).

The stabilization of climatic conditions in the nests of
some species with large worker numbers enables them to
inhabit habitats with extreme climates (Jeanne 1975;
Kaspari and Vargo 1995). An active adjustment of nest
temperature and humidity is known from honeybees and
fungus-growing termites. Honeybees constantly regulate
their core nest climate by fanning and the intake of water
(Lindauer 1954; Heinrich 1993). In mound-building,
fungus-growing termites, regulation is more indirect but
also requires large worker numbers. The structure of
Macrotermes bellicosus mounds is adapted to the local
climate in such a way that nest temperature is kept at
30&C, with fluctuations of less than 2&C during the course
of a year (L'scher 1961; Korb 2003; Fig. 4). Termites
thus provide optimal conditions for their symbiotic partner, a cultivated fungus. Similar mechanisms probably
exist in the higher fungus-growing ants (Heinrich 1993)
as well as in less spectacular cases such as wood ants
(Coenen-Stass et al. 1980; Horstmann 1983, 1990) and
several wasps (Jeanne 1975; Wenzel 1991).
The centralized nests of social insects largely improve
their ability to defend the colony and the brood against
predators. Living inside wood probably provides an even
better protection, as indicated by a very low proportion of
soldiers in all wood-living termites (Deligne et al. 1981;
Henderson 1998). Some of the most protective nests are
built by species with large colonies, which present a high
premium for predators. The massive mounds of termites
are like fortresses that impede the attack of generalist
predators (Deligne et al. 1981; Noirot and Darlington
2000; Fig. 4).
Self-organization processes without centralized control
add new qualities to colonies and make colonies qualitatively different from simple groups (Bonabeau et al.
1997; Queller and Strassmann 1998; Camazine et al.
2001). For example, pheromone trails become efficient
recruiting mechanisms only above a certain threshold
group size (Beekman et al. 2001) and the waggle and
tremble dances of honeybees also present group-level
adaptations that improve the foraging efficiency of the
colony as a whole (Seeley 1995, 1997). Similar collective
decisions are also made during a move to a new nest site,
where colonies can quickly reach a decision about the
single best nesting site among several alternatives (Seeley
1995; Franks et al. 2002). This sharing and collective
processing of information by certain insect societies is
one of the reasons warranting the epithet “superorganism”
(Franks et al. 2002).

Conflict resolution in groups
As in other major transitions, group stability may provide
the ultimate explanation for reproductive harmony in insect societies despite the existence of conflicts resulting
from kin structure (Maynard Smith and Szathm"ry 1995).
Group-level adaptations can become so dominant that the
exact values of relatedness only play a minor role. Between-group selection may thus result in the evolution of
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Fig. 4a, b Defendable fortress
of a termite mound as an example of emergent properties
on the colony level. The structure of Macrotermes bellicosus
mounds is adapted to local
conditions to achieve constant
nest temperatures: a mound in
the savanna, b mound in the
forest (Korb and Linsenmair
2000)

mechanisms that prevent the expression of within-group
conflict. From a kin selection perspective, on average all
individuals ultimately benefit from self-restraint or mutual policing (e.g., Ratnieks 1988; Ratnieks and Reeve
1992). However, information about such overall averages
is like information about net forces (Sober and Wilson
2002). With a multilevel selection approach and a partitioning into a within- and a between-group components it
might be easier to recognize and measure the relevant
factors.
The resolution of conflicts among lower-level entities
has been studied in the context of genomes and multicellular organisms (Buss 1987; Michod and Roze 1997;
Michod 1999; Pomiankowski 1999). Conflicts always
arise when the variability within groups increases and the
reproductive interests of the group members are not
aligned (Fig. 5). Multicellular organisms reduce the potential of variability within an organism by germ–soma
separation (Buss 1987; Maynard Smith and Szathm"ry
1995; Michod 1999). Likewise, the complete sterility of
workers and soldiers in social insects may serve a similar
function by increasing the heritability of fitness at the
colony level while at the same time reducing the potential
of conflict within insect societies. As there are only few
individuals that can reproduce, the interests of all other
nestmates are aligned to favor the well-being and reproduction of the reproducers (Fig. 3).
In multicellular organisms, cheating cells may occasionally arise, which multiply at the expense of the rest of
the organism (Nunney 1999). In analogy to such cancer
cells, the uncontrolled reproduction by certain thelytokous workers in the Cape honeybee Apis mellifera capen-

sis, which finally leads to the death of the colony, has
been referred to as “social cancer” (Oldroyd 2002).
However, this comparison is misleading, as uncontrolled
reproduction only occurs after Cape honeybees have invaded the nests of another subspecies, Apis mellifera
scutellata (Martin et al. 2002). In contrast to cancer, uncontrolled reproduction in Cape honeybees therefore does
not arise from within a colony and instead constitutes a
case of parasitism (e.g., Neumann et al. 2001; Pirk et al.
2003).
Within an insect colony of sterile workers the reproductive interests of colony members are aligned and no
conflict exists as long as there are no differences between
individuals in relatedness patterns. Such differences can
arise from polyandry/polygyny (e.g., Keller 1995, 1997)
or haplodiploidy (e.g., Bourke and Franks 1995) (Fig. 5).
Constraints, such as the lack of information on kinship
and the inability to distinguish the sex of the offspring,
may prevent the actual outbreak of conflict. Furthermore,
such proximate constraints may be favored on the colonylevel: selective, nepotistic brood rearing might be more
time-consuming and less efficient than indiscriminate
nursing, and colonies lacking within-colony favoritism
may eventually outcompete colonies with kin discrimination (e.g., Page et al. 1989; Ratnieks and Reeve 1992).
When conflict cannot be prevented a priori, as in
species with fertile workers, social control may ensure
group stability (Fig. 5). As the interests of the majority of
group members are aligned, they suppress selfish individuals that reduce the group’s performance and therefore
the mean inclusive fitness of most individuals. In species
with fertile workers, policing is an example of such social
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vidual that reaches maturity or is in a sensitive stage
between two molts after the death of the old reproductive
takes over her role (Peeters and Higashi 1989; L'scher
1956; J. Korb, unpublished). This mechanism is similar to
a fair meiosis in sexually reproducing organisms: each
gamete of an individual has an equal chance of receiving
either allele at a heterozygous locus (Leigh 1991).
These considerations illustrate the above-mentioned
constraints, such as the absence of ovaries or a lack of
information to discriminate kin and to distinguish the sex
of offspring, as mechanisms preventing the outbreak of
conflict a priori. Their evolution can be explained by
assuming that they increase the average fitness of all
nestmates. However, such an averaging approach makes it
difficult to elucidate the causal processes (Sober and
Wilson 2002), which are more easily seen from a multilevel selection perspective (see above) (Fig. 5). However,
once conflict breaks out in a colony, social control may, a
posteriori, enforce the group interest.

Colony selection and kin selection

Fig. 5 Conflict and conflict resolution in social insects. Social insect societies typically do not consist of clones due to sexual reproduction, which causes genetic variability. If individuals differ in
relatedness patterns, conflict arises. Such conflicts can be resolved
by reducing the potential for conflicts and aligning the interests of
colony members through the evolution of sterile workers, a lack of
mechanisms to discriminate among differently related nestmates,
and/or a lack of information for distinguishing male and female
offspring. Remaining conflicts that actually do break out in the
colony are resolved by social control through colony members,
which favors the evolution of pheromonal control as honest signaling or enforces the colony’s interest by policing

control (see above) and group-level considerations make
it obvious why this even occurs in societies in which it is
not expected from relatedness considerations alone (Ratnieks 1988). Similar mechanisms are well known from
the gene–genome level (so-called ‘parliament of genes’;
Leigh 1983), where selfish elements, such as segregation
distorters or meiotic drive genes, are generally suppressed
by other genes that enforce the common interest of the
genome (Mercot et al. 1995; Atlan et al. 1997; Pomiankowski 1999).
When totipotent individuals compete for inheritance of
the breeding position, for example in the ponerine ant
genus Diacamma after the death of a gamergate (a mated
worker, see, e.g., Peeters 1991; Cuvillier-Hot et al. 2002),
or when the original king or queen are replaced by secondary reproductives in the lower termites Cryptotermes
secundus or Kalotermes flavicollis (J. Korb, unpublished),
costly overt conflict can be avoided through a “fair lottery” as in the above mentioned species: the first indi-

Because social insect groups are mostly kin groups, the
evolution of mechanisms that prevent or resolve conflicts
and thereby increase group efficiency can also be explained in terms of each individual maximizing its inclusive fitness. Indeed, many authors have noted the
mathematical identity of kin selection and multilevel selection models (Wade 1978, 1979, 1980a, 1980b, 1985;
Grafen 1984; Queller 1992; Dugatkin and Reeve 1994).
The two approaches differ only in how they account for
the fitness differences associated with a certain heritable
trait: the kin selection approach concerns the populationwide average fitness difference between individuals with
and without the trait, whereas the multilevel selection
approach partitions this fitness difference into two components: the within and between group component. Both
approaches should yield the same predictions about
whether a trait will spread or disappear.
Partitioning selection into a within- and between-group
component, however, offers the advantage of being able
to highlight the group components that are less easily
recognized from a kin selection perspective. Social insect
societies are characterized by beneficial novelties that
represent evolutionary breakthroughs and which appear to
have gained more and more evolutionary importance,
relative to relatedness, so that social insect colonies seem
to be more sensitive to variations in those benefits than to
variation in relatedness. For example, despite intracolonial conflict, much of the evolution of honeybee societies
appears to be driven by selection operating at the colony
level (Seeley 1995, 1997). Regarding colonies from a
multilevel perspective reveals that “constraints” can in
fact be adaptations that prevent or resolve conflict within
colonies that are selected at the group level.
Although relatedness has played an important role in
the evolution of insect societies, it is less important for
their maintenance, because social insects have reached a
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new level of selection with novelties that provide benefits
beyond the scope of a solitary life. Mechanisms have
evolved to prevent or suppress selfish interests within the
colonies, which arise through variation in relatedness.
These conflict resolution mechanisms guarantee the stability of the group, as this is in the interest of most group
members, and make insect colonies robust against variation in relatedness. Whether this will eventually lead to
stable cooperative systems with zero relatedness is highly
doubtful, given that open groups without relatedness
are vulnerable to parasitism and cannot maintain or
improve their performance (Queller 2000). Invasive ant
species, such as the Argentine ant, Linepithema humile,
which have been accidentally introduced by human activities into new habitats, have apparently lost their
nestmate recognition systems to some degree and now
form unicolonial populations (Giraud et al. 2002; Tsutsui
et al. 2003). Instead of engaging in costly territorial fighting with conspecific non-nestmates, such supercolonies
quickly dominate food sources and spread at the expense of native competitors. At present, invasive species
thrive but, because nestmates are not more closely related
than pairs of conspecific ants drawn at random from
different nests (Krieger and Keller 2000), their success
is presumably only a transient phenomenon that over
the long run will decline (Queller 2000; Giraud et al.
2002).
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