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Abstract

Molecular genetic studies of group kin composition and local genetic structure in social
organisms are becoming increasingly common. A conceptual and mathematical framework
that links attributes of the breeding system to group composition and genetic structure is
presented here, and recent empirical studies are reviewed in the context of this framework.
Breeding system properties, including the number of breeders in a social group, their genetic
relatedness, and skew in their parentage, determine group composition and the distribution
of genetic variation within and between social units. This group genetic structure in turn
influences the opportunities for conflict and cooperation to evolve within groups and for
selection to occur among groups or clusters of groups. Thus, molecular studies of social groups
provide the starting point for analyses of the selective forces involved in social evolution,
as well as for analyses of other fundamental evolutionary problems related to sex allocation,
reproductive skew, life history evolution, and the nature of selection in hierarchically struc-
tured populations. The framework presented here provides a standard system for interpreting
and integrating genetic and natural history data from social organisms for application to a
broad range of evolutionary questions.

 

Keywords

 

: breeding systems, genetic structure, kin composition, relatedness, social behaviour,
social insects

 

Received 18 May 2000; revision received 20 September 2000; accepted 20 September 2000

 

Introduction

 

Complex social behaviour is a monumental achievement
of organic evolution that typically entails the integration of
genetically nonidentical individuals into cohesive groups that
emerge as new units of selection (Queller & Strassmann
1998; Keller & Reeve 1999). Early studies of the molecular
ecology of social organisms focused on broadly defining
group membership in genetic terms, a focus rooted in kin
selection theory and its emphasis on close relatedness as a
factor promoting group cohesion and reproductive altruism.
More recently, social organisms have become attractive
subjects of study to a wider circle of molecular ecologists
because they provide striking examples of diverse, funda-
mental evolutionary phenomena, many of which are not
confined to social taxa. Among these are the effects of
breeding and dispersal behaviours on the distribution of

genetic variation (Wade 1985; Ross & Keller 1995; Balloux

 

et al

 

. 1998), the action of selection in hierarchically structured
populations (Wade & Breden 1987; Kelly 1994; Herbers &
Stuart 1996; Sugg 

 

et al

 

. 1996; Pamilo 

 

et al

 

. 1997; Linhart 1999),
the allocation of resources between growth and reproduction
and between the sexes (Bourke & Franks 1995; Crozier &
Pamilo 1996), and the interplay of conflict and cooperation
in social evolution (Queller & Strassmann 1998; Keller &
Chapuisat 1999). Increasingly, studies of these problems
require detailed knowledge of the kin composition of social
groups, as well as the breeding system responsible for this
composition and the genetic structure that is a consequence
of it (Box 1).

The breeding system comprises important reproductive
characteristics of social organisms, including the number
of breeders in a social group, the genetic relationships of
these breeders, and the extent of variation in parentage
among same-sex breeders (Wade 1985; Ross 1993). These
attributes determine the kin composition of a social group
by prescribing the number of matrilines and patrilines
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within the group, the nature of pedigree connections between
and within these lines, and the relative frequencies of the
different types of pedigree connections (see Boxes 2 and 3).
The distribution of genetic variation within and among
social groups, and thus the potential for selection to occur
at various hierarchical levels, is the result of the kin com-
position of social groups as well as the characteristic mating
and dispersal behaviours that are so often closely connected
to the social behaviour (Chepko-Sade & Halpin 1987; Ross &
Keller 1995; Crozier & Pamilo 1996; Sugg 

 

et al

 

. 1996). Recent
molecular studies of within-group genetic structure have
provided intimate glimpses into the internal structure
of social life, particularly in eusocial insects. These studies
not only have profoundly enriched our understanding of
the natural history of these organisms, they have provided
essential empirical foundations for testing predictions of
kin selection theory and related theories. Thus, studies
of within-group genetic structure have contributed to
our understanding of parent–offspring conflict, nepot-
ism, the evolution of mating systems, and the evolution of
reproductive partitioning (Bourke & Franks 1995; Crozier &
Pamilo 1996; Keller & Chapuisat 1999). Moreover, because
of the linkage between social and dispersal behaviours,

studies combining data on breeding systems and among-
group genetic structure have contributed to life history
theory and discussions of selection in structured popula-
tions (Bourke & Franks 1995; Heinze & Tsuji 1995;
Sundström 1995; Chapuisat 

 

et al

 

. 1997; DeHeer 

 

et al

 

. 1999).
The interrelationships of breeding system properties,

colony kin composition, and genetic structure are formally
portrayed in an explicit conceptual and mathematical
framework (Box 3). This framework is used to obtain insights
into group composition and genetic structure by quantifying
some breeding system properties from genetic and observa-
tional data and inferring other properties indirectly from
the equations. While this method has been used predomin-
antly to guide studies of social organization in insects, it
can serve as a valuable analytical approach for all social
taxa in which group membership is relatively stable and
some genetic data are available. Although the framework
focuses on ‘breeding’ systems, breeding need not take
place in the context of the social group; that is, breeders of
one or both sexes may not be group members, as is the case
for males in Hymenoptera and in birds with extra-group
fertilizations. In fact, the framework can be used to study
groups composed exclusively of nonbreeders, such as larval

Box 1 Group (colony) kin composition: number and representation
of classes of individuals with distinct pedigrees in a colony
(kin classes), and the genetic relationships between
members of the same and different kin classes.

Group (colony) genetic structure: distribution of genetic
variation within colonies (e.g. within and between kin
classes) and among neighbouring colonies, often
summarized as patterns of relatedness.

Properties of the breeding system determine group (colony)
kin composition which, in turn, specifies group genetic
structure. Formal definitions of these terms are as follows.

Breeding system: number of breeders in a social group
(colony), their genetic relationships to one another, and the
distribution of reproduction among them (see table below).

Components of the breeding system influencing group (colony) kin composition and genetic structure in social
animals

NUMBER OF BREEDERS
Number of breeding females*
Number of breeding males†

GENETIC RELATEDNESS OF BREEDERS
Relatedness of Same-Sex Breeders

Relatedness of breeding females in groups with
more than one
Relatedness of breeding males in groups with
more than one

Relatedness of Different-Sex Breeders
Relatedness of different-sex breeders that are not
mates
Relatedness of mates (level of inbreeding)

VARIATION IN PARENTAGE AMONG BREEDERS
(REPRODUCTIVE SKEW)

Maternity skew
Paternity skew

*Represented by queens or, in some instances, workers (mated or unmated) in social Hymenoptera; queens or mated
supplementary female reproductives in termites; and resident breeding females in other social groups.
†Represented by stored sperm in females of social Hymenoptera and cooperatively breeding vertebrates with extra-
group fertilizations; kings or supplementary male reproductives in termites; and resident breeding males in other
social groups.
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Box 2

 

on the basis of number of matings with different partners
by breeders of each sex. (Number of male matings refers
to matings with females in the social group only.) Cat

 

-

 

egories overlap when multiple male or female breeders in
a group vary in their tendency to mate multiply. All seven
discrete types of group composition are known from or
suspected to occur in a single family of eusocial insects,
the ants (Formicidae), although the types involving males
mating with several nestmate females occur rarely in
these insects (Bourke & Franks 1995; Heinze & Tsuji 1995;
Heinze 1999). Within each of the six discrete categories
with multiple breeders of one or both sexes, continuous
variation in kin composition is generated by variation in
the relatedness of breeders and in the reproductive skew.

Distinct types of progeny kin composition in social
groups are depicted in Fig. 1, along with breeding
patterns giving rise to each type. Each breeding male’s
genetic contribution is represented as coloured dots set
on a coloured background representing a breeding
female’s genetic contribution. Matrilines are demarcated
vertically and patrilines horizontally, with the relative
size of each compartment indicating the proportionate
representation of progeny in each matriline/patriline
(reproductive skew). The seven discrete categories shown
are distinguished on the basis of number of breeders of
each sex and, in cases with multiple breeders of both sexes, 

Fig 1
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Box 3

 

The equation for the relatedness of members of the
same matriline (

 

r

 

sm

 

) when female breeders mate multiply
is analogous in form to Eqn 1 for the relatedness of all
progeny when there are multiple female breeders:

 

r

 

sm

 

 

 

=

 

  (4)

where 

 

M

 

 is the number of mates per female breeder, 

 

r

 

sp

 

is the average relatedness of progeny belonging to the
same patriline (full siblings), and 

 

r

 

dp

 

 is the average
relatedness of progeny belonging to different patrilines
(maternal half siblings)*. In this case, the equation
shows that the average relatedness of siblings is the
sum of within- and between-patriline relatednesses,
weighted by the relative frequency of occurrence of
within- and between-patriline pedigree links. Maternal
half siblings may be related through their fathers as
well as their mother if the males mating with a breeding
female are related to one another. Thus, 

 

r

 

dp

 

 can be
broken down into the sum of two terms:

 

r

 

dp

 

 

 

=

 

 0.25 + (5)

where 

 

r

 

m2

 

 is the average relatedness of the mates of
a single breeding female and n is the ploidy level of
males (the value of 0.25 represents the maternal genetic
contribution to siblings). Eqn 4 is valid only if the
mates of a female sire her offspring in equal proportions,
that is, there is no skew in paternity. If such skew exists,
then 

 

M

 

 is replaced by the effective number of male
mates (

 

M

 

e

 

):

 

M

 

e

 

 

 

=

 

  (6)

where 

 

σ

 

2

 

M

 

 is the variance in paternity apportionment
for a single female’s offspring†. This equation is ana-
logous to Eqn 2 for the effective number of breeding
females. If females mate with only a single male, then

 

M

 

e

 

 

 

=

 

 

 

M

 

 

 

=

 

 1, and from Eqn 4, 

 

r

 

sm

 

 

 

=

 

 

 

r

 

sp

 

.
Relatedness between mates (inbreeding) tends to

inflate group relatedness by affecting values of 

 

r

 

sp

 

(the relatedness of full siblings). When inbreeding is
detected, the pedigree value of 

 

r

 

sp

 

 (0.5 under male
diploidy and 0.75 under male haploidy) can be adjusted
at least approximately to yield , the inbreeding-
corrected value of 

 

r

 

sp

 

:

 (7)

where 

 

F

 

IS

 

 is the coefficient of inbreeding (Pamilo 1985;
panmictic index of Templeton & Read 1994). The value 

The relationships of breeding system components and
their effects on kin composition and genetic structure in
social groups can be described by the equations presented
below (after Wade 1985; Page 1986; Queller 1993; Ross
1993). These equations pertain to relatedness in a single
colony for a single generation of diploid progeny with
complete sampling of colony members. Modifications of
these basic equations for population-level analyses,
limited sampling, and haploid male progeny are pre

 

-

 

sented in Pamilo (1993), Queller (1993), Ross (1993), and
Boomsma & Ratnieks (1996).

The distribution of genetic variation within and among
social groups (group or colony genetic structure) can be
summarized as patterns of average genetic relatedness.
The average relatedness of diploid progeny in a social
group (

 

r

 

p

 

) is:

 

r

 

p

 

 

 

=

 

  (1)

where 

 

F

 

 is the number of female breeders, 

 

r

 

sm

 

 is the
average relatedness of progeny belonging to the same
matriline, and 

 

r

 

dm

 

 is the average relatedness of progeny
belonging to different matrilines. This equation shows
that the average relatedness in a group is the sum of
within- and between-matriline relatednesses, weighted
by the relative frequency of occurrence of within- and
between-matriline pedigree links. The equation is valid
only if the breeding females in a group reproduce equally,
that is, there is no skew in maternity. If such skew exists,
then 

 

F

 

 is replaced by the effective number of female
breeders (

 

F

 

e

 

):

 

F

 

e

 

 

 

=

 

  (2)

where 

 

σ

 

2

 

F

 

 

 

is the variance in maternity apportionment in
the group. If only one breeding female is present, then

 

F

 

e

 

 

 

=

 

 

 

F 

 

=

 

 1, and from Eqn 1, 

 

r

 

p

 

 

 

=

 

 

 

r

 

sm

 

.
The relatedness of members of different matrilines in

Eqn 1 can be broken down into the sum of three terms
specifying how these individuals are related through
their mothers and/or fathers:

 

r

 

dm

 

 

 

=

 

  (3)

where 

 

r

 

f

 

 is the average relatedness of the female breeders,

 

r

 

m1

 

 is the relatedness of the male breeders that inseminated
these females, 

 

r

 

fm

 

 is the relatedness of different-sex
breeders that are not mates, and n is the ploidy level of
males (cf. Ross 1993). If one male inseminates all of the
female breeders in a group, then 

 

r

 

m1

 

 

 

=

 

 1.

rsp
1
M
----- 

 ⋅ rdp
M 1–( )

M
-------------------⋅+ ,

rm2

2n
-------- 

  ,

M

M 2 σM
2⋅ 1+( )

-------------------------------- ,

r̂sp

r̂sp rsp 1
2FIS

1 FIS+( )-------------------– +
2FIS

1 FIS+( )
-------------------⋅= ,

rsm
1
F
--- 

 ⋅ rdm
F 1–( )

F
---------------- ,⋅+

F

F 2 σF
2⋅ 1+( )

----------------------------- ,

rf

4
--- 

  rm1

2n
-------- 

  rfm

4
------- 

 + + ,
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of rsp also can be corrected for inbreeding by estimating
the relatedness between mates (e.g. Sundström 1993;
Husseneder et al. 1999; Goodisman et al. 2000; Krieger &
Keller 2000).

The equations above can be consolidated into the
single equation:

rp = 

(8)

which shows how the average progeny relatedness in a
group (rp) is influenced by the number of male breeders,
number of female breeders, reproductive skew, related-
ness of breeders, and relatedness of mating partners
(inbreeding) — the components of the breeding system.
These components, as well as mating patterns and
crucial relatedness parameters, are depicted in Fig. 2 for
a social group with complex kin composition. Each
breeding male’s genetic contribution is represented as
coloured dots set on a coloured background represent-
ing a breeding female’s genetic contribution. Matrilines

are demarcated vertically and patrilines horizontally,
with the relative size of each compartment indicating
the proportionate representation of progeny in each
matriline/patriline.

Variables representing relatedness components of the breeding system as shown in Fig. 2.
rp: relatedness of diploid progeny in a social group
rsm: relatedness of progeny belonging to the same matriline
rdm: relatedness of progeny belonging to different matrilines
rf: relatedness of female breeders
rm1: relatedness of male breeders that are not mates of a single breeding female
rfm: relatedness of different-sex breeders that are not mates
rsp: relatedness of progeny of a single female belonging to the same patriline
rdp: relatedness of progeny of a single female belonging to different patrilines
rm2: relatedness of male breeders that are mates of a single breeding female
FIS: coefficient of inbreeding (relatedness of mates)

*When a group contains multiple female breeders that mate with differing numbers of males, M in Eqn 4 becomes the 
harmonic mean number of mates per female (Mh).
†When a group contains multiple female breeders that mate with differing numbers of males, Eqn 6 becomes 
Me = Mh/(Mh·  + 1), where Mh is the harmonic mean number of mates per female and  is the mean of the 
number of mates times the paternity variance for each female.

rsp 1
2FIS

1 FIS+( )
--------------------– +

2FIS

1 FIS+( )
--------------------⋅

 
 
 



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M
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0.25
rm2

2n
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M2 σM
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2⋅ 1+( )
F
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4
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  rm1
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  rfm

4
------- 
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F
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Fig 2

mσ M
2 mσ M

2

societies of insects (McCauley et al. 1988; Costa & Ross 1993;
Wade 1994).

The most commonly used metric summarizing the dis-
tribution of genetic variation, and hence the kin composition,
in social groups is the coefficient of relatedness (r), which

gauges the genetic similarity of focal individuals relative to
a reference population (Crozier & Pamilo 1996). The frame-
work described here reveals how the breeding system
determines the average relatedness of group members and,
thus, the opportunity for selection to occur at the level of
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the social group (Wade 1985; Wade & Breden 1987). However,
perhaps more importantly, analyses using this framework
show how the breeding system sets patterns of relatedness
within social groups — that is, how it determines genetic
similarity within and between different classes of colony-
mates. This information is essential for discerning lines of
genetic congruence and conflict of interest and for under-
standing how cooperation and conflict interact to structure
social life (Ratnieks & Reeve 1992; Queller & Strassmann
1998; Keller & Chapuisat 1999; Keller & Reeve 1999).

Many breeding system properties — for example, the
number of breeders and the reproductive skew — are
expected to be subject to strong ecological selection (Keller
& Reeve 1994; Ross & Keller 1995). However, it is import-
ant to realize that, through their effects on colony genetic
structure, these properties are also subject to strong social
(kin) selection (Pamilo et al. 1997; Herbers & Banschbach
1999). Moreover, the form of the breeding system can
be strongly constrained by features of the reproductive
physiology and life history. In most ants, for instance,
spermatogenesis and migration of sperm to the ejaculatory
ducts is completed long before males mature as adults;
thus, ant males typically are limited to a single insemination
attempt, and colony composition involving single males
siring the offspring of several nestmate females is extremely
rare in this group of insects (e.g. Heinze 1999).

I review here recent molecular genetic studies of animal
social groups, employing the perspective of the analytical
framework described above to organize data derived prin-
cipally from eusocial insects. Several hundred studies using
molecular markers have investigated the kin composition
and genetic structure of colonies of ants, termites, social
bees and wasps, and other social insects (reviewed in
Gadagkar 1991; Ross & Carpenter 1991a; Bourke & Franks
1995; Crozier & Pamilo 1996; Pamilo et al. 1997). These studies
often are remarkably comprehensive, owing to the fact
that, in many social insects, colonies are abundant and can
be destructively sampled. This research has revealed enorm-
ous variation in the genetic make-up of colonies that
reflects parallel variation in kin composition — from simple
families composed of a single pair of parents and full-sibling
offspring, to highly genetically heterogeneous, genealo-
gically complex, multifamily societies. Estimates of average
genetic relatedness for female colony-mates accordingly
span an enormous range of values, from zero to over 0.75
(the expected pedigree relatedness value for full sisters
with male haploidy). A primary focus of much of this work
has been to disentangle the roles of various breeding sys-
tem components in generating the observed colony genetic
structure. Insights into breeding systems and colony struc-
ture gained by this approach subsequently have been used
to test and extend kin selection and related theories
(Bourke & Franks 1995; Crozier & Pamilo 1996; Queller &
Strassmann 1998; Keller & Chapuisat 1999).

Number of breeders

The genetically simplest societies comprise families headed
by a single breeding female and male — the archetypal
simple Hamiltonian families in which indirect fitness
benefits of alloparenting are maximal. Genetic evidence for
such families comes from simple Mendelian patterns in
offspring genotype distributions and/or estimated average
progeny relatedness values indistinguishable from those
expected for full siblings. Simple-family societies exist in a
variety of cooperatively breeding birds and mammals
(Emlen 1991; Lehman et al. 1992; Jarvis et al. 1994; Ligon 1999),
wood-dwelling ‘subsocial’ insects (Choe & Crespi 1997),
and eusocial shrimps (Duffy 1996; Duffy & Macdonald
1999), as well as eusocial insects (Ross & Keller 1995; Crozier
& Pamilo 1996), although recent molecular studies suggest
that they are not as commonplace as earlier believed (Avise
1994; Ross & Keller 1995; Pamilo et al. 1997; Hughes 1998).

In social Hymenoptera, breeding females typically are
members of a morphologically or behaviourally distinct
queen caste (workers may reproduce more or less regularly
in some taxa; Bourke 1988). Males generally are short-lived
and play no prominent role in colony life. Sperm are stored
for long periods by queens after mating early in life in a
special organ (spermatheca), so issues of paternity of colony
members arise continuously, even after prospective fathers
are long dead. Thus, while the number of breeding females
(queens) per colony often can be deduced from observa-
tional or dissection data, the number of matings per queen
can be inferred reliably only from genetic data (Boomsma
& Ratnieks 1996). The predominance of simple-family social
groups headed by a once-mated queen (or rarely, a worker)
has been confirmed genetically in several taxa of bees (Crozier
et al. 1987; Packer & Owen 1994; Estoup et al. 1995; Peters
et al. 1999; Schmid-Hempel & Schmid-Hempel 2000), some
vespid wasps (Ross & Carpenter 1991a; Arévalo et al. 1998;
Foster et al. 1999, 2000), and several ants (Banschbach &
Herbers 1996a; Gadau et al. 1996; Sasaki et al. 1996; Heinze
et al. 1997; Ross et al. 1997; Satoh et al. 1997; Foitzik &
Heinze 1998; Herbers & Mouser 1998; Villesen et al. 1999;
Foitzik & Herbers 2000; Fraser et al. 2000) (also Bourke &
Franks 1995; Crozier & Pamilo 1996). Simple-family colon-
ies may be characteristic of entire species or larger clades
but, at least in ants, they often occur in mixed populations
also containing colonies with more complex structure. Also,
infrequent events such as occasional multiple mating by
queens, supersedure of the mother queen, or worker parent-
age of males can lead to variability in colony composition
even in populations or species regarded as quite uniformly
comprising simple families. Finally, simple families in
some instances constitute transitional stages in a colony life
history that features a more complex structure at other
times (Herbers & Stuart 1996; Hastings et al. 1998). Thus,
temporal variation in breeding systems is an important
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factor to be considered in analyses of group composition
and genetic structure (below).

Colonies of termites contain morphologically distinct
egg-laying queens and breeding males (kings) or distinct
replacement reproductives of both sexes; breeding males
in this order of eusocial insects are long-lived cohabitants
with breeding females. Simple-family colonies headed by
the founding queen and king are common, although in many
instances colony composition becomes more complex later
in development, especially in termites that form multiple-
nest (polydomous) colonies (Shellman-Reeve 1997). Genetic
studies of termites are few, but the common occurrence
of simple families has been inferred by use of nuclear or
mitochondrial DNA (mtDNA) markers in several species
(Atkinson & Adams 1997; Thompson & Hebert 1998;
Husseneder et al. 1999).

Multiple breeding females

Societies with multiple breeding females are well known in
a variety of noninsect social taxa, including several bird
species, banded mongooses, various primates, lions, and
most social spiders (Emlen 1991; Packer et al. 1991; Morin
et al. 1994; Avilés 1997; Cockburn 1998; Hughes 1998; Cant
2000). In eusocial insects, the common occurrence of multiple
breeding queens in single nests is also well established
(Keller 1993; Bourke & Franks 1995; Crozier & Pamilo 1996).
Multiple-queen social insect nests may occur along with
single-queen nests within species or populations (that is,
stable polymorphisms in social organization may exist), or
the presence of multiple queens may represent a stage in
colony ontogeny. Multiple-queen colonies may be effectively
nonexistent in some large clades, such as apid bees and
some genera of ants and vespine wasps (Ross & Carpenter
1991b); on the other hand, they may be characteristic of
other large clades, such as the wasp tribe Epiponini ( Jeanne
1991). Questions concerning the evolutionary origin and
maintenance of multiple-queen societies have long occupied
centre stage among social insect biologists, while interest in
the population-genetic consequences of this social organ-
ization has only begun to develop more recently (Ross &
Keller 1995; Pamilo et al. 1997). These two sets of issues are
linked to two more fundamental evolutionary problems, the
origin of sociality and the nature of selection in hierarchically
structured populations.

Genetic variation among offspring is expected to increase,
and relatedness to decrease, when a second female breeder
is added to a social group (F > 1), because a new class of
relationships between progeny not sharing a mother appears
(see Boxes 2 and 3). As the number of female breeders
increases, within-matriline pedigree links decrease in
frequency relative to between-matriline links, with higher-
value rsm links substituted by lower-value rdm links. This
dilution of relatedness with additional female breeders

has been demonstrated in comparative genetic studies of
conspecific ant populations composed of single-queen or
multiple-queen colonies (Ward 1983; Stille et al. 1991;
Sundström 1993; Seppä 1994; Heinze et al. 1995a; Banschbach
& Herbers 1996a; Herbers & Stuart 1996; Ross et al. 1997). It
has been shown further in ants that relatedness is negatively
associated with the population-wide average colony queen
number (Seppä & Walin 1996), and at least two studies
have demonstrated that relatedness in single nests decreases
with increased queen number (Ross 1993; Heinze et al.
1995b). The presence of multiple female breeders is import-
ant not only because it decreases average progeny related-
ness, but also because it generates potential genetic conflict
between members of different matrilines, which may be
expressed, for example, as nepotism or as ‘policing’ by
workers during brood rearing in social Hymenoptera
(Bourke & Franks 1995; Keller & Chapuisat 1999). The
magnitude of such potential conflict is determined by the
disparity in relatedness within and between matrilines,
which is affected by other breeding system properties
(number of matings by, and relatedness of, cohabiting
female breeders).

Average relatedness for workers in colonies of social
Hymenoptera with multiple queens has been found to
vary from zero to almost 0.75 (Heinze 1995; Herbers & Stuart
1996; Seppä & Walin 1996; Seppä 1996; Ross et al. 1997;
Satoh et al. 1997; Hastings et al. 1998; Chapuisat & Keller
1999a; Pedersen & Boomsma 1999a; Krieger & Keller 2000;
see also Crozier & Pamilo 1996). Reasons for this large range
of values include not only variation in the number of queens,
but also variation in two other breeding system propert-
ies, relatedness of the queens and extent of maternity skew
(queen mating frequency generally is a less important factor;
Boomsma & Ratnieks 1996; Goodnight et al. 1996). Thus,
genetic studies of multiple-queen societies often evaluate
all three properties concurrently; additional reasons for
wishing to understand their effects on genetic structure
stem from theoretical considerations of the evolution of
multiple-queen societies, outlined briefly as follows.

The reduction in progeny relatedness (rp) associated with
adding queens to established colonies implies a parallel
reduction in indirect fitness benefits to workers rearing the
brood; that is, there are apparent selective costs to workers
in tolerating multiple nestmate queens. Thus, much effort
has been devoted to learning what fitness benefits may
accrue to colony members to offset these costs (see Keller
1993; Bourke & Franks 1995; Crozier & Pamilo 1996). Current
explanations typically invoke ecological factors. In epipo-
nine wasps and termites, multiple queens may be needed
to support high egg-laying rates necessary to sustain large,
successful colonies (Jeanne 1991; Thorne et al. 1999). In
ants, ecological constraints on nest-founding by solitary
queens, including high levels of predation and nest site
limitation, often are invoked as the primary evolutionary
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factors favouring the recruitment and retention of multiple
queens per colony (Bourke & Franks 1995; Ross & Keller
1995; Seppä et al. 1995; Herbers & Banschbach 1999; Pedersen
& Boomsma 1999a). These constraints can be viewed as
analogous to the selection pressures originally favouring
group living over solitary breeding, so that theoretical con-
cerns about the evolution of multiple-queen societies in
many respects parallel those raised by the origin of social
life (Bourke & Franks 1995; Keller 1995).

Kin selection theory predicts that selection favouring
acceptance of supernumerary queens will depend on details
of the breeding system and genetic structure, such as the
relatedness between different classes of nestmates and the
extent of inbreeding (Crozier & Pamilo 1996). In all cases,
acceptance is most likely when potential new queens are
relatives of existing colony members, as they would be, for
instance, if they were daughter queens reared in the colony.
This single theoretical conclusion leads to two important
predictions. First, queens in multiple-queen societies should
be philopatric. This implies a shift in dispersal and mating
behaviours from the long-distance dispersal and mating
on the wing characteristic of many single-queen social
insects (Keller 1995; DeHeer et al. 1999) and the emer-
gence of local genetic structure possibly relevant to the
action of natural selection (Kelly 1994; Bourke & Franks 1995;
Banschbach & Herbers 1996b). Second, queens in multiple-
queen societies should be significantly related to one
another (and, by extension, to the workers that reared them),
with consequences for resulting within-colony relatedness
patterns. These predictions have been tested in a large
number of genetic studies (below). These same studies also
have contributed to a general understanding of colony
composition and genetic structure, which in turn has
stimulated further development of theory to explain
details of colony organization and social behaviour in
multiple-queen societies (e.g. reproductive skew and sex
allocation theories).

Multiple breeding males

Multiple breeding males, represented by group residents
or by the sperm of nonresident males stored by resident
females, are common in diverse vertebrate societies (Emlen
1991; Balloux et al. 1998; Cockburn 1998; Hughes 1998;
Ligon 1999; Cant 2000; Worthington Wilmer et al. 2000),
social spiders (Avilés 1997), termites with supplementary
reproductives (Shellman-Reeve 1997), and eusocial thrips
(Kranz et al. 1999). In most of these cases, multiple male
breeders co-occur with multiple female breeders, but even
in such a situation each female may mate with and use the
sperm of only a single male (monandry) (see Box 2; also
Emlen 1991; Cockburn 1998).

In eusocial Hymenoptera, multiple male parentage
(M > 1) can occur in association with monandry when

multiple queens inhabit single nests [e.g. fire ants (Ross &
Keller 1995) and epiponine wasps (Goodnight et al. 1996)].
However, far more attention has been paid to the occur-
rence of multiple male breeders that results from multiple
matings by queens (polyandry). Polyandry is widespread
in social Hymenoptera (Boomsma & Ratnieks 1996; Crozier
& Pamilo 1996), although, as is also true for multiple matern-
ity, it is rare in some clades [e.g. stingless bees (Peters et al.
1999) and fire ants (Ross et al. 1988) ] and there may be vari-
ation within populations in its occurrence (Boomsma &
Ratnieks 1996; Seppä & Walin 1996; Chapuisat 1998;
Fjerdingstad et al. 1998; Bekkevold et al. 1999; Paxton 2000).
In one major respect, polyandry is of interest for much the
same reason as multiple female breeders: its occurrence
changes the distribution of genetic variation and decreases
average relatedness (rp) within social groups. Polyandry
introduces a new class of progeny related as half-siblings
rather than full-siblings and, as the level of polyandry
increases, the frequency of within-patriline pedigree links
decreases relative to between-patriline links, with higher-
value rsp links substituted by lower-value rdp links (see
Boxes 2 and 3). Thus, as is the case with multiple queens,
polyandry influences the potential for colony-level selec-
tion and for within-group conflict, with the latter possibly
manifested as nepotism, worker policing of reproduction,
or biased patterns of sex allocation (in Hymenoptera). On
the other hand, explanations for the evolution of poly-
andry tend to differ from those for multiple-queen colonies
in that they often emphasize the potential selective benefits
of increased genetic diversity within colonies (Boomsma &
Ratnieks 1996; Crozier & Pamilo 1996).

The occurrence of polyandry and its effects in decreasing
offspring relatedness have been shown in genetic studies
of single-queen hymenopteran colonies in the field and
laboratory. In a few cases, the number of queen matings has
been explored by genotyping sperm in the queen’s sperm-
atheca (Peters et al. 1995; Gadau et al. 1996; Goodnight et al.
1996; Arévalo et al. 1998; Chapuisat 1998; Haberl & Tautz
1998; Hastings et al. 1998; Krieger & Keller 2000), a technical
feat made possible by the sensitivity of the polymerase chain
reaction (PCR) for amplifying small amounts of DNA and
the fact that individual males’ spermatozoa are genetically
identical (because of male haploidy). Levels of polyandry
vary widely in social Hymenoptera and can differ strongly
even among populations of single species (Boomsma &
Van der Have 1998). Some facultatively polyandrous ant
queens seldom mate with more than two males (Chapuisat
1998; Pedersen & Boomsma 1999b; also Boomsma & Ratnieks
1996), whereas queens in several honey bee species (genus
Apis) routinely mate with over 10 males (Lobo & Kerr 1993;
Estoup et al. 1994; Haberl & Moritz 1994; Moritz et al. 1995;
Oldroyd et al. 1995, 1997, 1998; Haberl & Tautz 1998).
Intermediate numbers of matings by queens are found in
some leaf-cutter ants (Reichardt & Wheeler 1996; Fjerdingstad
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et al. 1998; Boomsma et al. 1999) and yellowjacket wasps (Ross
1986; Goodisman et al. 2000). Polyandry in social Hymen-
optera results in average relatedness values for sisters
that range from close to 0.75 when few males contribute
very unequally to paternity (Boomsma & Ratnieks 1996;
Seppä & Walin 1996; Foster et al. 1999) to near the theoretical
minimum of 0.25 in highly polyandrous honey bee
species (Estoup et al. 1994; Oldroyd et al. 1997, 1998).

The occurrence of polyandry modifies the potential for
within-colony conflict by affecting relatedness patterns. In
social Hymenoptera, a clear example of the outcome of this
conflict is the manipulation of sex ratios in single-queen
colonies with sterile workers. Workers’ average related-
ness to female brood decreases with a switch from single to
multiple paternity, while their relatedness to male brood is
unchanged (because of male haploidy). Workers are, there-
fore, expected to produce more male-biased sexual broods
when queens mate multiply than when they mate singly
(Crozier & Pamilo 1996; Chapuisat & Keller 1999b), a predic-
tion demonstrated in diverse taxa (Queller & Strassmann
1998). Conflict between the queen and collective worker
force is reduced under polyandry because workers’ pre-
ferred sex allocation approaches the equal allocation
favoured by the queen (who is equally related to her sons
and daughters). On the other hand, polyandry increases
the potential for conflict between workers of different
patrilines regarding the rearing and treatment of new
female sexuals, because workers potentially can favour
more closely related full-sisters over less closely related
half-sisters. Despite extensive study, however, there is little
empirical evidence to indicate that such potential conflict is
translated into actual nepotism of this form in social insects
(Keller 1997).

In addition to the usual reasons cited for why female
animals may mate multiply, polyandry may evolve in social
taxa for reasons directly related to their social behaviour
(Boomsma & Ratnieks 1996; Crozier & Pamilo 1996). For
instance, queens of social Hymenoptera may mate repeatedly
in order to acquire enough sperm to fertilize the large
number of eggs needed to sustain populous colonies over
long periods (Cole 1983). This hypothesis is unlikely to be
general because many large-colony species are monandrous,
and individual males in some polyandrous species produce
enough sperm to fully inseminate queens (cf. Fjerdingstad
& Boomsma 1998). A speculative hypothesis is that poly-
andry is favoured in Hymenoptera because, as described
above, it can reduce potential conflict between queens and
workers over patterns of sex allocation and the maternity
of males (Ratnieks & Boomsma 1995; Chapuisat & Keller
1999b). One increasingly popular set of hypotheses for poly-
andry relies on suggested benefits of increased genetic
diversity (Crozier & Page 1985; Bourke & Franks 1995), in
terms of enhancing division of labour or parasite resist-
ance, or in minimizing the detrimental effects of sterile-

male production‡. The first of these requires a genetic basis
to worker task performance thresholds, a supposition for
which there is mounting evidence (Pamilo et al. 1997).
Support for the importance of polyandry and genetic diver-
sity for colony fitness recently has been offered for single-
queen bumble bees and harvester ants, in which colony
growth rates, productivity, or survival are positively asso-
ciated with number of queen matings and diversity of the
worker force (Baer & Schmid-Hempel 1999; Cole & Wiernasz
1999). A final explanation for polyandry is that it is merely
an unselected consequence of changes in mating location
that reduce the cost of re-mating (Pedersen & Boomsma
1999b). Future genetic studies of appropriate focal taxa will
help shed light on how colony kin structure in different line-
ages has been altered historically by changes in queen mating
frequency (Oldroyd et al. 1998; Foster et al. 1999; Villesen
et al. 1999), with such results informing broader evolutionary
discussions such as those pertaining to the evolution of sex
(Kraus & Page 1998).

Turnover of breeders

Group composition in many social organisms is not static.
Older breeders senesce and die, or may be challenged by
subordinates, and new breeders replace or augment previous
breeders. In social vertebrates, such new breeders may be
helpers long resident in the social group or they be recent
immigrants from other social groups (Emlen 1991; Ligon
1999). In social spiders, termites, and social thrips, breeder
turnover typically involves supplementary breeders of
both sexes produced in the colony (Atkinson & Adams 1997;
Avilés 1997; Shellman-Reeve 1997; Kranz et al. 1999; Thorne
et al. 1999), whereas in social Hymenoptera it generally
involves mated queens that may or may not have been
reared in the colony. Breeder turnover is important because
it adds another, temporal variable affecting colony genetic
structure, which may considerably complicate theoretical
and empirical analyses of breeding system properties such
as reproductive skew (e.g. Ross 1993; Field et al. 1998; see
also Costa 1998).

In primitively eusocial Hymenoptera, in which queen/
worker caste dimorphism is weak and behavioural domin-
ance hierarchies govern reproductive roles, supersedure of
queens (sometimes by mated workers) can be common
throughout colony development (Kukuk et al. 1987; Packer
& Owen 1994; Strassmann et al. 1994; Richards et al. 1995;
Field et al. 1998). In the epiponine wasps and some ants
with multiple-queen colonies, bouts of recruitment of new
queens are tied to cyclical or seasonal reductions in the
number of old queens (Keller et al. 1989; Hastings et al.

‡This latter hypothesis is restricted to social Hymenoptera with
complementary sex determination, in which diploid zygotes
homozygous at the sex-determining loci develop into sterile males.
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1998). Queen turnover in ants and wasps has been inferred
from unexpectedly high colony genetic variation (relative
to the number of resident queens found), the presence of
colony members with genotypes incompatible with maternity
by the resident queens, or comparison of genotype distribu-
tions within and between offspring age cohorts (Seppä
1994, 1996; Banschbach & Herbers 1996a; Evans 1996;
Seppä & Walin 1996; Bourke et al. 1997; Field et al. 1998;
Pedersen & Boomsma 1999a).

Turnover of male breeders in social Hymenoptera, where
queens store sperm for long periods, can occur via sequential
or fluctuating use of the sperm of different mates by poly-
androus queens. If the timescale of such sperm turnover is
sufficiently long, relatedness between workers and the brood
they rear can be considerably increased relative to random
use of all sperm in the spermatheca (Crozier & Brückner
1981; Boomsma & Ratnieks 1996). However, genetic studies
of sequential offspring cohorts from single queens of ants,
bees, and wasps have revealed that patriline proportions
generally remain quite stable over time (Ross 1986; Estoup
et al. 1994; Keller et al. 1997; Haberl & Tautz 1998; Bekkevold
et al. 1999), suggesting that uneven sperm use typically
does not strongly affect colony composition and genetic
structure in these insects.

Genetic relatedness of breeders

Relatedness of same-sex breeders

Relatedness of same-sex breeders in social groups with
multiple breeders is important because it determines
relatedness between matrilines and patrilines within the
group, thus affecting overall relatedness as well as the
disparity in relatedness within and between different classes
of colony-mates. In social Hymenoptera, it is primarily
breeding females (queens) rather than males that tend to
be related, whereas in social vertebrates, social spiders,
termites, and social thrips, multiple breeders of either or
both sexes may be related (Hoelzer et al. 1994; Jarvis et al.
1994; Crozier & Pamilo 1996; Avilés 1997; Shellman-Reeve
1997; Balloux et al. 1998; Chapman & Crespi 1998; Hughes
1998; Ligon 1999; Surridge et al. 1999). In social vertebrates,
related breeders often are members of the philopatric (non-
dispersing) sex, although coalitions of dispersing same-sex
relatives are formed in some species (Emlen 1991; Packer
et al. 1991; Koenig et al. 1992; Morin et al. 1994; Cockburn
1998). In societies of a few birds and mammals, same-sex
breeders may be unrelated (Packer et al. 1991; Brooke &
Hartley 1995; Cockburn 1998; Mitani et al. 2000).

Relatedness of breeding females. The relatedness of breeding
females influences group genetic structure through its
effects on both average progeny relatedness and the relative
differences in relatedness within and between matrilines

(see Box 3). Increased relatedness of breeding females (rf)
raises the relatedness between individuals of different
matrilines (rdm), thereby increasing average progeny related-
ness (rp) and reducing the disparity between the relatedness
within and between matrilines (rsm vs. rdm). Both general
effects are relevant to social evolution: the first influences
the opportunity for colony-level selection and the second
the opportunity for within-colony conflict. In social
Hymenoptera, queen relatedness is of further importance
because it reflects the mating and social biology prevalent
in a population; thus, its measurement can yield valuable
insights into these natural history features and, in so doing,
help test models for the evolution of multiple-queen
social organization (Bourke & Franks 1995; Keller 1995;
Ross & Keller 1995).

Values of queen relatedness in established nests of Hymen-
optera estimated from genetic markers cover the range
of possible values (Keller 1995; Ross & Keller 1995; Crozier
& Pamilo 1996; Reeve et al. 2000), with queens in epiponine
wasps and some ants related as closely as full sisters (0.75)
(Banschbach & Herbers 1996a; Satoh et al. 1997; Hastings et al.
1998) and queens in a few ants effectively unrelated (Seppä
1996; Goodisman & Ross 1998; Pedersen & Boomsma 1999a).
The significantly positive queen relatedness values typic-
ally reported mean that, even in colonies with considerable
numbers of queens, offspring relatedness still can be relat-
ively high (Queller et al. 1993; Herbers & Stuart 1996; Ross
et al. 1996, 1997; Satoh et al. 1997). Moreover, such positive
estimates imply that queens primarily are recruited into
their natal nests as new breeders and, in ants, that mating
must occur in or around the nest (ant queens are thought to
lack the capacity to orient and return to their natal nest
after a long-distance mating flight). Additional evidence
for natal nest recruitment comes from similarities in queen
and worker relatedness values, which also have been
reported commonly in ants (Pamilo et al. 1997; Chapuisat &
Keller 1999a). Natural history data for termites suggest that
supplementary egg-layers of both sexes usually are recruited
by their natal colonies, and nuclear gene and mtDNA data
from two species support this view (Atkinson & Adams 1997;
Thorne et al. 1999). Thus, a chief prediction of kin selection
models for the evolution of multiple-queen societies, that
nestmate queens are the philopatric kin of the workers that
reared them, is upheld in most social insects (Keller 1995).
Nonetheless, mtDNA and microsatellite studies of several
ants have revealed that unrelated foreign queens (or repro-
ductive workers) can be accepted as new egg-layers, some-
times at substantial rates (Stille & Stille 1992; Evans 1996;
Carew et al. 1997; Tay et al. 1997; Goodisman & Ross 1998). In
these cases, individual-level selection (mediated by para-
sitism or mutualism), selection acting at levels other than the
individual (e.g. selfish genetic elements, demes), or stochastic
population perturbations may drive the evolution of multiple-
queen social organization (Bourke & Franks 1995; Crozier
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& Pamilo 1996; Evans 1996; Queller et al. 2000; Tsutsui et al.
2000; M. C. Mescher & K. G. Ross, unpublished). Much
empirical and theoretical work remains to be done to solve
the riddle of how colonies of unrelated queens can persist
in some taxa.

An apparent strong imprint of kin selection on the evolu-
tion of multiple-queen social organization can be seen in
the mechanism by which high queen relatedness is main-
tained in epiponine wasps. Cyclical variation in colony
queen number is well documented in this group (Jeanne
1991), and extensive genetic studies show that workers
respond to changing patterns of relatedness associated
with these cycles by rearing new queens only when these
queens will be most closely related to the workers — that is,
when only one or very few mother queens are present (see
Queller et al. 1993; Hastings et al. 1998). Thus, daughter
queens are mostly full sisters, which mate and take up
reproduction on the natal colony or swarm as a group to
found a new colony, restoring multiple-queen organization
with closely related nestmate queens. Linkage between
periodic reduction in queen number and elective queen
rearing by workers may also explain the maintenance of
high queen relatedness in other multiple-queen wasps and
ants (Heinze et al. 1995b; Seppä 1996; Evans 1998; Tay &
Crozier 2000; Tsuchida et al. 2000). These examples illus-
trate the important point that breeding system properties
can be both the products of selection of diverse origin
(ecology, life history) as well as agents of subsequent social
selection by virtue of their effects on group genetic struc-
ture (Pamilo et al. 1997; Herbers & Banschbach 1999).

Queen relatedness affects the disparity in relatedness
within and between progeny matrilines in a colony. The
maximal disparity, and thus greatest potential for conflict,
exists when nestmate queens are unrelated and singly
mated, a situation observed in multiple-queen colonies of
introduced fire ants and Argentine ants (Ross & Keller
1995; Krieger & Keller 2000). Here, members of the same
matriline are full-sisters related by 0.75 and members of
different matrilines are unrelated, so there is extensive
overlap of genetic interest between sisters and none between
nonsisters, a situation maximally conducive to the develop-
ment of within-colony nepotism. Even in this most favour-
able circumstance, however, there is no evidence in fire
ants that nepotism is displayed by workers toward newly
produced queens (DeHeer & Ross 1997; see also Keller
1997). Nonetheless, it is important to continue searching
for such predicted behavioural manifestations of within-
group conflict in appropriate social taxa, a task that requires
detailed understanding of colony kin composition and genetic
structure.

Relatedness of breeding males. Relatedness between nestmate
male breeders (represented by sperm in queens’ spermath-
ecae in Hymenoptera) affects group genetic structure in a

manner analogous to relatedness between female breeders
(see Boxes 2 and 3). Relatedness between mates of a single
breeding female (rm2) raises the relatedness between
offspring in different patrilines nested within the same
matriline (rdp), causing an increase in average progeny related-
ness (rp) and reducing the difference in the within- and
between-patriline relatedness values (rsp vs. rdp). Related-
ness between mates of different females (rm1) raises the
relatedness between offspring in different matrilines (rdm),
also causing an increase in average progeny relatedness
while reducing the difference in within- and between-
matriline relatedness values (rsm vs. rdm). Genetic estimates
of male breeder relatedness are uncommon for Hymenoptera,
even though they are relatively straightforward to obtain
by genotyping the progeny of single queens or the sperm
stored in a queen’s spermatheca. These estimates invari-
ably have proved to be low, although they occasionally are
statistically greater than zero (Sundström 1993; Peters et al.
1995; Seppä & Walin 1996; Pedersen & Boomsma 1998;
Chapuisat & Keller 1999a; Paxton 2000). In termites, pro-
geny males recruited into their natal nest as replacement
breeders characteristically are closely related (Atkinson &
Adams 1997; Thorne et al. 1999).

Relatedness of different-sex breeders

Relatedness of different-sex breeders that are not mates. This
component (rfm) has seldom received explicit study (see
Hughes 1998; Hohmann et al. 1999) but can influence overall
progeny relatedness and the difference in relatedness
within and between matrilines (rsm vs. rdm).

Relatedness of mates (level of inbreeding). Inbreeding gener-
ally increases average relatedness in groups while decreas-
ing relatedness differences between different kin classes,
although its specific effects on group genetic structure
depend on the details of the mating system (Pamilo 1985;
Michod 1993). Because of its role in boosting group related-
ness, inbreeding has been suggested to play a role in pro-
moting social evolution in some systems (Wade & Breden 1987;
Bourke & Franks 1995; Crozier & Pamilo 1996; Shellman-
Reeve 1997). Inbreeding is a common feature of termite and
thrips societies with multiple supplementary (replace-
ment) breeders (Crozier & Pamilo 1996; Atkinson & Adams
1997; Chapman & Crespi 1998; Thompson & Hebert
1998; Husseneder et al. 1999; Kranz et al. 1999; Thorne et al.
1999; Chapman et al. 2000), and apparently also is charac-
teristic of most social spiders (Smith & Hagen 1996; Avilés
1997). Molecular markers have suggested that inbreeding
occurs in the eusocial naked mole rats ( Jarvis et al. 1994; cf.
Braude 2000; Ciszek 2000) and in a social shrew (Balloux
et al. 1998), but mating between first-degree relatives
evidently is rare in most cooperatively breeding birds
(Cockburn 1998). In all cases where it occurs, inbreeding

MEC1191.fm  Page 275  Thursday, February 8, 2001  4:49 PM



276 K .  G .  R O S S

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 265–284

should be accounted for if relatedness values for group
members are to be interpreted in terms of recent pedigree
links (Box 3) (Pamilo 1985, 1993).

Most genetic studies of social Hymenoptera have failed
to detect pronounced local inbreeding as indicated by sig-
nificant FIS values (Ross & Keller 1995; Crozier & Pamilo
1996; Herbers & Stuart 1996; Seppä 1996; Bourke et al. 1997;
Pedersen & Boomsma 1998; Goodisman et al. 2000; Krieger
& Keller 2000; Tsuchida et al. 2000; cf. Evans 1996). On the
other hand, inbreeding is likely to occur in some ants that
are social parasites, have lek mating systems, or display
atypical colony reproductive modes (Tsuji & Yamauchi
1994; Cole & Wiernasz 1997; see also Bourke & Franks 1995;
Pedersen & Boomsma 1999a). Cole & Wiernasz (1997)
make the point that many genetic studies lack the statistical
power required to detect even substantial amounts of
inbreeding; however, this criticism is less applicable to the
increasing number of studies using many highly variable
markers and large sample sizes. In multiple-queen ants and
epiponine wasps in which daughter queens are recruited
into their natal nests, inbreeding apparently is minimized
by extensive male dispersal, active discrimination against
kin during mate choice, or the presence of many nestmate
breeders (Ross & Keller 1995; Pedersen & Boomsma 1998;
Chapuisat & Keller 1999a).

Variation in parentage (reproductive skew)

Reproductive skew is the unequal sharing of parentage
among same-sex breeders in a social group (Keller & Reeve
1994; Bourke & Franks 1995). Deviations from equal parent-
age increase the proportion of offspring that are members
of the same matriline and/or patriline, and because
nestmate relatedness is the weighted average of related-
nesses within and between such lines, skew typically
increases average group relatedness. Said differently,
maternity skew (σ 2

F
 > 0) results in lower-value between-

matriline pedigree links (rdm) being exchanged for higher-
value within-matriline links (rsm), while paternity skew
(σ 2

M
 > 0) results in lower-value between-patriline links (rdp)

being exchanged for higher-value within-patriline (rsp)
links (Box 3). These effects of skew are embodied in the
concept of genetically effective parentage, an idealized para-
meter corresponding to the number of parents that would
produce the observed average colony-mate relatedness were
they to reproduce equally (Queller 1993; Ross 1993;
Boomsma & Ratnieks 1996; Crozier & Pamilo 1996). The
effective number of parents will be lower than the actual
number with any degree of skew, and the disparity between
the two measures grows with increasing inequity in parentage.
In the Fig. 2, three nestmate ant queens vary considerably
in the number of daughters each produces, so the genetically
effective maternity is lower than three (the exact difference
depends on other breeding system properties that affect the

disparity between rsm and rdm). The two mates of the green
queen differ greatly in their apportionment of paternity of
her daughters, so the effective paternity in this matriline is
closer to one than two (again, the exact difference depends
on other breeding system properties, in this case those that
affect the disparity between rsp and rdp).

Reproductive skew is a fundamental property of animal
societies that is predicted to respond over evolutionary time
to, among other factors, the relatedness of breeders, another
element of the breeding system (Keller & Reeve 1994; Johnstone
et al. 1999). Thus, there is interest in measuring skew in
animal societies in order both to understand how this breed-
ing system component affects genetic structure, and to test
skew theory as an explanatory model for social evolution.
Such measurements made with genetic data are becoming
increasingly common for social vertebrates (Packer et al.
1991; Avise 1994; Keane et al. 1994; Cockburn 1998; Hughes
1998) as well as social insects. These genetic data are of great
value in revealing details of social organization that often
cannot be inferred reliably from behavioural or other data
(Trunzer et al. 1999; Cant 2000; Worthington Wilmer et al. 2000).

Maternity skew

Skew in reproduction among multiple nestmate queens of
social insects has been assessed both indirectly or directly
using genetic markers. The indirect approach, which requires
information on other breeding system components, assesses
skew by comparing observed colony genetic diversity with
that expected given the numbers of queens found (that is,
by comparing actual and effective queen numbers). Most
of the literature investigating maternity skew in social
Hymenoptera has followed this approach (see Ross &
Keller 1995; Herbers & Stuart 1996; Bourke et al. 1997).
These studies reveal that skew in the maternity of offspring
females often can be minimal (e.g. epiponine wasps and
some ants), but in other cases is extreme (including effect-
ively single maternity in multiple-queen leptothoracine
ants; Heinze 1995). One potential limitation of the indirect
approach is that it usually makes use of population data,
and so generates an overall image of average skew patterns
rather than an accurate depiction for any single colony. A
potentially more serious limitation stems from the fact that
multiple-queen societies seldom are ‘closed’; workers and
queens may leave or join, queens may die and be replaced,
and single nests may be part of larger composite colonies
(polydomy). All of these factors tend to inflate offspring diver-
sity (decrease relatedness), with the result that consider-
able skew (which has the opposite effect) could be masked.

Maternity skew in Hymenoptera has been assessed
directly by assigning parentage to sampled offspring using
highly polymorphic markers in natural colonies, or by using
artificially constructed laboratory colonies with genetically
recognizable matrilines. The former approach has been
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used to document increasing skew during colony develop-
ment in paper wasp foundress associations (Peters et al.
1995; Field et al. 1998; Reeve et al. 2000), in accord with pre-
dictions of skew theory, and congruence of behavioural
and reproductive dominance among workers in queenless
colonies of a ponerine ant (Trunzer et al. 1999). As is the
case with the indirect method, breeder turnover can com-
plicate such skew analyses based on maternity assignment
(Field et al. 1998). Artificially constructed laboratory colonies
were used to directly demonstrate variable but generally
extensive maternity skew in fire ants (Ross 1988). This latter
study further showed that skew was greater for sexual (queen)
offspring than worker offspring, an important considera-
tion in social insects with an effectively sterile worker caste.
Indeed, comparison of maternity skew for offspring of the two
castes potentially opens up many new avenues of research
into individual reproductive tactics in such social insects
(see also Pamilo & Seppä 1994; Bourke & Franks 1995).

Paternity skew

In social mammals, paternity skew is likely to reflect prim-
arily behavioural interactions among rival males rather
than contest competition among sperm of different ejaculates,
because sperm generally have a short life-span and females
are unable to store sperm for extended periods (Gomendio
et al. 1998). At the other extreme, sperm of social Hymen-
optera are held in the queen’s spermathecae for long
periods, so interactions of different ejaculates with each
other and with the female reproductive tract are prolonged
and potentially significant with respect to fertilization
success. Most genetic data concerning paternity contributions
by the mates of polyandrous Hymenoptera queens come
from several species of honey bees (Apis), which typically
are highly polyandrous. In these bees, paternity often
differs substantially among the mates of single queens
(Estoup et al. 1994; Haberl & Moritz 1994; Oldroyd et al.
1995, 1996, 1997; 1998; Haberl & Tautz 1998), with the result
that the effective number of queen matings can be con-
siderably lower than the actual number and worker related-
ness can be moderately higher than would be the case with
equal paternity. Recent genetic studies of other taxa of
social Hymenoptera have also shown that paternity skew
can be considerable in some progenies (Pamilo 1993; Seppä
& Walin 1996; Keller et al. 1997; Boomsma & Van der Have 1998;
Fjerdingstad et al. 1998; Bekkevold et al. 1999; Goodisman
et al. 2000; Paxton 2000), with such skew contributing to low
values for effective numbers of queen matings in most ants
(Boomsma & Ratnieks 1996). The stability of paternity pat-
terns over time reported in several hymenopteran species
(above) suggests that the observed skew reflects the amount
of sperm of each male stored in a queen’s spermatheca,
with considerable mixing of the different ejaculates follow-
ing sperm acquisition and minimal sperm precedence (also

Boomsma & Ratnieks 1996). No genetic data are available
on the effect of mating order on paternity skew in social
Hymenoptera, most likely because of the difficulties of observ-
ing natural matings and staging matings in the laboratory.

Local population genetic structure

It is important to consider genetic structure above the level
of the social group when assessing breeding systems and
within-group genetic structure for several reasons. First,
because the mating and dispersal behaviours that shape local
structure are intimately associated with social organization,
knowledge of these causes of higher-level structure can
enrich understanding of the determinants of colony-level
structure (Wade 1994; Ross & Keller 1995; Sugg et al. 1996;
Pamilo et al. 1997; Balloux et al. 1998). A second, related
reason is that correct evaluation of some components of the
breeding system requires knowledge of local genetic struc-
ture (Ross & Carpenter 1991a; Queller et al. 1992; Crozier &
Pamilo 1996; Chapuisat et al. 1997). For instance, attempts
to infer pedigree connections from average relatedness
values or the magnitude of skew from comparison of actual
and effective breeder numbers are improved by correcting
for local structure (see Box 4). Finally, local structure signals
another hierarchical level at which selection may occur, in
some cases potentially rivalling in strength selection at the
level of the social group (Kelly 1994; Banschbach & Herbers
1996b; Chapuisat et al. 1997; Linhart 1999).

Local genetic structure is expected to be important in
many social organisms because philopatry by one or both
sexes typically is associated with social behaviour (Chepko-
Sade & Halpin 1987; Koenig et al. 1992; Crozier & Pamilo
1996; Sugg et al. 1996; Balloux et al. 1998; Cockburn 1998;
Hughes 1998; DeHeer et al. 1999; Piertney et al. 1999; Surridge
et al. 1999). This is especially true in social insects with
multiple-queen societies, where queen dispersal often is
limited, colonies may inhabit several nests, and colonies
generally multiply by budding (Ross & Keller 1995; Pamilo
et al. 1997; Shellman-Reeve 1997). Indeed, significant local
structure has been detected in many such social insects
(Ross & Keller 1995; Chapuisat et al. 1997; Ross et al. 1997, 1999;
Herbers & Mouser 1998; Husseneder et al. 1998; Pedersen
& Boomsma 1999a; Thorne et al. 1999). As expected given
that queens, but not necessarily males, may exhibit reduced
dispersal in multiple-queen Hymenoptera, local differenti-
ation in several ants appears especially strong at mtDNA
markers relative to nuclear DNA markers (Stille & Stille
1993; Ross et al. 1997, 1999; Ross & Shoemaker 1997; Tay et al.
1997; Foitzik & Herbers 2000). Of particular interest here
are studies of ants that have revealed local nuclear and/or
mtDNA structure in multiple-queen but not in single-
queen populations of the same or a closely related species
(Sundström 1993; Seppä & Pamilo 1995; Banschbach & Herbers
1996a; Ross et al. 1997, 1999). These comparisons illustrate
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dramatically how changes in the breeding system (and the
social organization to which it is coupled) can influence the
distribution of genetic variation not only within but among
social groups.

In vertebrates, significant local genetic structure com-
monly is associated with social behaviour (Lehman et al.
1992; Jarvis et al. 1994; Balloux et al. 1998; Kays et al. 2000;
Kerth et al. 2000) and, as has been found in ants, such structure
may differ between the mtDNA and nuclear genomes in
accordance with sex-specific dispersal tendencies (Avise
1994; Hoelzer et al. 1994; Morin et al. 1994; Hoelzel et al.
1998; Escorza-Treviño & Dizon 2000).

Conclusions

Molecular ecologists are accumulating genetic data on group
structure in social animals at a rapid pace. These studies
usually have the common goals of understanding the evolu-

tionary causes of social behaviour as well as its population
genetic consequences. The analytical framework described
here is well suited to these purposes, because it provides a
standard approach and terminology for organizing and
interpreting such data by explicitly linking properties of
the breeding system to group kin composition and genetic
structure. Analyses using this framework reveal how changes
in the number of breeders in a group, the relatedness of
breeders, or skew in their parentage affect group structure
and influence the opportunities for cooperation and
conflict to evolve within groups, as well as how such breeding
system changes alter the distribution of variation and
potential for selection at hierarchical levels above the social
group. Detailed assessment of group kin structure using
the framework outlined here often can benefit from formal
parentage analyses (e.g. Neff et al. 2000), and many of the
parameters to be estimated for these analyses also are
employed in the ‘breeding group’ models of Chesser, Sugg,

Box 4
where rpt is the within-group relatedness measured
with respect to the entire population and rst is the
relatedness between members of neighbouring groups
(Pamilo 1984). This equation shows that relatedness
due to recent pedigree links is the standardized
difference between the total uncorrected within-group
relatedness and the relatedness between neighbouring
groups, as depicted conceptually below (Fig. 3) using
a genetic topography in which elevation corresponds
to average level of genetic similarity or relatedness
(see also Costa 1998). The small hills represent social
groups and the plateaus represent neighbourhoods
of elevated among-group relatedness (local genetic
structure).

Local genetic structure elevates relatedness measured
within social groups above that due to immediate
pedigree links when relatedness is calculated without cor-
recting for this structure. The added component of related-
ness stems from members of neighbouring social groups
being related to one another through distant pedigree con-
nections, the result of limited dispersal in previous genera-
tions. Within-group relatedness values reflecting recent
pedigree links (rps) can be obtained using the formula:

rps = 

Fig 3

rpt rst–( )
1 rst–( )

---------------------- ,
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and colleagues (Sugg et al. 1996), which emphasize larger-
scale population genetic properties such as metapopulation
diversity and structure. Thus, researchers have available
conceptually linked systems for analysing genetic data
along a continuum of scales relevant to the evolutionary
biology of social organisms.

The framework described here has been used to provide
fairly comprehensive accounts of all components of the
breeding system and resulting group genetic structure for
a handful of social insects (e.g. Ross 1993; Sundström 1993;
Estoup et al. 1994; Seppä 1994; Banschbach & Herbers 1996a;
Hastings et al. 1998; Chapuisat & Keller 1999a; Pedersen
& Boomsma 1999a,b; Peters et al. 1999), and the insights
provided by such accounts increasingly are being used
to infer the nature of hierarchically structured selection
acting in these populations (Banschbach & Herbers 1996b;
Chapuisat et al. 1997). Perhaps most importantly, such
studies have stimulated the development and extension
of kin selection theory to predict the potential for conflict
in genetically structured groups, and have encouraged the
search for evidence of the outcome of such conflict. Thus,
much effort has been devoted to understanding biased sex
allocation, reproductive skew, ‘policing’ of reproduction
by subordinates, and nepotism in terms of genetic conflicts
of interest in heterogeneous social groups (Bourke &
Franks 1995; Pamilo et al. 1997; Field et al. 1998; Queller
& Strassmann 1998; Chapuisat & Keller 1999b; Keller &
Chapuisat 1999; Peters et al. 1999). While some of these
phenomena are unique to social Hymenoptera because of
their particular genetic or social systems, others are expected
to be general features of social organisms. Adoption of a
standard framework for analysing group genetic structure
will facilitate exploration of the complex selective dynamics
favouring the evolution of these and other important fea-
tures of social life.

Future studies of the molecular ecology of social behaviour
can be expected to significantly advance the field by emphas-
izing the following objectives touched upon in this review.

1 Comparative and experimental studies should attempt
to pinpoint ecological selection pressures that shape breed-
ing system attributes (e.g. Herbers & Banschbach 1999;
Pedersen & Boomsma 1999a), with the goal of distinguish-
ing such ‘extrinsic’ forces from ‘intrinsic’ social forces
related to within-group competition and cooperation.

2 Renewed emphasis should be placed on acquiring
natural history data (behavioural, ecological, life history)
to complement and inform genetic data on breeding
systems.

3 Phylogenetic analyses should be employed to illuminate
the routes and pace of evolution of breeding system com-
ponents affecting group genetic structure (Ross et al.
1988; Ross & Carpenter 1991a,b; Oldroyd et al. 1998;
Foster et al. 1999; Villesen et al. 1999; Chapman et al. 2000).

4 Behavioural studies focusing on individuals within
colonies should be coupled with genetic analyses to
continue the search for predicted as well as unanticipated
manifestations of within-group conflict.

5 The empirical approaches of developmental and physio-
logical genetics should be adopted to study the genetic
bases of variation in individual reproductive success
and group breeding behaviour in social animals (Page
& Robinson 1994; Moritz et al. 1996; Robinson et al. 1997;
Ross & Keller 1998; Osborne & Oldroyd 1999; Young et al.
1999). The resulting data should be used to learn how
specific genotypes confer higher fitness under social
selection and to generate detailed mechanistic and
evolutionary hypotheses of how social evolution drives
changes in colony and population genetic structure
(e.g. Ross et al. 1999).

One final, empirical issue to consider in studies of breed-
ing systems and colony genetic structure is whether it is
preferable to characterize relatively few social groups in
detail by reconstructing pedigrees and directly determining
reproductive success, or instead to use surrogate measures
of average kinship and reproduction (e.g. relatedness pat-
terns) to generalize across populations of social groups.
The former approach prevails in studies of social verte-
brates and primitively eusocial Hymenoptera in which
groups may be small and uncommon, and in which direct
observational data on parentage can be obtained. The latter
approach is typical of studies of highly eusocial insects in
which colonies are populous and often abundant, and in
which important details of reproduction and brood care
may be hidden from the investigator. The choice depends
not only on the characteristics of the social organism under
study but also on the questions motivating the work — in
particular, the extent to which variation among social
groups in a given breeding characteristic is relevant to the
action of selection. Thus, for instance, tests of predicted
split sex ratios in social Hymenoptera require data from
individual colonies, whereas inferences of the strength of
colony-level selection may best rely on population-wide
average colony relatedness values. To a growing extent, the
availability of highly polymorphic, easy-to-use molecular
markers narrows the gap between the two approaches by
making possible near-complete descriptions of the composi-
tion and genetic structure of large numbers of social groups.
The framework reviewed here readily accommodates data
from both types of approaches in interpreting group kin
composition and genetic structure.
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