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Introduction

1. Evolution of co-operation and the 
Tragedy of the commons

Amalgamation of individual units into a higher 
level collective is the key innovation behind 
the “Major transitions in evolution” (Maynard 
Smith & Szathmary 1995, Keller 1999). This has 
happened repeatedly on several hierarchical levels. 
For example genes have evolved co-operation in 
chromosomes, cells co-operate in multicellular 
individuals and individuals co-operate in human 
and insect societies. Such collectives then represent 
new levels of organisation and consequently 
selection has to be considered also on this higher 
level (Lewontin 1970, Reeve & Keller 1999, Leigh 
1999, Michod 2004)

Seemingly harmonious collectives are, 
however, also ground for confl icts. Individuals 
may be attracted to use the group resources to their 
selfi sh benefi t without contributing to the group 
output. While this increases the success of the selfi sh 
individual, it disrupts the group success. This is the 
so called “Tragedy of the commons” (Hardin 1968, 
Leigh 1999): if each individual maximises its own 
success within the group, the whole group carries 
a cost that may destroy the co-operative whole. 
The same principle applies in some form to all 

kinds of co-operation from human co-operation to 
endosymbionts of eukaryotic cells, and from insect 
societies to mutualisms between species (recent 
reviews in e.g. Dugatkin 2002, Hammerstein 2004, 
Sachs et al 2004). For example, within a genome, 
there is a selective advantage for any gene that 
increases its transmission in meiosis (Hamilton 
1967, for a review see Pomiankowski 1999) at the 
cost of other genes, and in an unrepeated prisoner’s 
dilemma, there are always higher payoffs for the 
defecting strategy (Axelrod & Hamilton 1981).

However, it is obvious that co-operation 
is not always disrupted by selfi shness and that 
the coalitions we see today are the ones where 
the confl ict has been successfully restrained. 
There are numerous possible mechanisms for 
confl ict suppression, for example direct (Trivers 
1971, Axelrod & Hamilton 1981) or indirect 
reciprocity (Nowak & Sigmund 1998), by-product 
benefi ts (Dugatkin 1997), partner choice (Nöe & 
Hammerstein 1994, 1995), pleiotropy (Foster et 
al in press), kinship (Hamilton 1964, 1972) and 
mutual policing (Ratnieks 1988, Frank 1995, 1996). 
From these the last two, kin selection theory and its 
subsection, policing theory, are the most important 
in the context of social confl icts in insect societies 
(reviews in e.g. Bourke & Franks 1995, Crozier 
& Pamilo 1996, Queller & Strassmann 1998, 
Sundström & Boomsma 2001). In my thesis, I have 
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investigated the effects of kinship and worker 
policing on the confl ict over male production in 
the ant genus Formica.

Kin selection

Even though Darwin mentioned some kin selection 
ideas in Origin of Species (“…selection may be 
applied to the family, as well as to the individual…” 
Darwin 1859), evolution of co-operation was 
usually explained by arguments based on the 
good of the species or the population (e.g. Wynne-
Edwards 1962, see Williams 1966) until the mid 
1960’s. However, at the time this view met strong 
opposition because it was recognized that co-
operative groups are vulnerable to free-riders, as 
explained above (Hamilton 1964, Williams 1966). 
The fi rst explanation for stable co-operation that 
was compatible with the modern, individual-based 
view of evolution was kin selection theory. W. D. 
Hamilton (1964) showed that co-operation can 
be stable if the benefi ts are shared among related 
individuals. This is because relatives carry the 
same genes disproportionately often compared to 
random individuals in the population. Thus, if rb –c 
> 0, i.e. the benefi t b to the recipient(s) weighted by 
r, the coeffi cient of relatedness is larger than c, the 
costs carried by the co-operative actor, the altruistic 
trait will spread in the population. The higher r 
within the group is, the more genes individuals 
share in comparison to the random individuals in 
the population, and the weaker the Tragedy of the 
commons will be for the group.

The further developments in kin selection 
methodology (Hamilton 1970, Grafen 1985, 
Queller 1994, Taylor & Franks 1996, Franks 1998) 
are based on the covariance approach of Price 
(1970). The great advantage of these methods 
is that they partition the selection clearly into 
selection among individuals in the group on the 
one hand and among groups on the other. Thus, 
in terms of the Tragedy of the commons, a selfi sh 
individual gains in selection within the group, but 
the as a consequence the group thrives less well in 
competition among groups because resources are 

spent on within group competition. Thus, in its 
present form kin selection theory is fully compatible 
with the modern version of group selection or 
multi-level selection (e.g. Wilson 1997). This is 
most simply put forward in Frank (1995): fi tness 
of each individual is represented by the product 
of two terms wij = (zij / zi) * (1 – zi), where zij 
is the competitiveness of the focal individual and 
zi is the mean competitiveness of individuals in 
the ith group. The fi rst term thus determines the 
proportion of group resources an individual gains 
by competition, and the second term determines 
the group output, which decreases in proportion to 
average competitiveness in the group.

Even though relatedness has gained a central 
role in empirical studies of kin selection, kin 
selection does not concern only relatedness (see 
e.g. Griffi n & West 2002 for a critical review). 
The central role of relatedness is understandable 
from an empirical point of view, as coeffi cients 
of relatedness are easy to estimate, either from 
pedigrees or from genetic marker data (Queller & 
Goodnight 1989, Queller et al 1993). However, as is 
evident from the original formulation, r is merely 
the conversion factor between costs to self and 
benefi ts to kin and is useless if benefi ts and costs 
are not carefully considered. Moreover, measuring 
relatedness is not always straightforward. That is 
because relatedness is a relative measure and it 
must be measured against the correct background 
population allele frequencies (Queller & Goodnight 
1989, Queller 1994). The correct relatedness 
coeffi cient also depends on the scale of cooperation 
and competition such that if the relatives who 
benefi t from co-operation are also competing 
against each other to some extent, the relatedness 
of potential competitors has to be evaluated (Taylor 
1992, Queller 1994, West et al 2002).

Moreover, a separation must be made with 
potential and actual confl ict (Ratnieks & Reeve 
1992). Potential confl ict is the genetic basis of 
confl icts and is directly evident from asymmetries 
in relatedness coeffi cients. For example workers 
in a social insect colony with one singly mated 
queen are related to their sisters by 0.75 and to 
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their brothers by 0.25, while the queen is related to 
both by 0.5. Thus, there is a potential confl ict over 
the sex ratio so that the workers prefer a sex ratio 
of 3:1 (females to males) but the queen prefers an 
equal 1:1 ratio (Trivers & Hare 1976). However, 
the actual confl ict, the expression and outcome 
of the potential confl icts, depends on the relative 
power of the parties, and the constraints on their 
actions that arise from the biological details of 
each particular system (Ratnieks & Reeve 1992, 
Sundström & Boomsma 2001, Beekman et al 2003). 
For example, if workers are unable to assess the sex 
of offspring and thus bias the sex ratio, their power 
to capitalize on the potential confl ict is limited 
(Nonacs & Carlin 1990, Nonacs 1993). The concept 
of power is essential to understanding the confl ict 
outcome and why potential confl icts do not 
necessarily translate into actual confl icts (Ratnieks 
& Reeve 1992, Beekman et al 2003, Beekman & 
Ratnieks 2003).

Furthermore, costs are not only important for 
selection within groups and the confl ict outcome. 
Costs of confl ict are an essential part of Tragedy 
of the commons -arguments, as they determine 
how greatly the group suffers from selfi shness, 
compared to a completely cooperative group 
(Frank 1995, Foster 2004). The shape of the cost 
functions has extensive effects on the evolution 
of cooperation. For example, diminishing returns 
from either cooperative or selfi sh behaviour may 
restrain the selfi shness of individuals, and thus 
signifi cantly decrease the group level costs of 
confl ict (VI, Foster 2004).

Mutual policing

Policing theory is one of the recently most successful 
areas of kin selection logic and has gained a lot of 
support from empirical studies (e.g. Ratnieks 1988, 
Ratnieks & Visscher 1989, Frank 1995, Foster & 
Ratnieks 2000, 2001, Martin et al 2002, Endler et 
al 2004). The concept of policing was originally 
developed for social insects (Ratnieks 1988) but the 
most general models are the ones by Frank (1995, 
1996, 2003). All these models predict that the lower 

the relatedness among individuals (i.e. workers in 
the social insect case) is, the more they are predicted 
to spend resources on policing selfi sh individuals. 
Furthermore, the higher the costs of selfi shness are, 
the more easily policing is predicted to evolve even 
when relatedness is high (Frank 1995).

Such policing can occur on any level of a 
hierarchy. For example, in the context of within 
genome confl ict, an allele would benefi t from 
increasing its own transmission rate in meiosis, 
but if this happens at a cost to the rest of the 
genome, other genes are selected to prevent such 
selfi shness by policing (Leigh 1999, Pomiankowski 
1999). As another example, chimpanzees Pan 
troglodytes have various mechanisms of enforcing 
co-operation and effi cient group functioning in 
their troops (de Waal 1996).

Policing behaviour can be divided into two 
subcategories, namely punishment and sabotage 
(Clutton-Brock & Parker 1995, Reeve & Keller 
1997). The difference is that sabotage only prevents 
benefi ting from selfi shness, but does not prevent 
selfi shness in the fi rst place. For example, honeybee 
workers destroy the eggs laid by other workers, 
but this does not prevent workers from laying 
another egg. Punishment, however, also decreases 
the future chance of selfi shness. For example, in 
naked mole rats, reproductive females “shove” 
lazy workers to make them work harder (Reeve 
1992) and workers in honeybees and queenless 
ponerine ants aggress or even kill workers that try 
to challenge the dominant breeder, which results in 
decreased fi tness for the selfi sh individual (Visscher 
& Dukas 1995, ponerine ants reviewed in Monnin 
& Ratnieks 2001).

From the group point of view policing has dual 
effects. On the immediate time scale policing can 
be costly to the colony, but it prevents individuals 
from benefi ting from selfi shness, and may stop 
them from trying again (as in punishment). On 
evolutionary time scales policing may select for 
self policing, i.e. individuals refraining from selfi sh 
exploits, provided that selfi sh behaviour carries a 
cost to the selfi sh individual (Frank 1996, 2003). 
In this case also colony level costs of confl ict 
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are alleviated, and the Tragedy of the commons 
decreases.

Social insects

Since Hamilton’s seminal work, social insects have 
been a main object of kin confl ict studies (reviews 
in e.g. Hamilton 1972, Fletcher & Ross 1985, Bourke 
& Franks 1995, Crozier & Pamilo 1996, Queller & 
Strassmann 1998, Sundström & Boomsma 2001). 
Obvious practical reasons for this are their huge 
diversity and economical importance (Hölldobler 
& Wilson 1990), and the wide knowledge of their 
natural history and behaviour (e.g. Hamilton 
1964, Wilson 1971, Hölldobler & Wilson 1990). 
Furthermore, as objects of confl ict studies eusocial 
insects have some special features that distinguish 
them from most other cooperative systems. 
The most striking feature, which is used also in 
defi ning advanced sociality of Hymenopterans, 
is the remarkable reproductive division of labour 
(Hölldobler & Wilson 1990, Crespi & Yanega 1995). 
In extreme cases, such as leaf cutting attine ants 
or Echiton army ants, a single queen is the only 
reproductive individual in the colony of hundreds 
of thousands of individuals. Thus, social insects 
have in their polymorphism evolved far from being 
analogous with the basic Tragedy of the commons 
-situation, where similarly endowed individuals 
share a common resource. Even if workers are able 
to reproduce, their reproductive value is likely to be 
orders of magnitude lower compared to that of the 
queen. There are two reasons for this, the higher 
fecundity of the queen (Hölldobler & Wilson 1990), 
and her potentially much longer life-span (Keller 
& Genoud 1997). For example, workers of the ant 
Formica exsecta usually live for one year, while 
the queen may live and reproduce for 30 years 
(Pamilo 1991a). Furthermore, because the only 
role for the queen in the colony is reproduction, 
her reproduction is cost-free (in terms of kin 
selection theory, not life history theory), while 
worker reproduction most likely decreases colony 
effi ciency (Oster & Wilson 1978, Franks et al 1990, 
Cole 1986).

As was already noted in the earliest discussions 
of reproductive confl ict in hymenopteran societies 
(Trivers & Hare 1976), asymmetry in reproductive 
value has far-reaching effects on expression of 
potential confl icts. First, this asymmetry increases 
the power of the queen, because she is often 
invaluable for the colony. This is not only because 
of her high reproductive capacity, but also because 
she is in monogynous societies the only source 
of new females and thus necessary for long term 
survival of the colony. Thus workers should not risk 
the life of the queen e.g. by aggressively confronting 
her in fi ghts over dominance. Conversely, the 
asymmetry offers also the workers an advantage. 
This is because they are far more numerous than 
the queens even in the most polygynous species 
and because they have the control over rearing 
the brood. This gives them the power to bias both 
the sex ratio of the brood and the caste ratio of 
developing females, in addition to the possibility 
of laying their own eggs.

This far, social insects have offered the most 
successful examples of policing. Worker policing 
of eggs has been shown to be remarkably effi cient 
in honeybee Apis mellifera and also its wild 
relatives A. cerana and A. fl orea. In these policing 
is predicted by relatedness alone, as queens are 
highly multiple mated (Palmer & Oldroyd 2000) 
and relatedness among workers consequently 
low. Vespinae wasps, the other model group of 
policing, however also include species where costs 
arguments are needed to explain policing, for 
example the hornet Vespa crabro (Foster et al 2002) 
and the common wasp Vespula vulgaris (Foster & 
Ratnieks 2001a).

Successful worker reproduction seems to 
be an exception rather than the rule in social 
Hymenoptera. Based on male parentage data in 
50 species of social insects, it seems that worker 
policing and self policing are both common, and 
that costs arguments are a better explanation 
than relatedness for the queen dominance in male 
production (Hammond & Keller in press). However, 
this study is based only on data of the confl ict 
outcome, and more detailed studies of proximate 
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mechanisms are needed to show the importance of 
worker policing and self policing.

Costs of worker reproduction are a widely used 
explanation for the lack of worker reproduction 
(e.g. reviews by Tóth et al 2004, Hammond 
& Keller in press), but these costs have rarely 
been thoroughly quantifi ed. It has been shown 
numerous times that reproductive workers work 
less than non-reproductives (Ross 1985, Monnin 
& Peeters 1999, Martin et al 2002, Hartmann et 
al 2003), but the actual colony level costs of this 
have rarely been shown (but see Cole 1986, Reeve 
1991, Lopez-Vaamonde et al 2003). Thus, the costs 
of worker reproduction are an obvious target for 
future studies. However, to know where costs are 
likely to differ crucially, careful studies of confl ict 
expression and relatedness are needed.

Formica

Even if worker reproduction has been studied in 
a number of species, tests among large numbers 
of closely related species are few, with the 
exception of Apis bees (reviewed in Barron et al 
2001) and Vespinae wasps (reviewed in Foster & 
Ratnieks 2001b). Furthermore, the studied species 
are not a very representative sample of social 
hymenopterans. Polygyny (i.e. the presence of 
multiple reproductive queens in a mature colony) 
is widespread in ants and occurs in other social 
insects as well (Hölldobler & Wilson 1990, Keller 
1993). Especially in ants it has strong correlations 
with ecology and dispersal (Bourke & Franks 1995, 
Keller 1993, V), but worker reproduction has been 
studied in only two polygynous ant species (Evans 
1998, Hammond et al 2003), the present work (III, IV, 
V) excluded. Also in the large comparative study of 
worker reproduction (Hammond & Keller in press), 
there were only 2 species where worker relatedness 
is lower than 0.5, even though relatednesses in ants 
are often very low, even zero (Bourke & Franks 
1995, Crozier & Pamilo 1996). Similarly, colony 
sizes of the species studied this far are, with a few 
exceptions, small (few hundred workers or less, 
Hammond & Keller in press) compared to the wide 

range of colony sizes found in ants (Hölldobler & 
Wilson 1990, Bourke 1999).

The wood ant genus Formica is in many ways 
a good choice for a study of confl ict determinants. 
First, Formica, especially the Palaearctic species 
studied here, are one of the best known ant groups 
with respect to population and colony kin structures 
(see e.g. Pamilo 1982, 1983, 1984, Rosengren & 
Pamilo 1983, Pamilo et al 1978, 1992, Rosengren 
et al 1993, Sundström 1993, Gyllenstrand 2002). 
Second, as shown by this great body of work there 
is extreme variation in several key determinants 
of confl icts, namely queen number, relatedness 
and colony size. This allows a comparative 
approach to the problems, which is essential in 
separating effects of phylogeny from the other 
confl ict determinants. Furthermore, there is even 
great variation within species (Sundström 1993, 
Goropashnaya et al 2001, Gyllenstrand 2002, Zhu 
et al 2003, I & II) in relatedness, which allows tests 
within species. Also the relations among species 
(i.e. competition, Savolainen & Vepsäläinen 1990, 
social parasitism Hölldobler & Wilson 1990, 
Czechowski et al 2003, community succession 
Punttila et al 1991, 1994, Vepsäläinen et al 2000), 
which may have implications on kin structures (I, 
II) or confl ict resolution (IV) are well known.

Before this study, worker reproduction in 
Formica has only been genetically studied in a 
few species. Based on parentage of males reared to 
adulthood, worker reproduction seems to be absent 
in monogynous F. exsecta and F. truncorum, and 
possible in slightly polygynous F. rufa (Walin et al 
1998). Thus, further studies are clearly needed that 
look at a larger number of species and look at the 
confl ict expression beyond the fi nal brood.

Aims of the thesis

This work had three main aims. The fi rst aim was 
to study the variation in kin structure within and 
among populations of Formica fusca and the genetic 
differentiation and gene fl ow among populations 
(I, II). This gives us information on the possible 
genetic basis of behavioural differences and tells 
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us if gene fl ow among populations may prevent 
optimal confl ict behaviour. The second aim was to 
study the extent of confl ict expression on several 
different levels, from variation among species and 
its correlates (kin structure, colony size, phylogeny, 
V) to proximate mechanisms of confl ict resolution 
within colonies (egg policing, worker worker 
aggression, self policing, III, IV, V). The third aim 
was to study theoretically how worker policing, 
relatedness and colony size together determine the 
optimal level of worker fertility (VI).

Material and methods

In order to accomplish a diverse picture of both 
ultimate and proximate determinants of the 
confl ict, a combination of several methods is 
needed. Thus this thesis combines theoretical work 
with genetic studies, experimental work and a 
comparative analysis that incorporates phylogeny 
into the study of confl icts.

1. Genetic analyses

We uses microsatellite markers developed for 
Formica ants (Chapuisat 1996, Gyllenstrand et al 
2002) for the analysis of genetic differentiation (I, 
II), kin structure (I, II, III, V) and parentage (III, V). 
Microsatellites are a powerful and effective tool 
for these questions (Queller et al 1993, Balloux & 
Lugon-Moulin 2002, Shlötterer 2004). 

2. Experimental work and bioassays

Experiments were used for assessing the effects of 
social conditions (i.e. the presence of a queen) for 
all aspects of confl ict expression and resolution, 
i.e. worker ovary development (IV, V), worker 
egg laying (III, V), policing behaviour (IV) and 
parentage of the males reared (III). The use of 
laboratory nests was necessary for several reasons. 
First, in laboratory nests the social conditions, i.e. 
the presence of the queen can be controlled, and the 
queen is available for genotyping and parentage 
analysis (III, IV). The presence of multiple queens 

in fi eld colonies, and the large size of Formica 
colonies make estimation of worker reproduction in 
natural colonies virtually impossible (V). Second, 
colonies of F. fusca move easily if disturbed, which 
makes continued studies in the fi eld diffi cult. Third, 
detailed observations of behaviour and transfers 
of eggs (IV) are impossible in the fi eld due to the 
underground nesting habits of F. fusca.

3. Comparative analysis

Comparison of traits across species is a powerful 
means of detecting possible adaptation (Futuyma 
1998). Because closely related species do not 
represent independent data points, additional 
measures must be taken to make the right 
conclusions concerning correlations of traits across 
species (Felsenstein 1985). Thus we analysed the 
patterns of worker fertility, relatedness and colony 
size in the light of a recent molecular phylogeny 
of Formica ants (Goropashnaya 2003, V). All traits 
were tested for phylogenetic independence using 
a randomization based method (Abouheif 1999, 
Reeve & Abouheif 2003). For traits that were 
phylogenetically dependent, independent contrasts 
(Felsenstein 1985) were then analysed instead of 
the actual trait values. The correlations between 
worker fertility, relatedness and colony size are 
then used to indirectly infer the possible effects of 
worker policing on worker fertility (VI, V) 

4. ESS-analysis

The optimal worker behaviour was analysed using 
an ESS (Evolutionary stable strategy, Maynard 
Smith 1982) method with kin selection extensions 
(sensu Taylor and Frank 1996, Frank 1998). This 
type of analysis allows the costs and benefi ts of 
selfi sh behaviour to depend on the actions of other 
individuals in the colony and the population (Frank 
1998, VI). Furthermore, this type of analysis allows 
any relatedness values to be analysed, whereas 
in population genetics models a separate ESS 
model for each kin structure has to be constructed 
(Wenseleers et al 2003, VI).
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ESS models of this kind do not aim at exact 
numerical predictions, because optimal behaviour 
of organisms is subject to various constraints (Oster 
& Wilson 1978, Frank 1998). Rather the model 
points out into which direction the key parameters 
are likely to affect the outcome (Frank 1998). Thus, 
best support for the models should come from 
comparative studies among species where key 
parameters (such as relatedness and colony size) 
differ (V).

Main results and conclusions

Genetic variation and gene fl ow 
among populations: implications 
for adaptive confl ict behaviour

The studies of genetic structuring in F. fusca 
showed that kin structure varies widely both within 
and among populations (I, II), but that genetic 
differentiation among populations is not high 
(II). This has two implications for the evolution 
of confl ict behaviour. First, gene fl ow among 
populations with different average kin structures 
may prevent individuals from behaving optimally 
in kin selection contexts, if the optimal behaviour 
depends on population averages (II). This may be 
one reason why worker fertility is not correlated 
with relatedness across or within species (V). 
Gene fl ow among populations with differences in 
average kin structure has been shown to occur also 
in F. exsecta and F. cinerea (Goropashnaya et al 
2001, Zhu et al 2003, Gyllenstrand 2002). Such 
gene fl ow suggests that studies concerning optimal 
worker behaviour based on a single population 
have to be interpreted very cautiously, especially 
in species where variation among populations has 
not been assessed. Second, even though dispersal 
in F. fusca is to some extent limited on local scales, 
differentiation among populations is not great (II). 
This shows that the differences in kin structure 
among populations and the underlying behaviour 
are unlikely to be based on genetic differences. 
Furthermore, because kin structure varies widely 
within populations and populations are short-

lived (I, II), it is unlikely that F. fusca would evolve 
into genetically differentiated social forms, such 
as those found in F. truncorum (Sundström 1993, 
Gyllenstrand 2002), and Solenopsis invicta (Ross 
& Shoemaker 1997). Considered together, our 
results suggest that plastic, facultative responses 
are the best explanation for variation in confl ict 
behaviour in Formica ants, This agrees with the 
fi nding of responses in behaviour to variation 
in relatedness in several studies of Formica ants 
(Sundström 1994, Sundström et al 1996, Hannonen 
& Sundström 2003).

We did not fi nd unambiguous support for the 
predicted connection of kin structure and habitat 
age, even though in the two populations studied in 
(I) habitat age seemed to be the crucial parameter. 
Relatedness was highest in old populations (II), but 
inbreeding was only found in the two populations 
already studied in (I). Inbreeding does not seem to 
be common in ants (Pamilo et al 1997, but see Cole 
& Wiernasz 1997 and Sundström et al 2003), and 
high relatedness has usually been considered to 
be associated with large scale mating fl ights and 
outbreeding populations (Pamilo et al 1997, Ross 
2001). Our study shows, however, that this is not 
always the case (see also Hasegawa &Yamaguchi 
1995, Sundström et al 2003, Oberstadt & Heinze 
2003), and that the connection of kin structure and 
differentiation among populations may be is not 
determined only by variation in queen number, 
but also reproductive partitioning and relatedness 
among reproductives have to be considered (I, II, 
Ross 1993, 2001, Pamilo et al 1997).

Our results (I, II) agree with the earlier 
knowledge of dispersal and colonizing abilities of 
F. fusca. On the one hand, dispersal of F. fusca 
has been shown to be limited, especially over open 
water (Vepsäläinen & Pisarski 1982), which is 
supported by the clusters of related colonies found 
within several populations and the larger average 
differentiation of island populations (II). On the 
other hand, F. fusca is known to be an effi cient 
colonizer of newly opened habitats (Punttila et 
al 1991, 1994), which is supported by the lack 
of signifi cant bottlenecks in recently expanded 
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populations (II). However, more detailed analyses 
of spatial genetic patterns within populations, and 
preferably also with maternally inherited genetic 
markers (see e.g. Ross et al 1997, 1999) are needed 
to assess the extent of local colony founding and 
the possibility of colony founding by budding. 
This will have implications for social evolution of 
confl icts in F. fusca, e.g. for example the sex ratio 
evolution in the species, because the extent of local 
resource competition among related colonies that 
result from budding is likely to affect optimal sex 
ratios (Pamilo 1991b). Furthermore, predictions of 
reproductive skew models may be affected by the 
possibility of budding. If a queen does not gain 
a large enough share of reproduction, she may 
have the possibility of leaving the colony with 
some workers from the original colony. This may 
limit the power of a dominant queen to force her 
interests on submissive queens (Reeve & Keller 
2001, Kokko 2003).

Ultimate confl ict determinants: 
theory and results from Formica ants

The comparative study (V) shows that worker 
fertility is widespread in the genus Formica. 
Worker laid male eggs were found in all but two of 
the species sampled, and the proportions of fertile 
workers were high compared to other species with 
comparable colony sizes (such as Apis species and 
Vespula vulgaris). According to theory (Ratnieks 
1988, Frank 1995, 2003, VI), there are two possible 
ultimate explanations for this. First, it may be that 
costs of worker fertility are for some reason low 
in Formica, and thus selection pressures for self 
policing are weak (Foster 2004, VI). Second, it may 
be that worker policing is weak in Formica, and 
thus workers may actually succeed in reproduction. 
Possible reasons for the lack of policing include a 
low need for policing, e.g. when costs of worker 
fertility are low (Ratnieks 1988), or high costs of 
policing, due to e.g. recognition errors (Ratnieks 
1988, Ratnieks & Reeve 1992). These explanations 
are not mutually exclusive and further studies 
of colony level costs of worker reproduction, the 

effi ciency of policing and also the parentage of 
males reared are needed for the full picture of the 
confl ict. This far the data shows effi cient worker 
policing in Formica (III, Walin et al 1998) which 
suggests that low or non linear colony level costs 
are the ultimate reason for high worker fertility 
(V, IV). Thus self policing would not be strongly 
selected for, even if worker policing was effi cient.

We found that worker fertility increased in the 
absence of a queen (V), which suggests self policing 
by workers in the presence of a queen. The model 
(VI) offers two mutually non exclusive ultimate 
explanations for self policing. First, worker policing 
may select for acquiescence, i.e. workers giving 
up reproduction in response to social policing. 
This route into decreased confl ict expression was 
already verbally considered by Ratnieks (1988) 
and formally confi rmed by Frank (1996, 2003) in 
the general model of policing. Our detailed model 
shows that self policing should indeed occur also 
in social insect colonies whenever worker policing 
is effi cient (VI). Second, self policing may be a 
response to the high fertility of a queen. If the 
queen honestly signals her high fertility to 
workers, they may be selected to refrain from 
reproduction without coercion (VI). This idea has 
been verbally framed by Seeley (1985) and Keller 
& Nonacs (1993) and it has been widely accepted 
as an explanation for worker acquiescence (Bourke 
& Franks 1995, Keller & Reeve 1999, Sundström & 
Boomsma 2001) The kind of information required 
for such signalling has been shown to exist in 
Formica ants and numerous other species (Liebig 
et al 1999, 2000, Ortius & Heinze 1999, Hannonen 
et al 2002, Heinze et al 2002), but the idea has 
not been previously proved formally (VI). The 
model (VI) and the indirect empirical evidence (III, 
V) show that effective communication, which is 
crucial for functioning of social insect colonies 
in the contexts of e.g. foraging and nest defence 
(Hölldobler & Wilson 1990), also plays a large role 
in the outcome of confl icts.

The model also entails an interesting feedback 
between queen fertility and self policing. The more 
fertile the queen is, the less fertile are the workers 
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predicted to be (VI). Thus the relative queen 
fertility increases, which again selects for less 
fertile workers. This feedback is further enhanced 
by the likely correlation of high queen fertility 
and large colony size (Bourke 1999), both factors 
which should select for less fertile workers. This 
feedback may be crucial for alleviation of direct 
confl icts over reproduction and the evolution of 
large, effi cient colonies with effi cient division 
of labour among workers (Oster & Wilson 1978, 
Bourke 1999).

Worker ovary development and egg laying 
were not correlated to phylogeny, colony size or 
relatedness (V). This agrees with the key result of 
the ESS analysis (VI) which shows that not only 
relatedness, but more importantly the effi ciency of 
worker policing and costs of worker reproduction 
determine the optimal level of worker fertility. 
The model prediction seems to hold also in 
bees and wasps where worker policing has been 
closely studied and where worker policing occurs 
independently of relatedness (Foster et al 2002, 
Foster & Ratnieks 2001a). In species where worker 
policing is the most effi cient, such as Apis mellifera 
(> 99 %, Visscher 1996), A. fl orea (~98%, Halling 
et al 2001) and Vespula vulgaris (>99%, Foster & 
Ratnieks 2001a), the proportion of fertile workers is 
correspondingly low (0.1, 0.5 and 1% respectively). 
Such low levels of selfi shness can not be explained 
by relatedness alone, unless costs of worker 
reproduction were extreme. In species with less 
effi cient policing, such as Dolichovespula species, 
fertile workers are respectively more common but 
still lower than expected in the absence of policing 
(e.g. 6% fertile workers and policing effi ciency 
of 86% in D. media, and 9% fertile workers and 
policing effi ciency of 87% in D. sylvestris, Foster 
et al 2001).

Ultimately worker fertility may also be 
governed by the risk of colony orphaning (V). 
Workers of F. aquilonia and F. polyctena, where 
worker fertility was clearly decreased, are very 
unlikely to end up in queenless situation where 
worker reproduction would be unchecked because 
of the permanent, obligate polygyny in these 

species (Rosengren et al 1993). Thus there is 
no need for the workers to maintain functional 
ovaries as an insurance against queenlessness 
(Franks et al 1990). This contrasts the pattern 
in other highly polygynous species (F. cinerea, 
F. exsecta and F. truncorum), where occasional 
queenlessness is presumably more common due 
to more variable colony structures and colony 
founding strategies (Pamilo 1991a, Sundström et al 
1996, Goropashnaya et al 2001, Liautard & Keller 
2001, Gyllenstrand 2002, Zhu et al 2003, Elias, 
M., Rosengren, R. & Sundström, L., unpublished 
data). The fi nding that the highest amounts of 
fertile workers (F. cinerea) and worker egg laying 
(F. truncorum) were found in unicolonial species, 
where relatedness is zero, suggests that selfi shness 
may be selected for in unicolonial populations, 
where co-operative behaviour no longer pays off 
(Queller & Strassmann 1998).

Proximate mechanisms: 
studies of Formica fusca

Proximately the confl ict seems to be resolved by a 
combination of worker policing and self policing, 
probably facilitated by queen signalling (III, IV, V). 
The microsatellite data from F. fusca shows that 
although offspring of workers have only remote 
chances of being reared in the presence of a queen, 
workers commonly lay eggs (III). However, the 
observations show that these eggs are removed 
by other workers (IV). Worker policing of eggs 
(sabotage) is not complemented by aggressive 
policing (punishment), probably because the 
potential costs of such aggression are high when 
such a large proportion of workers is fertile (IV). 
It seems that because worker laid eggs have slim 
chances of being reared, workers have also evolved 
a level of self restraint, though incomplete, in 
queenright conditions (III, IV). However, without 
estimating costs of worker reproduction we are 
unable to tell if this actually results in colony level 
costs of the confl ict, or are the costs of worker 
fertility alleviated e.g. due to non-linear cost 
functions (Foster 2004, VI, V).
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Interestingly, the proximate basis of worker 
policing in F. fusca seems to be completely 
different from the species studied this far (IV). In 
Apis bees (Ratnieks & Visscher 1989, Halling et al 
2001, Oldroyd et al 2001), Vespinae wasps (Foster 
& Ratnieks 2000, 2001), and the ants Camponotus 
fl oridanus (Endler et al 2004), and Pachycondyla 
inversa (D’Ettorre et al 2004) workers accept eggs 
laid by non-nestmate queens, which suggests that 
all eggs bearing a universal queen chemical are 
accepted (Ratnieks 1995, Martin et al 2002, Endler 
et al 2004). In F. fusca, only eggs laid by a nestmate 
queen were accepted (IV). There are two mutually 
non-exclusive ultimate explanations for this 
behaviour. First, species of subgenus Serviformica, 
such as F. fusca, are commonly parasitized by 
queens of other Formica species (Hölldobler & 
Wilson 1990, Czechowski et al 2003). Thus there 
is a strong selection pressure for workers to 
discriminate against eggs laid by alien queens. This 
interpretation is supported by the fi nding that F. 
fusca workers also discriminate against eggs laid 
by F. rufa queens (Helanterä, unpublished data). 
Second, the relatedness of queens in polygynous 
colonies of F. fusca varies widely, from zero to full 
sisters (I). This means that workers may greatly 
benefi t from discriminating among offspring 
of different queens. This kind of discrimination 
has been shown to occur in F. fusca (Hannonen 
& Sundström 2003) and it might as a side effect 
produce a nestmate recognition effect. This shows 
that in addition to its ultimate effects (i.e. changes 
in kin structure and the probability of colony 
orphaning (V)), polygyny may also have effect 
on the proximate mechanisms behind confl ict 
resolution. Also ecological pressures like social 
parasitism may strongly infl uence the mechanisms. 
The fi nding of nestmate recognition of eggs is novel 
and demands further studies in several aspects, e.g.. 
the occurrence of such behaviour in other species 
within and outside Formica, and the correlations 
of the behaviour to polygyny, genetic variability 
within colonies and parasite pressure.

Conclusions

The combination of approaches in this study 
reveals a complex picture of the confl ict. First, it is 
evident that it is not enough to study the outcome 
of the confl ict, i.e. the parentage of males reared. 
Although this tells about the individual fi tness 
benefi ts of worker reproduction, it does not tell 
us anything about the confl ict expression and 
the associated inclusive fi tness costs incurred via 
decreased colony success. Thus, in order to get a 
full picture of the Tragedy of the commons and 
the effect of confl ict expression on the group level, 
quantifying confl ict expression at lower levels of 
worker policing and self policing is an essential fi rst 
step. This must be given emphasis in future studies 
of reproductive confl icts. Second, the studies of 
genetic differentiation revealed that variation in 
kin structure and queen number within the range 
of substantial gene fl ow may keep the workers 
from achieving optimality in confl ict behaviour. 
Thus studies of confl ict behaviour that are based 
on a single population should be generalized with 
caution.

Our studies show that Formica ants, especially 
the polygynous ones, are in many respects different 
from the monogynous model systems of worker 
reproduction and policing, namely honeybees and 
wasps. Not only does polygyny affect the relatedness 
structure and size of the colonies, but it may have 
implications for the proximate mechanisms as 
well, as illustrated by the nestmate recognition 
effect in Formica fusca (IV). Furthermore, queen 
number is closely linked to the extent and 
direction of gene fl ow among populations and 
the probability of colony orphaning. Thus future 
studies of worker reproduction to in polygynous 
and socially variable species are called for, since 
they may give a different picture of the confl icts 
than monogynous ones.

The resolution of the confl ict over male 
parentage in Formica ants is a combination 
of worker policing, self policing and honest 
communication. Proportions of fertile workers are 
high compared to species such as Apis mellifera, the 
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epitome of colony integration and superorganism 
views (Seeley 1997, Queller 2000). Further studies 
in Formica will have to assess if colony level costs 
of high worker fertility are high enough to make 
Formica ants an example of strong Tragedy of the 
commons in social insects or if they will be an 
example of low costs of worker reproduction and 
not-so-tragic commons (Foster 2004).
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