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“These small creatures are within a few inches of our feet,
wherever we go on land—but often, they’re disregarded.
We would do very well to remember them?

- DAVID ATTENBOROUGH

".on jokainen muurahainen laulun arvoinen; jokainen Formica on tarkea’

- VEIKKO LAVIA MUKAELLEN, LAMMIN KENTTAKURSSIN MUURAHAISRYHMA 1999
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Abstract

Human actions cause destruction and fragmentation
of natural habitats, predisposing populations to loss of
genetic diversity and inbreeding, which may further
decrease their fitness and survival. Understanding
these processes is a main concern in conservation
genetics. Yet data from natural populations is scarce,
particularly on invertebrates, owing to difficulties in
measuring both fitness and inbreeding in the wild.
Ants are social insects, and a prime example of an
ecologically important group for which the effects of
inbreeding remain largely unstudied. Social insects
serve key roles in all terrestrial ecosystems, and the
division of labor between the females in the colonies
- queens reproduce, workers tend to the developing
brood - probably is central to their ecological success.
Sociality also has important implications for the
effects of inbreeding. Despite their relative abundance,
the effective population sizes of social insects tend to
be small, owing to the low numbers of reproductive
individuals relative to the numbers of sterile workers.
This may subject social insects to loss of genetic
diversity and subsequent inbreeding depression.
Moreover, both the workers and queens can be
inbred, with different and possibly multiplicative
consequences.

The aim of this study was to investigate
causes and consequences of inbreeding in a natural
population of ants. [ used a combination of long-term
field and genetic data from colonies of the narrow-
headed ant Formica exsecta to examine dispersal,
mating behavior and the occurrence of inbreeding,
and its consequences on individual and colony traits.
Mating in this species takes place in nuptial flights
that have been assumed to be population-wide and
panmictic. My results, however, show that dispersal is
local, with queens establishing new colonies as close
as 60 meters from their natal colony. Even though

actual sib-mating was rare, individuals from different

but related colonies pair, which causes the population
to be inbred. Furthermore, multiple mates of queens
were related to each other, which also indicates
localized mating flights. Hence, known mechanisms of
inbreeding avoidance, dispersal and multiple mating,
were not effective in this population, as neither
reduced inbreeding level of the future colony.

Inbreeding had negative consequences both
at the individual and colony level. A queen that has
mated with a related male produces inbred workers,
which impairs the colony’s reproductive success. The
inbred colonies were less productive and, specifically,
produced fewer new queens, possibly owing to effects
of inbreeding on the caste determination of female
larvae. A striking finding was that males raised in
colonies with inbred workers were smaller, which
reflects an effect of the social environment as males,
being haploid, cannot be inbred themselves. The
queens produced in the inbred colonies, in contrast,
were not smaller, but their immune response was
up-regulated. Inbreeding had no effect on queen
dispersal, but inbred queens had a lower probability
of successfully founding a new colony. Ultimately,
queens that survived through the colony founding
phase had a shorter lifespan. This supports the idea
that inbreeding imposes a genetic stress, leading to
inbreeding depression on both the queen and the
colony level.

My results show that inbreeding can have
profound consequences on insects in the wild, and
that in social species the effects of inbreeding may be
multiplicative and mediated through the diversity of
the social environment, as well as the genetic makeup
of the individuals themselves. This emphasizes the
need to take into account all levels of organization
when assessing the effects of genetic diversity in

social animals.
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1. INTRODUCTION
Inbreeding decreases fitness

Human induced environmental change results
in fragmentation and destruction of natural
habitats, decreasing population sizes and reducing
their connectivity. As a result, pairing of related
individuals, inbreeding, may become more
common, further threatening the well-being and
survival of populations (Lande 1988; Frankham
1995; Spielman et al. 2004).

Inbreeding leads to decreased heterozygosity,
with individuals inheriting identical copies of
the same genes from both their parents. Genetic
measures of inbreeding are based on comparing
the observed heterozygosity to that expected under
random mating (Wright 1951). Inbreeding has
deleterious consequences, inbreeding depression,
both at the individual and population level
(Wright, 1977; Charlesworth & Charlesworth, 1987;
Frankham, 1995b; Lynch & Walsh, 1998; Crnokrak
& Roff, 1999; Hedrick & Kalinowski, 2000; Keller
& Waller, 2002). The two suggested mechanisms
underlying inbreeding depression are loss of
heterozygote advantage (overdominance), and
expression of deleterious recessive alleles (Wright,
1977; Charlesworth & Charlesworth, 1999), with

the latter probably contributing more to inbreeding

depression under most circumstances (Charlesworth
& Willis, 2009; Ayroles et al., 2009).

Inbreeding depression is typically greatest
in fitness-related traits, such as fertility, egg
hatching rate and neonatal survival (DeRose and
Roff 1999), but inbred individuals may also be
more susceptible to environmental stress (Bijlsma
et al. 1999; Keller and Waller 2002; Reed et al.
2002; Bijlsma and Loeschcke 2005). Furthermore,
interactions with sexual selection or other species
may lead to inbreeding depression only being
detectable in the wild (Crnokrak €& Roff, 1999;
Halverson et al., 2006; Joron & Brakefield, 2003;
Marr et al., 2006). Stressful environments may hit
the inbred individuals harder than outbred ones
(Crnokrak & Roff, 1999; Bijlsma et al., 1999; Reed
et al.,, 2002) and a meta-analysis on endangered
animals suggests that most suffer from effects of
reduced genetic diversity (Spielman et al., 2004).

Challenges in studies in the wild

To date, an important part of our knowledge on the
effects of inbreeding in wild populations comes
from a few well-studied vertebrate systems (e.g.
song sparrow, Keller 1998; Soay sheep, Coltman et
al. 1999; red deer, Coulson et al. 1999; reed warbler,
Hansson et al. 2002). Large and charismatic
vertebrates lend themselves to long-term studies



with extensive field observations, and pedigrees
can be built for precise estimation of inbreeding
and relatedness coefficients (Pemberton, 2008).
In small, more elusive animals these measures are
much more difficult to achieve, and only a handful
of studies have assessed the direct effects of genetic
diversity in natural populations of arthropods (the
Glanville fritillary Melitaea cinxia, Saccheri et
al. 1998; the wolf spiders Rabidosa punctuata &
Rabidosa rabida, Reed et al. 2007; the Japanese
bumblebee Bombus florilegus, Takahashi et al.
2008).

In practise, indirect estimates of inbreeding,
such as marker loci heterozygosity, have to be used
in order to investigate the effects of inbreeding
in important, yet elusive animal groups, such as
insects. The methods are based on observing the
loss of heterozygosity on the individual level, or
observing bottlenecks at the population-level, and
comparing these to individual- or population level
estimates of fitness. Yet, concerns have been raised
as to what extent these heterozygosity-fitness
correlations signify true inbreeding depression.
Indeed, heterozygosity in a few marker loci may
correlate very poorly with overall genome-wide
heterozygosity and true inbreeding (Slate et al.,
2004; Balloux et al., 2004), and correlations with
fitness may arise due to linkage with loci under
selection (Slatkin 1995). However, reliability of
these methods depends largely on the population
structure. Whereas heterozygosity-based estimates
may perform poorly in populations with low
average relatedness and low levels of inbreeding,
local structuring and variation in relatedness greatly
increases the power of detecting inbreeding using
marker heterozygosity (Hansson & Westerberg,
2008; Csillery et al., 2006). Furthermore, the
correlation between marker and overall genome
heterozygosity is expected to be stronger in inbred
individuals, so these have to present a reasonable
portion of the sample for meaningful conclusions
to be drawn (Acevedo-Whitehouse et al., 2003).
Hence, in small, bottlenecked populations, the
most likely cause for significant heterozygosity-
fitness correlations is inbreeding depression, with

heterozygosity estimates reflecting the genetic
disequilibrium caused by the pedigree structure of
the population (Bierne et al., 2000).

Social insects and inbreeding

Social insects come in great numbers, and have
been estimated to comprise over 25% of the animal
biomass in tropical forests (Agosti et al., 2001), yet
have small effective population sizes (Wilson, 1963;
Packer & Owen, 2001), making them vulnerable
to loss of genetic diversity and inbreeding
depression. A single colony of social Hymenoptera
may comprise over a million workers, but only
one breeding pair, one of which is haploid and so
captures only half of the genetic variation found in
diploid organisms (Pamilo €& Crozier, 1981; Trivers
& Hare, 1976). Indeed, studies on social insects,
especially ants, have demonstrated considerable
population structuring (Seppa et al., 2006; Liautard
& Keller, 2001; Gyllenstrand et al., 2005; Pamilo et
al., 2005), but only a few of these have specifically
assessed the level of inbreeding (Trontti et al.,
2005; Darvill et al., 2006; Gyllenstrand €& Sepp4,
2003; Miki-Petidys & Breen, 2007), and even fewer
have analyzed fitness consequences of inbreeding
in the wild (Whitehorn et al., 2009).

The social organization of the colonies has
important implications for studies of genetic
diversity and inbreeding. Reproductive division
of labor among the females (queens and workers)
probably is the key to the success of this group
(Oster & Wilson, 1978). While kin selection
explains the workers’ propensity for giving up
their reproductive rights, the theory also predicts
conflict among the colony members (Hamilton,
1964). For this reason, inbreeding could, in
principle, be even beneficial for the colonies, as it
increases the genetic similarity among the colony
members, potentially aligning their interests and
reducing conflict (Ratnieks et al., 2006). Therefore,
social systems might promote inbreeding through
increased inclusive fitness, even when inbreeding
actually reduces direct fitness (Kokko & Ots, 2006)
and systematic inbreeding observed in some ants



could be adaptive, as suggested by Trontti et al.
(2005).

One reason why effects of inbreeding have
been assumed marginal in the social Hymenoptera
is that they are haplodiploid, with males arising
from unfertilized eggs. If inbreeding depression
is due to the expression of deleterious recessive
alleles inherited from both parents, in theory,
these should be purged through the haploid
males (reviewed in Werren, 1993), alleviating the
genetic load. However, purifying selection through
haploid males cannot work for traits that have
caste-specific expression, such as traits for female
fertility or longevity. Consistent with this view,
inbreeding depression has been found in a solitary
Hymenoptera species (Henter, 2003) and several
other haplodiploid organisms (Perrot-Minnot et al.,
2004).

On the other hand, social Hymenoptera
also have an added cost of inbreeding due to the
complementary sex-determination mechanism
(Cook, 1993) that leads to production of abnormal
diploid males, when queen and male have the same
allele in the sex-determining locus. The diploid
males are typically unviable or sterile (but see
Cowan & Stahlhut, 2004) and may be killed off by
the workers (e. g. Petters & Mettus, 1980; Pamilo
et al., 1994). As a result, diploid male production
reduces colony founding success, productivity and
survival (e.g. Tarpy €& Page, 2002; Ross €t Fletcher,
1986), and is considered a threat to wild populations
of social Hymenoptera (Packer & Owen, 2001).

Inbreeding avoidance has been proposed to be
the evolutionary reason for many common features
of reproductive biology in ants (Wilson, 1963),
such as dioecy (colonies produce single sex broods,
Wiernasz €& Cole, 2009; Freeman et al., 1997), and
protandry (early male emergence, Bulmer, 1983),
both of which may reduce the probability of sib-
mating. Another common reproductive strategy of
ant colonies is dispersal and mating flights, where
individuals from different colonies mate in what
are thought to be panmictic mating swarms. Yet no
studies so far have looked at the effectiveness of
dispersal in reducing inbreeding in ants.

0 SUMMARY

Studying dispersal in the wild is difficult,
due to the difficulties in distinguishing between
individuals migrating or dying (e.g. Doligez & Pirt,
2008), and as a result, most of our knowledge on
natal dispersal, particularly in insects, is indirectly
inferred from the spatial (Mercader et al., 2009;
Driscoll et al., 2010), or genetic population
structure (e.g. Seppi et al., 2006; Gyllenstrand et
al., 2005; Sundstréom et al., 2003; Holzer et al.,
2009). Nevertheless, the relationship between true
natal dispersal distances and population genetic
estimates remains largely unknown (Rousset,
2004).

Perennial ant colonies provide a tractable
system for studies of inbreeding and dispersal in
insects. Monogyne colonies, that have only one
reproducing queen, are particularly interesting
as they can be extremely long-lived and spatially
stable (Keller & Genoud, 1997, Pamilo 1991). A
monogyne colony, once established, doesn’t often
change place and as the queens are not replaced,
colony life-span will reflect that of the mother
queen. Furthermore, queens mate for life before
2009). The
stability of these highly related family groups allows

colony establishment (Boomsma,
for accurate assignment of dispersed individuals to
their natal colonies; moreover, the genotypes of the
parents of the colonies, queen and the male(s) she
has mated with, can be deduced from the workers,
allowing for long-term monitoring of reproductive
success of the parents of the colony, with minimal
disturbance.

2. AIMS OF THE THESIS

The main aim of the thesis was to examine the
causes and consequences of inbreeding in a
natural ant population. Specifically, the aim was
to investigate the effects of inbreeding on both
generations present in the colonies: the queens and
the workers.

The aim of Chapter I was to see whether
inbreeding depression affects colony fitness
parameters such as productivity and longevity,

and whether the inbreeding level of the queen, and



STUDY QUESTIONS

MAIN RESULTS

I Is there inbreeding depression in Formica exsecta?
Are there different effects if the queen heading the colony is

inbred, versus if the workers are inbred?

Queen inbreeding results in reduced longevity of the colony,
whereas worker inbreeding leads to reduced proportion of sexual

brood in the colonies.

II What are the effects of inbreeding on productivity of the

colonies?

Does inbreeding level of the colony workers affect the size and

numbers of queens and males produced in the colonies?

Sexual production is reduced in colonies with inbred workers, as
well as per capita productivity of the workers. Fewer queens are
produced in inbred colonies, but their size is not affected.

Males produced in inbred colonies are smaller, and the effect is

caused by them being raised by inbred sisters.

IIT  Are there differences in the immune defence response between

workers and queens of Formica exsecta?

Does inbreeding affect the ant immune defence?

Workers have a higher immune response than queens.
Queens from inbred colonies have a heightened immune
response, either due to direct effects of inbreeding, or through

having been raised in colonies with inbred workers.

IV What is the dispersal system in Formica exsecta?
Are multiple mating or dispersal effective in reducing
inbreeding in the population?
Does inbreeding level of the queen affect her dispersal or

mating behavior, or the success at colony founding?

Dispersal is sex-biased, with males dispersing further (150m)
than queens (60m). Neither dispersal nor mating multiply are
effective inbreeding avoidance mechanisms in the population.
Queen inbreeding did not affect dispersal, but inbred queens
were more likely to mate with a relative, and had reduced colony

founding success.

Vv What are the relative effects of environmental variation and

genetic variation in determining the sexual production and sex

allocation in the population?

What is the effect of inbreeding and relatedness on sex ratios

of the colonies?

Variation in sexual production is mainly caused by extrinsic
factors, while sex ratios mainly depend on colony properties.
Inbreeding decreases productivity, and impairs the workers’
ability to bias the sex allocation of the colonies according to their

kin-selected benefits, as inbred colonies produce more males.

Table 1: Summary of the main study questions and results of the chapters of this thesis

that of the workers, has different effects on colony
survival and fitness.

In Chapter II, the aim was to look into the
effects of colony inbreeding in more detail to find
out whether numbers and size of sexual offspring
(males and queens) are traded off in the colonies as
a response to inbreeding, and whether the effects
of being raised by inbred workers differ for the
two sexes.

In Chapter III, the focus was on one possible
trait showing inbreeding depression, immune
defence. The aim was to find out whether a
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commonly used measure, induced encapsulation
response, differs between the female castes (queens
and workers), and whether the level of inbreeding of
the colony has an effect on the immune response.

The aim of Chapter IV was to examine the
relationship between mating behavior, dispersal
and inbreeding. More specifically, the aim was
to see whether inbred queens have an increased
tendency for incestuous mating, and whether
the queen inbreeding affects dispersal distance.
Additionally, the aim was to compare mating
behavior and inbreeding among the established



and young queens to examine whether inbred or
incestuously mated queens are selected against
during the early stages of colony founding.

The aim of Chapter V was to take a different
approach to the long-term data and to quantify
which proportion of the variance in the biomass
production in ant colonies can be attributed to
environmental variation, and to what extent it
is due to variation in the inbreeding level of the
colonies. Additionally, the aim was to examine
whether inbreeding affects the sex allocation
patterns of the colonies.

3. MATERIAL & METHODS

Study species

Study-species is the narrow-headed ant Formica
exsecta Nyl. (1846). It is a Palaearctic ant with a
wide distribution ranging from the British Isles
all the way to Japan. It is an ecotone species that
inhabits forest clearings and borders, preferring
open and sunny patches in mixed and dry woodland
(Czechowski et al., 2002). F. exsecta occurs in two
social morphs, which may coexist in the same area
(Seppéd et al. 2004). Polygyne colonies contain
tens to hundreds of queens and some hundreds of
thousands of workers. Colonies of the monogyne
form are much smaller (#10-30 c¢cm) with some
thousands of workers, and one reproducing queen.
The colonies produce new sexuals - males and
queens - yearly, and in June-July the sexuals
fly out of the colonies to disperse and mate on
a mating flight, where queens store the sperm
from one or several males in their spermatheca;
males die after the mating flight. Young queens
found colonies independently (without the help of
workers from the natal colony) or by temporary
social parasitism in colonies of Serviformica ants.
The colonies can be extremely long-lived, with
the same queen reproducing for several decades
(Pamilo, 1991), whereas workers typically only
survive for one year.

0 SUMMARY

Study population & data collection

The study population is located on 8 islands
close to Tviarminne Zoological station in Hanko,
on the SW coast of Finland (59°50'N, 23°15’E),
and it has been surveyed since 1994 for yearly
estimates of colony size, productivity, sex ratio
and longevity (Chapuisat et al., 1997; Sundstrom
et al., 1996; Sundstrom et al., 2003). During the
study, genetic samples have been collected of 235
colonies in total, out of which 222 unique colonies
were detected. In between 10-16 workers and 5-10
males per colony, altogether 4400 individuals, were
genotyped at 10 highly polymorphic microsatellite
loci to determine the level of inbreeding and the
sociogenetic structure of the colony - the number
of reproducing queens and the males they had
mated with. Monogyne colonies form a majority
of the population (87%) with a single queen mated
with one to three males (average mating frequency
1.27, range 1-3). The population is inbred (worker
F 0.09, 95% CI 0.041-0.16) with high variation in
the inbreeding level between the colonies.

In 2007, I measured immune responses of
newly emerged workers and queens, using the
encapsulation assay, from individuals collected
from the study colonies and reared in the lab
(ID). This allowed me to compare the immune
responses of the two castes and the effect of colony
inbreeding on them. In addition to the yearly
numerical estimates of productivity obtained by
mark-recapture of the brood, I collected males
and queens from on top of the colonies before the
mating flights in summer 2008 to determine their
mature weight, and to examine colony-level effects
of inbreeding on the number and size of males and
queens (II).

To obtain estimates of effects of inbreeding
on the colony founding success of the queens,
young queens were collected after the mating
flights, in July-August 2003-2007. Altogether
138 young queens were caught walking on the
ground after dispersal from their natal colony.
They were genotyped at the 10 microsatellite loci
to determine their level of inbreeding, and their
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mating frequency and relatedness to the males they
had mated with was determined from the sperm
they had stored during the mating flight.

The detailed data on population demography
and colony genetic structure allowed me to assign a
majority of young queens and their male mates back
to a colony of origin, by using the microsatellite
markers and haplotype data available from the
population. Similarly, I deduced the genotypes
of queens heading established colonies, and that
of their mates, from their offspring, and assigned
them to a colony of origin within the study area
(IV). Dispersal was then calculated as the distance
between the present colony (established queens) or
the place of capture (young queens) and the colony
of origin. I could then look at effects of inbreeding
depression during the early stages of colony
foundation (I,IV) and the effects of natal dispersal
on the inbreeding level of the future colony, by
comparing the dispersal distance, mating frequency
and inbreeding between the young queens and
those that had already successfully established a
colony.

Estimation of inbreeding

I used two methods to estimate colony inbreeding
which have slightly different theoretical founding.
The first is based on relatedness between parents
(Queller & Goodnight 1989), where allele frequency
in the background population is taken into
account, so that individuals that share a rare allele
are considered to be more closely related (and their
offspring more inbred) than individuals that share
a common allele. When calculated as the one-way
relatedness of male to the queen, the relatedness
value is equal to the inbreeding coefficient of the
offspring, the F (Liautard & Sundstrém, 2005), in
haplodiploids.

The second method used to estimate
inbreeding was the homozygosity by loci (HL)
estimate of Aparicio et al. (2006). I estimated the
average homozygosity across loci, weighted by
the information content of the locus, for each
individual. The colony inbreeding is then the
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average value of workers in the colony, which
also equals that of new queens produced in the
colonies if caste-determination is independent
of the heterozygosity of the individual (I). The
advantage of this method is that in established
colonies, no deduction of parental genotypes
is needed, as the inbreeding coefficient can be
calculated directly from the workers of the colony.
However, to compare this estimate to young
queens that have not yet established a colony, the
genotypes of their offspring need to be constructed
from their spermathecal contents (I, IV). These two
measures of colony inbreeding were, however,
highly correlated, and choice of method did not
affect interpretation of the results (II).

Concerns have been raised over the use of
heterozygosity-based measures of inbreeding, so
I tested the consistency of the inbreeding measure
from the different marker loci to estimate whether
the signal between markers is consistent and
likely to reflect heterozygosity at the genome level
(I). To achieve this, the microsatellite loci were
randomly divided into two groups of five and the
correlation between the estimate from the two
groups estimated by resampling 10 000 times. A
significant correlation between the two groups of
markers confirms that the signal from different loci
is consistent and likely to reflect inbreeding in this
population (Balloux et al. 2004).

4. MAIN RESULTS AND THEIR INTERPRETATION

Inbreeding impairs fitness of ants

My results show that inbreeding decreases fitness
with respect to several traits in the ant Formica
exsecta, both at the level of the queens and the
workers. The inbreeding level of the two castes
had different effects, with worker inbreeding
reducing the productivity of the colonies, and
queen inbreeding reducing her survival and
longevity. Below, I will discuss these findings in
more detail.



Colony level effects of inbreeding

An ant colony is inbred if the mother queen has
mated with a related male. This results in the
reduced heterozygosity of workers of the colonies.
As a result of this colony-level inbreeding, the
sexual productivity of the colonies decreased (Fig.
1;1, 1I), owing to reduction in the number of queens
produced in inbred colonies (Fig. 2. II, V), increased
numbers of worker brood being produced instead
of queens (I, II) and reduced size of males (Fig. 3,
II).

Colony inbreeding decreased the number
of new queens produced in the colonies (II),
and sex ratios in colonies with inbred workers
were consistently male-biased (V). The reduced
numbers of queens could, in principle, result
from caste determination being conditioned on
the individual’s level of heterozygosity; however,
this was not observed (II), and it would be an
unlikely mechanism taking into account the
high number of chromosomes and typically high
rates of recombination in the social Hymenoptera
(Wilfert et al. 2007). A more likely explanation
is that inbreeding impairs the overall efficacy
of the workers tending to the brood. If growing
diploid larvae get insufficient nutrition, this could
translate into fewer of them entering the queen
developmental pathway (Evans & Wheeler, 2001).

In a previous study of the same population
(Sundstrom et al., 1996), sex ratios of the colonies
varied consistent with the workers controlling
the sex ratios in order to increase their own
inclusive fitness (Trivers & Hare, 1976; Boomsma
& Grafen, 1990; 1991), with colonies of high
relatedness producing new queens, and colonies
with low relatedness more males. Inbreeding
appears to interfere with this process, as the effect
of relatedness on the sex ratios was weak, with
inbreeding accounting for most explained variation
at the colony level (V).

A shift to more female biased sex ratios
with inbreeding would be expected if workers
were controlling the ratio according to their
kin—selected benefits, because inbreeding further
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Fig. 1. The biomass production of ant colonies decreases if the

workers of the colonies are inbred.
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increases the genetic similarity within the colonies
(Trivers & Hare, 1976; Boomsma € Grafen, 1990;
1991). However, the opposite was observed, a shift
towards male bias in inbred colonies. Hence, inbred
workers may not be able to produce the sex ratio
most beneficial to them, possibly due to limited
resources of the inbred colonies. The results show
that depending on the mechanism, negative effects
of inbreeding can also constrain the effect of kin
selection in social insects.

Effects of inbreeding on males

Male size decreased with the increasing inbreeding
level of the colony. As males are haploid, individual
heterozygosity cannot account for their reduced
size, and the effects have to be mediated through
the inbred workers tending to the brood. In theory,
the result could also be due to the smaller males
being diploid, abnormal males that colonies
of Hymenoptera produce as result of a matched
mating in the sex-determining locus (Cook 1993).
However, Hymenopteran diploid males tend to
be bigger, not smaller, than haploid males (e.g.
Naito & Suzuki, 1991; Yamauchi et al., 2001) and
the prevalence (5%) of diploid males is too low
to account for the observed reduction in the size
of males. Therefore, reduced male size represents
socially mediated inbreeding depression, whereby
the diversity of the rearing environment, rather
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Fig. 4. Queen immune response (solid line) was upregulated in

inbred colonies, worker response (dashed line) was not.
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than the genetic make-up of the individual itself,
results in inbreeding depression.

Diploid male production may, however, play
a role in reducing the overall productivity of the
colonies, if the diploid males are destroyed by the
workers. However, the number of diploid offspring
doesn’t change with colony inbreeding (II), which
suggests that the effect, if present, is negligible.
Also, the cost of diploid male production is
typically largest at the colony-founding stage,
when queens mated with related males produce
diploid male offspring instead of workers, leading
to lower growth rate and survival of the colonies
(e.g. Ross &t Fletcher, 1986). As colony inbreeding
had no effect on establishment of the colonies,
conclusion is that diploid male production is not
a major cost at this stage. The result may reflect
the biology of F. exsecta, as queens parasitizing
existing Serviformica colonies would be buffered
against effects of diploid male production at the
colony-founding stage.

Effects of inbreeding on queens

Inbred colonies produced fewer queens, but some
inbred young queens occur in the population, as on
the individual level, heterozygosity did not affect
caste determination (II). In contrast to males, the
size of queens remained unaffected by inbreeding.
However, immune defence of the queens was
affected, with young queens produced in inbred
colonies having a heightened encapsulation
response. This can be a direct effect of inbreeding
of the queens themselves, as their inbreeding
coefficient will be equal to that of their sister
workers from which the colony inbreeding was
measured. Alternatively, the heightened response
may reflect physiological consequences of having
been raised by inbred workers, or even effects of
colony comprising inbred workers, if for instance
such colonies have increased parasitic loads.
Perhaps surprisingly, the immune response
was higher in inbred than in non-inbred queens.
This may reflect modified stress response of the
inbred queens, or the workers tending them,
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Fig. 5. Between-island dispersal paths
of established queens. Only 4 out of 69
queens that originated from the study
area were observed to have dispersed

from one island to another.
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Fig. 6. Between-island dispersal paths
of males of established colonies. Out
of 74 males that originated from the
study area, 14 were observed to have

dispersed from one island to another.

or impaired capability of inbred queens to
regulate the response at an appropriate level (III).
Alternatively, inbreeding level of the colony could
reflect in the response of queens through increased
parasite pressure of the inbred colonies, eliciting
up-regulated immune response, in which case
the response would be adaptive. Whichever the
mechanism, the inbred queens are later selected
against, as their proportion decreases during the
colony foundation stage (IV) and the ones that
survive have reduced longevity (I). Altogether,
effects of inbreeding depression in queens, together
with male biased sex-ratios of inbred colonies are
a probable cause for the lower inbreeding level of
mature queens as compared to workers in several
Formica species (Hannonen et al., 2004; Sundstrom
et al.,, 2005). This warrants further research on
the effects of inbreeding on the queens of social
insects.

0 SUMMARY

Mating behavior

The effects of inbreeding in the population are
multiplicative, as the inbred queens themselves
have a higher probability of incestuous mating (IV),
although the effect was small. Inbred individuals
could be more prone to incestuous mating for a
reason or another, either due to heritability in
mating behavior, or their condition affecting the
mating behavior or dispersal. However, the result
was not mediated through reduced dispersal, as
queen heterozygosity had no effect on the queen
dispersal distance (IV). Sister-brother matings were
rare (around 5%; see IV) and do not account for
the observed inbreeding level of the population.
Indeed, colonies often specialize in producing
one sex only (Sundstrom et al., 1996) which will
prevent sib mating. Instead, population level
inbreeding seems to arise from a substantial part
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of the pairings taking place between individuals
from related, yet different colonies. Also, when
queens were multiply mated, the males were
highly related. This further supports the idea that
mating flights are localized, perhaps with only a
few colonies contributing to a swarm at any one
time. Indeed, based on field observations, colonies
release sexuals at very different times, sometimes
weeks apart, which leads to mating flights being
well separated both in time and space, and far from
panmictic. The results show, that mechanisms
curbing sib-mating are not necessarily effective in
preventing inbreeding.

Dispersal behavior

The results show that dispersal is sex-biased
in Formica exsecta, with majority of the queens
staying as close as 60m to their natal colony.
Males fly further, but not for more than 150
meters on average. Also, many more males were
observed having flown from island to another, as
compared to queens (Fig. 5. & 6.) which further
confirms the result. The dispersal distances
were strikingly similar among the established
and the young queens, which indicates that the
distances measured are what most individuals in
the population would experience. The number of
colonies that a dispersing queen or male would
have within its typical range of dispersal (17.4 for
queens, and 44 for males), corresponded very well
to the neighborhood sizes previously estimated
from the population genetic data (22 for queens,
50 for males, Sundstrom et al., 2003). This suggests
that while some dispersal occurs to and from
outside the study area, the effect of emigrants on
the population genetic structure is negligible.

The study shows that despite dispersal on the
wing, ant queens do not end up establishing new
colonies far away from their natal colony; also,
despite mating flights and a low fraction of actual
sister-brother matings, the population is inbred,
owing to local dispersal. To our knowledge, only
one study so far has estimated dispersal distance in
a natural population of ants (Suni & Gordon, 2010),
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where based on population genetic estimates,
queens of Pogonomyrmex barbatus also show very
short dispersal distances despite dispersing on the
wing. Indeed, reduced natal dispersal by the queens
may be a common feature in social Hymenoptera,
even in species with extensive mating flights, which
may aggravate the genetic loss caused by habitat
fragmentation and low population sizes (Packer
& Owen, 2001, Goulson et al., 2008). Reduced
dispersal and subsequent inbreeding contribute
to the decline and extinction of local populations
of endangered animals (Daniels & Walters, 2000),
and these effects may be particularly important
in species like social insects, where mating and
dispersal occur during a very limited period of an
individual’s lifespan, and where the size of the
breeding population is small.

Possible mechanisms of inbreeding depression
in ants

The results presented here suggest that inbreeding,
measured as heterozygosity, compromises the
efficiency of ant workers, and reduces longevity
and survival of ant queens. Recent studies on the
fruit fly show that, at the genome level, inbreeding
depression may present a form of genetic stress
that changes the regulation of genes involved in
metabolism, defence and stress responses, thus
decreasing the energetic efficiency of inbred
individuals (Kristensen, 2006; Ayroles et al., 2009).
Consistent with this view, inbreeding reduces
growth rate (Roff 1998), and increases resting
metabolic rate in crickets (Ketola & Kotiaho,
2009), and reduces mass gain in white-footed
mouse (Jimenez et al., 1994). If this change in
gene expression reflects a common mechanism of
inbreeding depression in insects, it would explain
the observed effects on ant colonies. Compromised
energy allocation of the workers would lead
to decreased efficiency or increased energy
expenditure of the workers, reducing the growth
of larvae with possible cascading effects on caste
determination, as discussed in II and V. Inbred
queens would have heightened stress response



leading to up-regulation of their immune response
(ITT), lower survival during the colony foundation
phase (IV) and reduced lifespan (I). This calls for
studies on the metabolic effects of inbreeding in
Hymenopteran species.

5. FINAL REMARKS AND FUTURE
CONSIDERATIONS

Effects of inbreeding on the social Hymenoptera
have so far been considered marginal, or only
attributable to the production of diploid males.
The results in this thesis show that inbreeding
has deleterious effects on fitness of ants, and that
these effects are mediated by the both generations
present at the colonies. The social mode of life
can make the situation complex, as the levels also
interact: the lower survival of inbred queens turns
into a shorter lifespan of the colony, and the lower
efficiency of inbred workers translates into smaller
size of their brothers. In social animals, not just the
genetic diversity of the individual itself, but also
that of the rearing environment may have profound
effects on the fitness of the individuals. All levels of
inbreeding should be considered when evaluating
sustainability of social insect populations.

The results raise many interesting questions
that could not be examined within the scope of this
work. An obvious line for future research would
be to follow up on the mechanism of inbreeding
depression at the individual level. If costs of
inbreeding are mediated through the increased
energy expenditure of workers, this could be shown
using metabolic arrays such as respirometry, or
by directly looking at gene expression to confirm
whether the patterns presented in Ayroles et al.
(2009) reflect general effects of inbreeding among
insects.

The increased immune response of the queens
coming from inbred colonies raises the possibility
that inbred colonies might be harboring higher
levels of pathogens; at present, we have no data on
occurrence of pathogens or natural parasites in the
colonies, but this would be interesting to look at.
The study also focused on one aspect of the immune

0 SUMMARY

defense, and as there may be trade-offs between
different components of the insect immune defense,
it would be interesting to see whether there are
caste-specific or inbreeding -related differences in
other immune traits as well.

Finally, some of the effects stayed the same
throughout the study years, while others, such as
the overall reduction in productivity, could only be
seen during some study years (II), or when taking
the yearly variation into account (V), but not when
using yearly averages (I). This calls for careful
evaluation of the analysis methods when looking
at long-term data. With the current data, we could
not answer the question whether this is due to
inbred colonies having more variation, or being
more vulnerable to environmental fluctuations. To
what extent environment and inbreeding interact
is a big question in conservation genetics, and
warrants further studies.
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