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Individuals vary from each other in their genetic content. Genetic diversity is at the core of the
evolutionary theory. Rooted in a solid theoretical framework developed as early as the 1930s,
current empirical observations of genomic diversity became possible due to technological
advances. These measurements, originally based on a few gene sequences from several
individuals, are becoming possible at the genome scale for entire populations. We can now
explore how evolutionary forces shape diversity levels along different parts of the genome. In
this thesis, I focus on the variation in levels of diversity within genomes using avian systems and
in particular that of the collared flycatcher (Ficedula albicollis). First, I describe the variation
in genetic diversity along the genome of the collared flycatcher and compare it to the amount
of variation in diversity across individuals within the population. I provide guidelines on how
a small number of makers can capture the extent of variability in a population. Second, I
investigate the stability of the local levels of diversity in the genome across evolutionary time
scales by comparing collared flycatcher to the hooded crow (Corvus (corone) corone). Third,
I study how selection can maintain variation through pervasive evolutionary conflict between
sexes. Lastly, I explore how shifts in genome-wide variant frequencies across few generations
can be utilised to estimate the effective size of population.
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1. Introduction 

Individuals in a population vary from each other in their genetic sequences. 
The amount of variation in the genome forms the genetic diversity. Variation 
can be measured in a population, a species or even along a single individual 
genome if it has more than one copy of the chromosomes, which is the 
common case in sexually reproducing plants and animals.  

During the 1930s, by merging Darwin’s theory of natural selection and 
Mendelian inheritance, the principles of the modern synthesis of evolution 
were founded (Huxley, 1942). The modern synthesis provides a theoretical 
framework to infer levels of genetic diversity across populations and to dis-
entangle the role of different evolutionary forces in shaping this diversity. In 
1966, through the pioneering experimental work of Lewontin and Hubby, it 
became possible to measure genetic variability in organisms (Lewontin & 
Hubby, 1966). The empirical study of genetic variation, originally focusing 
on a few individuals and short segments of sequences entered the genomic 
era with the sequencing effort of the human genome (Lander et al., 2001; 
Venter et al., 2001). With the advent of next generation sequencing technol-
ogies, it has now become possible to sequence hundreds of individuals 
across their entire genome to investigate genetic diversity through a very 
detailed lens. Variation in the levels of genetic diversity is no longer studied 
across individuals, population or species but also along the genome within 
individuals. Thus, we can explore how evolutionary forces interact along 
different parts of the genome. 

In this thesis, I focus on the variation in levels of diversity within ge-
nomes using avian systems and in particular the collared flycatcher (Ficedu-
la albicollis). In paper I, I first characterise the variation along the genome of 
the collared flycatcher and compare it to the amount of variation in genetic 
diversity across individuals within the species. I provide guidelines on how 
molecular ecologists and evolutionary biologists relying on a small number 
of makers can most efficiently capture the extent of variability in a popula-
tion. For my second paper, I investigate the stability of local levels of diver-
sity within genomes across large time-scales using a comparison of the ge-
netic variation between the collared flycatcher and the hooded crow (Corvus 
(corone) corone), two passerine species separated by at least 20 million 
years of evolution (Jønsson et al., 2016). In the third paper, I study how se-
lection that usually depletes genetic variation can maintain it through the 
presence of conflict between the sexes. Finally, in paper IV, I investigate 
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how variation in genetic diversity over the course of a few generations can 
shed light on the evolutionary potential of a population. 

1.1. A condensed and topical history of evolutionary 
biology: From Linnaeus to genetic diversity 
The variety of forms and function in nature has long fascinated us. For a 
long time, a great deal of effort was spent trying to put immutable species 
into an organisational framework. In 1758, the most famous Uppsala based 
biologist, Linnaeus, published the 10th edition of “Systema Naturae”, a book 
where he developed the Latin binomial nomenclature system that is still used 
today to classify organisms (Linnaeus, 1758). While at the beginning of his 
career he believed that all species were created in a permanent and un-
changeable state, he later embraced the idea that species could arise through 
hybridization of two other species (Bowler, 1989). Famously, Buffon and 
Lamarck were among the early scientists proposing theories suggesting that 
species could change but it is Darwin and his highly influential book "On the 
Origin of Species" (1859) who proposed a plausible mechanism for adapta-
tion of populations to their natural environment: "natural selection". Accord-
ing to this theory, individuals within a population differ in some heritable 
traits. Individuals carrying characteristics allowing them to have a higher 
number of offspring will spread these traits into the population. Darwin was 
therefore the first to explain how species could adapt to their environment. 
There was one question left open at the center of the theory. For natural se-
lection to occur, the offspring needed to resemble their parents but the mech-
anism of inheritance were unknown at that time. Blending inheritance, the 
hereditary mechanism supposed by Darwin and his followers, had the annoy-
ing predicted property of very rapidly eroding heritable variation, hence 
suppressing the substrate for selection to act upon (Fisher, 1930). 

Mendel, by a series of experiments on pea plant breeding (Pisum sa-
tivum), proposed the main principles of inheritance (Mendel 1866). This 
work was not given its proper attention until after his death when they were 
rediscovered in the early 20th century. 

Thomas Hunt Morgan was an early geneticist and by 1911 he identified 
the process of recombination in fruit flies (Drosophila melanogaster), 
demonstrating experimentally that genes re-associate from parents to off-
spring, and that the probability of recombination is dependent on the dis-
tance between the genes. Recombination, an essential process for shuffling 
genetic variation, is still the subject of active research today. Later, Ronald 
Fisher, J.B.S Haldane and Sewall Wright founded the field of population 
genetics by combining Mendel’s principles of inheritance and Darwin’s the-
ory of natural selection (synthesised by Huxley, 1942). The theoretical 
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framework they created is essential for studies of genetic variation across 
populations and is central to formulating hypotheses in population genetics 
studies. 

Understanding the basic principles of inheritance led to several debates 
regarding the molecular basis of heredity. Were proteins responsible for 
transferring genetic information? Was it DNA? The idea of chromosomes 
had long been around but it was assumed that proteins attached to chromo-
somes could have been the heredity molecules. In 1927, Frederic Griffith 
made an important discovery while he was trying to develop a vaccine 
against Streptococcus pneumonia (Griffith, 1928). When he injected a mix-
ture of heat-killed pathogenic bacteria and a live non-pathogenic strain, the 
non-pathogenic bacteria became pathogenic and killed the mice. He con-
cluded that the non-pathogenic bacteria had acquired what he called a “trans-
forming principle” from the other bacteria strain, becoming pathogenic. In 
1944, Oswald Avery and colleagues made use of these findings. In a series 
of experiments, they treated the heat-killed bacteria with different substances 
in order to degrade different components of the cell before injecting them 
into mice along with the non-pathogenic bacteria (McCarty & Avery, 1946). 
When they treated the heat-killed bacteria with a substance degrading DNA, 
the non-pathogenic bacteria did not transform and the mice stayed healthy. 
The transforming principle having disappeared, DNA was thus deemed to be 
the molecule of heredity. Shortly after, the joint effort of Rosalind Franklin, 
Francis Crick and James Watson led to the discovery and the publication of 
the structure of DNA in 1953 through pioneering X-ray work (Watson & 
Crick, 1953). The code of life was finally visible but it had not revealed 
many secrets. The field of population genetics had made many theoretical 
predictions throughout the years but no one knew how much variation there 
actually was in populations (Casillas & Barbadilla, 2017). John Hubby and 
Richard Lewontin performed the keystone experiment starting the empirical 
study of population genetic variation (Hubby & Lewontin, 1966; Lewontin 
& Hubby, 1966). They used protein gel electrophoresis, a method separating 
molecules through electrical field in a porous gel according to their molecu-
lar weight to look at variation of a given protein among individuals in a pop-
ulation. This technique was making great use of the newly made discovery 
that variation in genes encoded variation in proteins. They applied protein 
gel electrophoresis to 18 genomic locations in Drosophila pseudoobscura, a 
fruit fly species, and found variation at 9 out of the 18 loci studied. Lewontin 
and Hubby were no strangers to population genetics and introduced their 
experiment in a well-defined theoretical framework for which an experi-
mental technique was missing. 
 
“A cornerstone of the theory of evolution by gradual change is that the rate 
of evolution is absolutely limited by the amount of genetic variation in the 
evolving population. Fisher’s Fundamental Theorem of Natural Selection 
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(1930) is a mathematical statement of this generalization, but even without 
mathematics it is clear that genetic change caused by natural selection pre-
supposes genetic differences already existing, on which natural selection can 
operate. In a sense, a description of the genetic variation in a population is 
the fundamental datum of evolutionary studies; and it is necessary to explain 
the origin and maintenance of this variation and to predict its evolutionary 
consequences. It is not surprising, then that a major effort of genetics in the 
last 50 years has been to characterize the amounts and kinds of genetic vari-
ation existing in natural or laboratory populations of various organisms. 
The reason for our present lack of knowledge about the amount of het-
eroygosity per locus in a population is that no technique has been available 
capable of giving a straightforward and unambiguous answer even under 
ideal experimental conditions.”  
     
   [Hubby and Lewontin, 1966] 
 
This pioneering work provided such a technique and researchers started de-
scribing levels of variation in all kind of organisms. The evolutionary genet-
ics community entered the allozyme era, a term referring to proteins that 
vary in electrophoretic mobility due to changes in sequences. During the 
year 1966, Harris published similar work in humans and estimated that 7% 
of individuals were variable at a single randomly chosen locus (Harris, 
1966). Studies started to accumulate on the basis of a few soluble protein 
over hundreds of species (Lewontin, 1974; 1985), showing that levels of 
diversity were highly variable across taxa. Variation was much higher than 
originally predicted by the classical school who thought that most of the 
genome was getting rid of variation as most mutations had to lead to nega-
tive consequences and the few advantageous ones had to fix. This fuelled 
polarised debates within the community (Muller & Kaplan, 1966). Interest-
ingly, but not explained at that time, birds and mammals had consistently 
lower levels of diversity than invertebrates. Kimura (1968) developed the 
neutral theory of evolution arguing that most observed polymorphisms re-
sulted from neutral mutations as deleterious and positive mutations should 
disappear quickly. In 1973, Ohta refined these ideas by demonstrating that 
nearly neutral variants could account for a significant portion of the variabil-
ity in populations (Ohta, 1973). This work led to the prediction that the 
amount of genetic diversity should scale with the size of the population. 
However, in an observation defined as “The Lewontin’s Paradox”, Lewontin 
pointed out that the variation in genetic diversity among organisms was 
much smaller than the variation in population size (Lewontin, 1974). Recent 
genomic work demonstrated that the spectrum of genetic variation ranges 
from one variable nucleotide in every 10’000 bp (i.e Urocyon littoralis, is-
land fox) to over 5% of site being variable in some nematodes, flies and 
porifers (Leffler et al., 2012; Cutter, Jovelin, & Dey, 2013; Robinson et al., 
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2016). The paradox is still of extensive interest today as modern evolution-
ary biologists further our understanding of the variation in genetic diversity 
among organisms (Bazin, Glémin, & Galtier, 2006; Corbett-Detig, Hartl, & 
Sackton, 2015). 

Despite the fact that the originally observed levels of diversity were con-
sidered high, Lewontin and Hubby (1966) outlined that these estimates were 
likely an underestimation of the real levels of diversity as not all genetic 
variants are expected to translate to measurable differences using protein gel 
electrophoresis. This problem was resolved when researchers got direct ac-
cess to the DNA sequence. The first study of nucleotide variation based on 
full sequence variation was performed by Kreitman (1983), in the Adh (Al-
cohol dehydrogenase) region of Drosophila melanogaster. Again, the levels 
of variation uncovered were unexpectedly high. Kreitman sequenced 11 
chromosomes from 5 populations and found 43 polymorphic sites while only 
two different forms of the protein were known. Most of the variation did not 
lead to amino acid changes (i.e. often referred as silent changes) demonstrat-
ing that most of the variants associated to changes in the protein sequences 
were probably deleterious. Kreitman was the first to demonstrate empirically 
that different variants had distinct effects on the phenotype and were there-
fore likely to be under different levels of selective constraint. 

In parallel to those empirical breakthroughs, several important theoretical 
contributions to the study of local variation were added. Notably, Smith and 
Haigh (1974) addressed the effect of positive selection on genetically linked 
sites and Charlesworth et al. (1993) developed theory for negative selection 
and its effects on genomic diversity. Scientists kept developing tools to study 
variation in natural populations and sequencing technologies improved. 
Some methods based on the polymorphisms in restriction sites got very pop-
ular as they did not require sequencing but only comparison of fragment 
lengths resulting from the digestion by several restriction enzymes (Botstein, 
White, Skolnick, & Davis, 1980). In the 1990s, microsatellites became ex-
tremely popular in evolutionary biology (Ellegren, 2004). These tandem-
repeating, very short DNA motifs are hyper-mutable, creating markers with 
large numbers of alleles and high diversity, which is ideal for population 
genetics. Microsatellites remained highly popular until a few years ago. With 
the sequencing of the human genome (Lander et al., 2001; Venter et al., 
2001), biology as a whole entered the genomic era in 2001. Despite some 
important early empirical contributions to the study of genomic diversity 
(Begun & Aquadro, 1992), sequencing populations for whole genomes was 
not yet feasible. An incredible cost decrease driven by extremely rapid de-
velopment of the sequencing technology enabled genomic research at the 
population scale. In 2007, an important population genomics study could 
uncover the amount of variation throughout the genome of Drosophila mel-
anogaster in relation to the functional role of the sequence studied (Begun et 
al., 2007). While sequencing whole genomes is getting cheaper, it is still an 
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expensive procedure and many molecular techniques have been developed to 
compare thousands of regions across the genomes of individuals within a 
population or a species. Reduced-representation approaches are good alter-
natives to whole-genome sequencing as they allow researchers to sequence 
large number of individuals at a reduced cost (Baird et al., 2008).  

We are still trying to understand variation within genomes based on pol-
ymorphisms at single nucleotides but sequencing technologies is now allow-
ing us to look at chromosomal modifications such as inversions, deletions 
and duplications throughout the genomes at the population scale. This has 
opened a whole new field for structural variation in populations that goes 
beyond single site polymorphisms (Huddleston & Eichler, 2016; Huddleston 
et al., 2017). 
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2. Determinants of genomic diversity 

Genetic variation is not constant across the genome (Figure 1) but the influ-
encing factors and their relative impact on levels of genetic variation in natu-
ral populations remain to be explained. Mutation is the only process creating 
variation, but many evolutionary forces and genetic factors are involved in 
its maintenance. Throughout this chapter, I will highlight some central evo-
lutionary processes that affect genetic variation. I will first introduce the 
concepts of mutation and effective population size before describing popula-
tion processes that affect the overall genomic levels of diversity. I will then 
give an overview of the evolutionary forces that have the potential to create 
variation in the levels of diversity across the genome such as selection and 
recombination.  

2.1. Mutation 
Mutation is the only process creating variation. Most mutations are not ad-
vantageous, the mutation rate by itself seems to be lowered as much as pos-
sible by selection while being the main source of variation and therefore 
essential to evolution (Lynch, 2010). There are many molecular types of 
mutations. In the early days of evolutionary genetics, much attention was 
given to the distribution of chromosomes sizes and shapes (Ferguson-Smith, 
2015). By observing chromosomes with a microscope, it has been possible to 
identify large-scale mutations in the genome. Mutations such as fissions, 
fusions, inversions, insertions, deletions and translocations are largely the 
results of errors during the meiosis, when chromosomes recombine to create 
gametes. While they can happen at a scale visible on a microscope, they can 
also be of much smaller scale and affect only a few nucleotides.  

In recent years, most of the focus in population genetics and molecular 
evolution has been focusing on single site variation. Those types of muta-
tions arise when a DNA base changes into another, generally due to faulty 
replication of DNA occurring during the process of cell division. Looking at 
variation in the DNA sequence through a family of collared flycatchers, 
Smeds et al. (2016) estimated the mutation rate of the collared flycatcher to 
be in the range of 3.4 × 10−9 to 5.9 × 10−9 per site, approximately 2.5 times 
smaller than the human mutation rate latest estimates of 1 x 10-8 per genera-
tion (Francioli et al., 2015). Knowing that a flycatcher  genome is around 
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Figure 1. Variation in genetic diversity along the genome of 20 collared 
flycatchers for the largest chromosomes. Data from Paper I. Genetic diversi-
ty is measured as nucleotide diversity. 
 
1.2 Gb, an offspring might typically carry 4-7 mutations. These estimates are 
an average over the whole genome. An important question is whether varia-
tion in the number of mutations throughout the genome might contribute to 
variation in the levels of diversity. There is evidence that mutation rate vary 
throughout the genome. CpG sites are a well-known example. Here, a cyto-
sine base that is followed by a guanine base exhibits hypermutable behavior 
due its chemical properties (Holliday & Grigg, 1993). Despite some catego-
ries of sites being hypermutable and the density of these sites being variable 
across the genome, recent work demonstrates that the large-scale variation in 
human mutation rate is arguably low with 90% of 1 Mb regions being within 
50% of the mean (Smith & Eyre-Walker, 2017). Similar work in yeast found 
that mutation rate hardly varies across chromosomes (Zhu, Siegal, Hall, & 
Petrov, 2014).  
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2.2. Genetic drift and effective population size 
The size of the population has a major impact on the rate of change in the 
frequency of a variant. This is due to the diminishing effect of random sam-
pling of variants in larger populations. This realization of the stochastic pro-
cess was first noted by Wright who defined it as “Genetic Drift” and is typi-
cally opposed to selection that is a deterministic process (Wright, 1931). The 
change in variant frequencies at each generation in large populations is much 
smaller than the change in variant frequencies in small populations. This is 
simply a realization of the stochastic process. If you toss a coin a few times, 
you are much more likely to obtain a heads-tails ratio different than 50:50 
than if you do it a million times. This rule applies just as well to the sam-
pling of a genetic variant. While frequencies of variants are more stable in 
big populations, they have higher overall diversity because of a higher total 
mutational input. Watterson (1975) predicted the variation in a population to 
be 4Neµ, where µ is the mutation rate. We shall now focus on the Ne term 
that is not the census population size but the effective population size. The 
concept was introduced by Sewall Wright to describe an idealised population 
of constant size where mating is random1. 
 
“The number of breeding individuals in an idealized population that would 
show the same amount of dispersion of allele2 frequencies under random 
genetic drift or the same amount of inbreeding as the population under con-
sideration”. [Wright, 1931]   
 
In other words, it is the size of an idealised population with the same change 
in allele frequencies between generations than our population of interest2. 
The idealised population is a population that will retain the maximum 
amount of variation across generations. The effective population size of nat-
ural populations is typically lower than the census size due to the violation of 
one or several assumptions of the idealised population that will have the 
effect of decreasing the amount of genetic variability.  

The assumption of random mating postulates that all individuals are 
equally likely to mate, maximising the variation retained in the population at 
the next generation. Non-random mating can occur when the mating system 
is not balanced between sexes. When sex ratios are unbalanced, the under-
represented sex will mate more and consequently increase drift. Another 
possibility is asymmetry in the mating system. If one female mates with 
several males (i.e. polyandry) or vice versa (i.e. polygyny), most individuals 

                                                
1 The concept also makes the assumption of equal number of children produced by each par-
ent as well as non-overlapping generations. Those are not considered here for simplicity. 
2 An allele can be equated to a genetic variant. It is one of the alternative forms of a gene. 
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will not contribute to reproduction, which increases variance in mating and 
in turn reduces jointly the effective population size and genetic diversity.  

Demographic fluctuations also have dramatic effects on the amount of 
genetic drift. If a population fluctuates in size, the amount of variability 
might reflect past sizes. A population drastically reducing in census popula-
tion size will have a rather high effective population size in comparison to its 
current census size as some of the variation is retained from the previously 
big population. Conversely, a population expanding will have reduced levels 
of variation (Allendorf, Luikart, & Aitken, 2012). Demographic fluctuations 
therefore also have important consequences on the amount of variability in a 
population. 

2.3. Selection  
There are three main types of selection acting in the genome: negative selec-
tion, positive selection and balancing selection. Most mutations are detri-
mental to the carrier. Any variant appearing in a population that is deleteri-
ous will be selected against and eventually might disappear. Less frequently, 
a variant is actually bringing an advantage to the carrier. This variant is re-
ferred as being under positive selection. If it can escape the early loss from 
the population due to the stochastic component of Mendelian segregation, it 
will be carried by a larger proportion of individuals and eventually become 
the only variant in the population, a process called fixation. Selection will 
act towards removing negative variants and fixing positive ones. Regardless, 
these two types of selection will remove variation from the population. 

There is one particular type of selection that can maintain variation. Bal-
ancing selection is the process by which selection actively maintains differ-
ent variants. This can happen under different scenarios, the classical case 
being heterozygote advantage (Dobzhansky, 1955). In the case of a gene 
with two variants, individuals carrying both variants at the same time (i.e. 
heterozygote) have higher success than individuals carrying two copies of 
the same variant (i.e. homozygotes), selection favors the maintenance of 
both variants to maximise the number of heterozygotes. The classical exam-
ple of heterozygote advantage is sickle cell anemia, a human disease causing 
deficiency in the cells carrying oxygen in our blood (Allison, 1954). If an 
individual carries two copy of the deleterious variant, he will suffer sickle-
cell anemia and have reduced life expectancy. If an individual carries one 
deleterious variant and one normal variant, he will not only be healthy but he 
will also be resistant to malaria, a parasite affecting the same cells as sickle-
cell anemia. The deleterious allele is therefore more common in some Afri-
can regions where malaria is present. Negative frequency dependent selec-
tion is another type of balancing selection. The heterozygote individual does 
not carry an advantage but the reproductive success of individuals carrying 
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one variant depends on the frequency of the other variant. This is easy to 
conceptualise through predator-prey interactions as explained by Clarke 
(1962). If a morph of prey is common in a population, it will be easier for a 
predator to learn that it is palatable leaving the rare morph at an advantage. 
As the rare morph is not selected against, it will become more common up to 
the point where it is easy for the predator to learn that it is also palatable. 
Selection will therefore favor the maintenance of both forms. 

In the early days of molecular genetics, two classical schools were con-
fronting each other. The classical view argued that negative and positive 
selection were most common in the genome and that variation in the genome 
should therefore be rare (Charlesworth & Charlesworth, 2017). The balance 
view on the other hand argued that balancing selection was prevalent and 
found much support in the early observations of large amount of variation in 
a few protein sequences (Lewontin, 1974). Balancing selection is rather hard 
to detect at the molecular level and it is therefore difficult to argue about its 
prevalence in nature (Charlesworth, 2006; Fijarczyk & Babik, 2015).  

A particular type of balancing selection I investigate during my thesis is 
sexual conflict. Males and females pursue different strategies for reproduc-
tion, a phenomenon that is commonly referred as sexual conflict or sexual 
antagonism (Arnqvist & Rowe, 2005). In animals, males are typically com-
peting to mate as much as possible while in females, the number of repro-
ductive events is much more limited and the focus is on finding best quality 
males rather than the highest number of males. This can lead to large pheno-
typic differences between males and females. In birds, males are often much 
brighter than females as a signal of their “good quality”. In females, dull 
colors are preferred to limit the risks of predation or prey detection (Anders-
son, 1994; Butcher & Rohwer, 1989). Females and males have therefore 
different optima for the same trait. With the exception of sex chromosomes, 
both sexes share the same genome but they experience different selective 
pressures. Thus, a genetic variant can be good when in males but detrimental 
when in females. This can be seen as a special case of balancing selection as 
such variants will be selected against when in males and selected for while in 
females. Little work has been done to study the potential of sexual conflict 
as a driver of diversity (Harrison et al., 2015). In Paper III, I investigate the 
scope for sexual conflict to maintain variation in genes and in the genome at 
large.  

2.4. Recombination  
Most animals have two copies of their genome for at least some part of their 
life cycle. They carry one copy of each gene inherited from one parent and 
another copy from the other parent. During the process that creates gametes, 
homologous versions of chromosomes typically exchange genetic infor-
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mation through the process of recombination. The recombination process is 
of central importance in shuffling genetic variation (Ellegren & Galtier, 
2016). It moves variants physically linked together on a chromosome to a 
new background with a different set of variants. The order of genes might 
not change, but variants that had been separated on different chromosomes 
are combined together. Recombination is essential in mediating the effects of 
selection. Imagine a negative variant and a positive one situated at different 
locations on the same chromosome. Without recombination, they will always 
be inherited together and the reproductive success of this chromosome will 
depend on the interaction of having a negative and a positive variant togeth-
er. Only recombination can shuffle variation from different chromosomes 
and unlink these two variants, allowing selection to work towards removing 
the negative variant from the population and fixing the positive one. This 
example also shows that selection effects extend past the site under selection 
towards linked sites (Smith & Haigh, 1974). Consequently, positive or nega-
tive selection removes variation at linked sites as well. The size of the region 
affected by linked selection gets smaller when the recombination rate is 
higher. These theoretical predictions lead to the expectation of a positive 
correlation between the amount of recombination and the levels of diversity 
throughout the genome. This correlation was first demonstrated in Drosophi-
la melanogaster (Begun & Aquadro, 1992) and shows how diversity varies 
along the genome depending on the rate of recombination. Despite not al-
ways being as strong as in Drosophila, this phenomenon has been confirmed 
from a few different organisms (see table 1 of Cutter & Payseur, 2013 for a 
review) including the collared flycatcher (Burri et al., 2015). Linked selec-
tion can be seen as the interplay between selection and recombination rate 
and is of major importance in governing genome-wide levels of diversity but 
more studies will be needed to understand exactly how much diversity it can 
explain and how it interacts with the other factors governing levels of genet-
ic variability (Cutter & Payseur, 2013). 

2.5 Temporal considerations 
We have now undergone a small overview of the major determinants of ge-
netic diversity in the genome. The forces at play are well identified but their 
interplay is complex. As evolutionary biologists, we might also be interested 
about the time dimension. How do local levels of variation change through 
time? In other words, does the landscape of genomic diversity (see Figure 1 
p.15) remain stable or change completely across evolutionary time scales? 
When two lineages diverge, they both carry the diversity levels of the ances-
tral lineage. Through the interplay of the factors mentioned above, variant 
sites will become monomorphic and within 9-12 Ne generations, there will 
theoretically not be any ancestral polymorphism left in the populations 
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(Hudson & Coyne, 2002). However, if the forces governing levels of diversi-
ty remain constant across the genome, the general levels of diversity might 
be correlated. Using diverged species, we can therefore learn about the con-
servation of the genetic diversity landscape through time. That question, 
investigated in Paper II, has important consequences about the predictability 
of evolution as well as on inferences based on levels of diversity across re-
lated species, notably in the context of speciation (Wolf & Ellegren, 2017).  
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3. Methods 

This section is by no means a comprehensive review of the methods I used 
during my thesis. It shall however give the reader an idea of the ways to 
measure genetic diversity, the basic principles of the molecular technologies 
as well as an overview of the Ficedula flycatchers study system investigated 
in this thesis. 

3.1. Measures of genetic diversity 
As for any quantity, genetic diversity has to be measured and different units 
have been proposed. In this chapter, I introduce common measures of genetic 
diversity and the ones I used the most during this thesis. Lewontin and Hubby 
(1966) introduced the concept of heterozygosity in the same revolutionary 
publication where they experimentally investigated the amount of variation in 
Drosophila pseudoobscura using protein gel electrophoresis. Heterozygosity 
was defined as the proportion of genes that are variable within an individual 
and gene polymorphism (P), as the proportion of genes that are variable within 
the populations. These measures are tightly linked to the nature of their obser-
vations. Looking at protein forms, they were assessing whether one gene was 
variable or not in a binary way. Since then, access to DNA sequencing al-
lowed more continuous measurement of genetic diversity. Heterozygosity is 
still central but is often applied per site rather than per gene. Throughout this 
thesis, I have been focusing on a measure called nucleotide diversity (π; Nei & 
Li, 1979). Nucleotide diversity is the average number of differences between 
any two sequences in the sample (equation 1). 
 
(1)  𝜋 =  𝑥!!" 𝑥!𝜋!"        
  
  
where i, j ∈ {1, …, n}, and n is the number of sequences in the sample. 
Further, xi and xj denote the respective frequencies of the ith and jth se-
quences; πij denotes the number of nucleotide differences per nucleotide site 
between the ith and jth sequences. In intuitive terms, if two random sequenc-
es in the sample vary on average every 10bp, the nucleotide diversity per site 
is 0.1. The collared flycatcher nucleotide diversity is roughly 0.004, which 
corresponds to one heterozygote site every 250 bp (Paper I). Another classi-
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cal measure of genetic diversity is the Watterson estimator (θw; Watterson, 
1975), which simply is the number of segregating sites scaled by the number 
of sequences in the sample (equation 2). 
 
2                                                       θ! = !

!!
  

 
where K is the number of variable sites in the population and an is the (n-1)th 
harmonic number. θw and π are expected to be equal in a neutrally evolving 
population of constant size. But when assumptions of this idealised popula-
tion are violated, they behave differently. Nucleotide diversity is primarily 
sensitive to high frequency polymorphisms. Those variants will often be 
different when comparing two sequences in the sample. In contrast, a variant 
that is harbored only by one chromosome will not be considered different in 
all the comparisons that do not sample this unique chromosome. On the oth-
er hand, θ!  scales linearly with number of variable sites independently of 
their frequency in the population.  

3.2. Estimating effective population size 
Effective population size is a central parameter in evolutionary theory as it 
relates to the evolutionary potential of a population (Lynch, Conery, & 
Burger, 1995). Historical Ne reflects the average effective population size 
over a time period in the order of Ne generations (Charlesworth, 2009). By 
contrast, contemporary Ne has been central in the field of conservation genet-
ics to investigate the evolutionary potential of endangered species and is the 
focus of my fourth paper. The most direct methods to estimate current Ne are 
temporal, measuring drift via changes in allele frequencies over time (Hui & 
Burt, 2015; Jorde & Ryman, 2007; Nei & Tajima, 1981; Waples, 1989). A 
prerequisite for temporal methods is that individuals are sampled a number 
of generations apart, limiting their applicability to many vertebrates systems. 
An alternative approach is using correlations in genotype frequencies across 
physically unlinked markers to investigate the amount of drift in the popula-
tion. If the population is small, correlation between genotypes at different 
loci will appear simply as a result of stochastic processes (Hill, 1981; 
Waples & Do, 2008). When Ne is bigger than a few hundred, the effect of 
genetic drift is reduced and Ne is consequently harder to estimate. By apply-
ing both approaches, Paper IV aims at estimating effective population size in 
a relatively large island population of collared flycatchers. 
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3.3. Study system 
This thesis is investigating empirical data. Like any experimental biological 
research, it involves one (or several) study species. There are many consid-
erations when choosing to focus on a study organism. Some of them are 
curiosity driven; ants can be fascinating for their social behavior and birds 
are compelling for their migratory behaviors. Some others are practical. It is, 
for example, easier to study aging experimentally in worms rather than in 
elephants. It is also easier to investigate an organism that has been studied 
extensively, as a deeper understanding allows the posing of more complex 
questions. In population genetics, an organism that is intensively studied is 
not only better understood but typically benefits from better resources such 
as a higher quality genome, a better knowledge of the gene positions or a 
good idea of the local levels of recombination. In the following paragraphs I 
will briefly explain the appeal of avian systems in population genetics and 
specifically why the collared flycatchers are ideal study organisms for this 
thesis. 

Birds have long stimulated evolutionary biologists. They are incredibly 
diverse but also relatively easy to observe which led high numbers of scien-
tists and amateur enthusiasts to focus on them. They always had a central 
role on the study of evolution, notably through the early observations by 
Darwin of the Galapagos finches and through his interest in pigeon breeding. 
Building on a long tradition of ecological, behavioral, evolutionary as well 
as classical genetics studies, birds recently entered the genomics era. The 
first bird genome to be sequence was the chicken, a species with a high 
commercial value (Gallus gallus; International Chicken Genome Sequencing 
Consortium, 2004). The zebrafinch (Taeniopygia guttata), arguably another 
model species in birds became the first passerine species sequenced (Warren 
et al., 2010). Bird genomics confirmed that avian genomes are quite stable. 
Large chromosomal rearrangements are relatively rare compared to mamma-
lian genomes (Ellegren, 2010). They are also characterised by a relatively 
small and stable size as well as lower repetitive content than mammals 
(chicken genome: 1.21 Gb, ~10% repeats; human genome: ~3 Gb 50% re-
peats; Treangen & Salzberg, 2011). These characteristics enable easier as-
sembly and comparative analyses as well as lowering the sequencing cost. 
For all these reasons, avian genomes are interesting models for evolutionary 
genomics.  

Recently several initiatives have massively increased the amount of bird 
genomic resources available. In December 2014, the Avian Phylogenomics 
project released the genomes of 48 species and provided extensive new ge-
nomic evolutionary information through a series of studies (Jarvis et al., 
2014; Zhang et al., 2014). In parallel with these advancements, new technol-
ogies have allowed the sequencing of better genomes. Long-read sequencing 
is allowing researchers to build better assemblies (Warren et al., 2017). By 
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sequencing longer fragments of DNA, they essentially deal with puzzles 
made up of fewer pieces and can start looking into variation in structure (i.e. 
inversions, deletions/insertions) as well as sequencing difficult regions of the 
genome such as repetitive sequences (Chaisson et al., 2015).  

Collared flycatchers have been intensively studied in the context of speci-
ation (Qvarnstrom, Rice, & Ellegren, 2010). The species probably started 
diverging from its sister species, the pied flycatcher (Ficedula hypoleuca), as 
a result of occupying different areas during the Pleistocene glaciations less 
than 1 million year ago (Saetre et al., 2001). While expanding northwards, 
the two species recently came into contact on the Swedish islands of Öland 
and Gotland in the Baltic Sea. There is also a hybrid zone in the Czech Re-
public in central Europe. Interesting characteristics within the hybrid zones 
of the two species (i.e. divergence in song and in plumage colors, temporal 
and spatial competition) have sparked interest across a large research com-
munity. Flycatchers are monitored on Gotland since 1980. On Öland, moni-
toring started during the period 1981–1985 and then resumed in 2002 in an 
extensive manner, aided by the birds preferentially nesting in artificial nest 
boxes (Qvarnstrom, Wiley, Svedin, & Vallin, 2009).  

The genome of the collared flycatcher was published in 2012 (Ellegren et 
al., 2012). Strong interest in speciation led to the development of a high 
quality reference genome with more than 300 whole-genome re-sequenced 
individuals across the genus and recombination rate data based on a >600 
individuals pedigree (Kawakami et al., 2014; Burri et al., 2015; Kardos, 
Husby, McFarlane, Qvarnstrom, & Ellegren, 2016; Paper III). This great 
amount of resources allowed me and other researchers to pursue genomic 
research in flycatchers beyond the single context of speciation towards the 
open fields of population genomics, comparative genomics and molecular 
evolution. 

3.4. Technologies 
3.4.1. Genomics 
Modern sequencing technologies are incredibly powerful. For example, the 
Illumina HiSeq2000 machine/platform can sequence the genome of a fly-
catcher 25 times in a single day and it is this platform that has generated 
most of the data presented in this thesis (Illumina, 2015a). In short, it works 
by replicating large numbers of DNA molecule on a plate (Illumina, 2015b). 
DNA fragments end up in small clusters of identical molecules. Replication 
of single-stranded DNA is then occurring sequentially with A, C, T and G 
bases carrying different colors. At each cycle, one base is added and a high 
precision camera records which base has been added to which cluster of 
identical DNA fragments using fluorescence. The researcher obtains a file 
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with the sequence of millions of independent fragments. In my thesis, I made 
use of the existing reference genome and proceeded only to whole-genome 
re-sequencing. That is, those millions of fragments for each individuals are 
attributed a location along the flycatcher reference genome according to their 
sequence through a process called mapping (Li, Ruan, & Durbin, 2008). The 
stack of fragments at every position in the genome for any given individual 
allow researchers to infer the sequence variation carried by this bird in con-
trast to the reference genome. 

3.4.2. RNA Sequencing 
DNA sequences of genes are eventually used as templates for proteins. It is 
of interest to know which protein is present in which quantity in several con-
texts (Wang, Gerstein, & Snyder, 2009), including sexual conflict (Ellegren 
& Parsch, 2007). It is often argued that changes in the protein sequences that 
results from a DNA mutation can have quite dramatic effect on the protein 
function while regulatory changes (i.e. not in the gene itself but controlling 
its expression) can affect only a given tissue, a specific developmental stage 
or one of the sexes. A well-used approach is to sequence the mRNA mole-
cules. This is commonly referred to as RNA sequencing or transcriptomics. 
These molecules are messenger sequences produced from genes as templates 
that will be translated into protein using the ribosomal machinery of the cell. 
Sequencing mRNA molecules allow relative quantifications of the product 
of each gene. It is usually done by complementing the bases of the mRNA 
with a DNA molecule (so called cDNA) that can then easily be sequenced as 
described above. The amount of each gene found after sequencing is ex-
pected to relate to the level of expression of the gene.  
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4. Research aims 

4.1. General research aims 
In this thesis, I investigate the variation in levels of diversity within avian 
genomes. Specifically, I explore how mutation, recombination rate and se-
lection interact to shape variation in the collared flycatcher. Furthermore, I 
study how biological conflicts between the sexes can maintain levels of di-
versity over time. Finally, I explore the stability of the local genomic diversi-
ty landscape through evolutionary time and the potential of short-term varia-
tion to shed light on the evolutionary history of a population. 

4.2. Specific research aims 
Paper I–To characterise the genomic distribution of nucleotide diversity in 
the genome of the collared flycatcher and its variation in relation to evolu-
tionary constraint as well as  to inform the design of marker-based studies. 
 
Paper II–To compare the local levels of genetic diversity between the hood-
ed crow and the collared flycatcher to investigate the stability of the genomic 
diversity landscape and its driving forces across evolutionary time-scales 
(>20Mya). 
 
Paper III–To investigate the potential of sexual conflict in maintaining ge-
netic diversity in natural population through the process of balancing selec-
tion. 
 
Paper IV–To estimate current effective population size of an island popula-
tion of collared flycatcher using genomic data. 
 



 30 

5. Summary of the papers 

Paper I – Genomic distribution of nucleotide diversity  
Genetic diversity is at the core of the evolutionary theory as it relates to the 
evolvability of species (Fisher, 1930). It is important in the context of adap-
tation (Barrett & Schluter, 2008), speciation (Coyne & Orr, 2004) and con-
servation (Reed & Frankham, 2003). Good knowledge of the levels and dis-
tribution of genetic diversity in the genome is essential to the understanding 
of these phenomena. In non-model organisms, genetic diversity estimates are 
often obtained from marker-based methods. To describe genome-wide levels 
of diversity as well as to understand the precision of marker-based methods 
in capturing genome wide diversity, we analysed whole-genome re-
sequencing data from 20 collared flycatchers over 10 million polymorphic 
sites.  

We found very small genome wide variation among individuals, as ex-
pected in a non-inbred population (π = 0.00386, range = 0.00376–0.00393). 
Across the genome, levels of diversity were largely correlated among indi-
viduals (Spearman’s rho range = 0.70-0.86). We then investigated the ge-
nomic heterogeneity in levels of diversity. We demonstrated that diversity is 
more clustered than expected by chance even looking at relatively large win-
dow sizes (200 Kb). Genetic diversity varied by nearly two orders of magni-
tudes. Interestingly, we observed autocorrelation in levels of diversity for 
windows up to 1 Mb apart.  

In the collared flycatcher, levels of diversity positively correlated with 
chromosome size. We re-extracted levels of diversity in relation to window 
size in the brown creeper (Certhia Americana; Manthey, Klicka, & Spell-
man, 2015) and the Hawaii amakihi (Hemignatus virens; Callicrate et al., 
2014) that showed contrasting patterns. This could be explained by a differ-
ent interplay between the amount of targets for selection and variation in 
recombination rate (Slotte, 2014). Targets of selection will reduce diversity 
more significantly if the recombination rate is low. In general, the relation-
ship between recombination rate and chromosome size is expected to be 
negative as there is one obligate recombination event per meiosis per chro-
mosome. It is opposing the effect of lower gene density on large chromo-
somes in flycatcher and seems to be driving the positive correlation between 
levels of diversity and chromosome size. We then investigated precisely how 
much diversity varies with the levels of selective constraint within the ge-
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nome. In comparison with intergenic DNA, diversity at fourfold degenerate 
sites was reduced to 85%, 3′ UTRs to 82%, 5′ UTRs to 70% and nondegen-
erate sites to 12%. 

Using simulations, we investigated how marker-based methods capture 
genome-wide diversity. We used separate simulations for different numbers 
of individuals and different numbers of markers for intergenic regions, in-
tronic DNA, coding sequences and UTR independently. We also applied 
simulations to a larger number of smaller markers to mimic RAD sequencing 
(Baird et al., 2008). Most sampling schemes showed relatively large confi-
dence intervals, signaling poor precision. For example, sampling 10 individ-
uals for 10 intergenic markers led to a 95% CI for nucleotide estimation 
spanning a factor 2 (0.0027-0.0055). RAD markers were more precise due to 
their larger numbers. For 500 markers, the ratio between upper and lower 
bound of the CI was only 1.2 (0.0035-0.0042). Importantly, we demonstrated 
empirically that precision in the genetic diversity estimate increases much 
more by sampling more markers than by increasing the numbers of individu-
als. This is consistent with the high correlation in levels of diversity across 
individuals. Much more information is added to the estimate by sampling 
uncorrelated markers than by adding correlated values from other individu-
als. In summary, this study describes the extensive amount of variation in 
diversity within the genome and provides recommendation for the study 
design of empiricists looking at estimating the levels of diversity from mark-
er-based methods. 

Paper II – Covariation in levels of nucleotide diversity 
long after lineage sorting 
Genetic diversity is not constant across the genome. Local levels of variabil-
ity are expected to correlate in closely related species as long as ancestral 
diversity is still segregating. Once lineage sorting is complete, there is no 
reason to expect levels of diversity to remain correlated in diverged lineages. 
Yet, evolutionary patterns and genetic factors govern genetic diversity levels 
along the genome (Ellegren & Galtier, 2016). If the interplay between these 
factors remains relatively constant, we might expect diverging lineages to 
have similar levels of genetic diversity. 

Among vertebrates, avian karyotypes are remarkably stable (Ellegren, 
2010) which might suggest a conservation of the interplay between forces 
determining levels of diversity at evolutionary time scales. In particular, 
recombination is highly dependent on the chromosomal location in birds 
(Backström et al., 2010) and the limited number of rearrangements indicate 
some stability of the recombination landscape. 
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In this study, we investigated the conservation of the genetic diversity 
landscape in two distantly related passerine species. The collared flycatcher 
and the hooded crow diverged more than 20 Mya (Jønsson et al., 2016), a 
timescale at which no ancestral polymorphisms should remain (Hudson & 
Coyne, 2002). We first demonstrated that the genetic diversity landscape is 
conserved at evolutionary timescales (Spearman's ρ = 0.407; 200 kb win-
dows). We then excluded several potential drivers of this diversity correla-
tion. First, our analysis covered more than 60% of the flycatcher genome and 
did not represent a biased conserved subset of the genome. Barely 0.2% of 
polymorphic sites in the flycatcher were variable in the crow, confirming 
that lineage sorting is essentially complete. The correlation also remained 
essentially unchanged when ignoring genes (Spearman's ρ = 0.402), demon-
strating that very low levels of diversity in genes are not enough to create the 
correlation. The stable karyotype of birds could also lead to strong chromo-
somal effect (Paper I) but when we regressed hooded crow variability 
against collared flycatcher genetic diversity and chromosome size, the effect 
of chromosome length was not significant. Together, these results suggest 
that the mechanisms governing levels of diversity are conserved between the 
two species. Due to the absence of information about recombination rate for 
the hooded crow, we focused on the collared flycatcher.  

We then extracted genomic variables to investigate the relative contribu-
tion of different forces to genomic diversity in the flycatcher. In addition to 
the available recombination rate data (Kawakami et al., 2014), we extracted 
coding sequence density as a proxy for the density of targets for selection, dS 
(i.e. the substitution rate) as a proxy for the local mutation rate, repeat densi-
ty and GC content. We showed that the strongest force determining levels of 
diversity at play is linked selection, which could explain 11.22% of the di-
versity out of the 28% explained by the analysis. We further demonstrated 
the role of linked selection by looking at the relation between recombination 
rate and diversity expected through linked selection. We contrasted regions 
of high and low gene density and could only observe a relationship between 
recombination rate and genetic diversity in regions with high gene density. 
This is consistent with the fact that the effect of recombination is only 
through breaking down selection at linked sites and should be more visible 
when there are many targets for selection.  

This study was the first to demonstrate the correlation in regional levels 
of genetic diversity long after lineage sorting. We suggest conservation of 
levels of linked selection as a potential explanation for this correlation that 
shed light on the temporal dynamics of the genetic diversity landscape in 
birds and imply that genetic diversity is to some extent predictable. 
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Paper III – Sex-biased gene expression, sexual 
antagonism and levels of genetic diversity  
Explaining the amount of genetic diversity is a classical problem in evolu-
tionary biology. It is especially true for genetic variability underlying quanti-
tative phenotypic traits, as most variance is expected to be removed by selec-
tion (Barton & Turelli, 1989; Kruuk & Hill, 2008). Males and females pur-
sue different strategies for reproduction and have therefore different optima 
for many phenotypic traits. As males and females share one single genome 
with the exception of sexual chromosomes, it has become clear that sex-
biased expression is one way of resolving sexual conflict (Connallon & 
Knowles, 2005; Mank, 2017).  

In this study, we used large-scale population genomics data as well as 
transcriptome sequencing to investigate the potential of sexual conflict in 
maintaining diversity. We observed a strong relationship between genetic 
diversity and sex-biased expression in gonads both for male-biased genes 
and female-biased genes. Remarkably, this remains true for some of the oth-
er tissues sequenced despite much lower levels of sex-biased expression. 
Along with recombination rate, GC content, substitution rate and repeat den-
sity, sex bias also seems to explain some of the variation in the genome-wide 
diversity levels (up to 4.3%). To look at sexual conflict, we focused on sig-
natures of sexual selection. Male-biased genes showed an association be-
tween the amount of intermediate frequency variants and sex-bias (Tajima, 
1989). Sex-bias also correlated with the amount of polymorphisms shared 
with a recently diverged species (i.e. Ficedula semitorquata). Those signa-
tures were absent in females.  

Another way for sexual conflict to potentially act is through viability se-
lection. Allelic frequencies on autosomes are equal at birth between males 
and females. If some genes lead to differences in survival between males and 
females, allelic frequency differentiation could appear between sexes. Cheng 
and Kirkpatrick (2016) recently demonstrated allelic differentiation between 
males and females in humans and in Drosophila melanogaster. We were 
able to demonstrate that male-biased genes show allelic differentiation be-
tween males and females in one single generation but not female-biased 
genes. The discordance between male and female-biased genes is striking as 
both male and female-biased genes show a positive relationship with levels 
of diversity. It might be that the signal of sexual conflict is weaker in fe-
males and we were not able to detect it. Sexual selection is generally ex-
pected to be stronger in males as they compete for a access to females (Har-
rison et al., 2015; Pointer, Harrison, Wright, & Mank, 2013).  Together, the-
se observations suggest that sexual selection is important to the maintenance 
of genetic diversity through sexual conflict. 
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Paper IV – Current effective population size in an island 
population 
Contemporary effective population size is directly related to the evolutionary 
potential of a population (Charlesworth, 2009). Typically, methods to esti-
mate current Ne measure the amount of genetic drift in the population. Thus, 
the power of these methods scale negatively with the size of the population, 
as large populations experience less drift. Most direct estimates of current Ne 

have been obtained for small populations (i.e. Ne <1000), often using small 
numbers of markers. In this study, we aimed to estimate current Ne of a pop-
ulation of collared flycatchers’ on the island of Gotland, in the Baltic Sea 
using genomic data. This population has existed for at least 150 years, with 
the current census size estimated at around 9000 (Lars Gustafsson, personal 
communication). 

We generated whole genome re-sequencing data for 85 unrelated individ-
uals at two different time points (45 in 1993 and 40 in 2015). Using a tem-
poral method based on the mean and variance of the shift in the allele fre-
quency spectrum between the two time samples, we estimated an Ne of 4 771 
(95 CI: 4 708 - 6 364; Jorde & Ryman 2007). However, a likelihood estima-
tor based on the full allelic frequency was not able to estimate Ne (Hui & 
Burt, 2015). Using a linkage-based method that utilises correlations between 
genotypes at different loci within the population, we were not able to obtain 
reliable estimates of Ne as they were consistently higher than the census size 
(Waples & Do, 2008). 

Together, these results suggest that estimating contemporary Ne is prob-
lematic for large populations even when using vast amounts of genomic 
data. The temporal method developed by Jorde and Ryman (2007) was the 
only one to give us a precise estimate of Ne but it remains difficult to judge 
its accuracy. 
 
 
 
 

 
 
 
 
 
 



 35 

Sammanfattning på Svenska 

Individer i en population skiljer sig genetiskt ifrån varandra. Hur mycket 
variation som finns i genomet (hela arvsmassan hos en organism) brukar 
benämnas som ”genetisk diversitet”. Sådan variation kan mätas på artnivå, 
populationsnivå eller till och med inom en enskild individ, så länge denna 
har mer än en kopia av varje kromosom (vilket är normalfallet hos sexuellt 
reproducerande växter och djur). 

I början av 1930-talet formades grunden till vad som brukar kalls ”den 
moderna syntesen”, genom att kombinera Darwins teori om naturligt urval 
med Mendels ärftlighetslagar. Den moderna syntesen formulerade ett teoreti-
skt ramverk för hur man kan mäta genetisk diversitet i populationer och 
förstå hur olika typer av evolutionära processer formar denna variation. Ge-
nom banbrytande arbete av Lewontin och Hubby 1966, blev det möjligt att 
direkt mäta organismers genetiska variation. Empiriska studier av genetisk 
variation fokuserade ursprungligen på få individer och enstaka gener, men 
genom kartläggningen av hela den mänskliga arvsmassan i slutet av 1990-
talet började den ”genomiska eran”. I och med utvecklingen av ”nya genera-
tionens sekvenseringsteknik” är det i dag möjligt att sekvensera hela genom 
hos hundratals individer, och därigenom studera genetisk variation på en 
mycket detaljerad nivå. Genetisk variation kan numera studeras inte bara hos 
populationer och mellan individer, utan också över olika delar av genomet 
hos en enskild individ. Detta möjliggör studier av hur olika evolutionära 
processer påverkar olika delar av arvsmassan. 

I denna avhandling har jag fokuserat på variation i genetisk diversitet hos 
fåglar, och då framför allt hos halsbandsflugsnapparen (Ficedula albicollis). 
I det första kapitlet studerar jag först genetisk variation av hals-
bandsflugsnappare och visar att variationen inom genomet hos enskilda indi-
vider är mycket större än mellan genom av olika individer. Jag ger också 
rekommendationer om hur forskare som enbart använder ett begränsat antal 
genetiska markörer, på bästa sätt ska kunna uppskatta mängden av genetisk 
diversitet i hela genomet. 

I det andra kapitlet studerar jag hur stabila mönstren i genetisk variation 
längs genomet är över stora tidsperspektiv. Här använder jag en jämförelse 
mellan genetiska mönster hos halsbandsflugsnappare och gråkråka (Corvus 
(corone) corone), två tättingar som har ett gemensamt evolutionärt ursprung 
för minst 20 miljoner år sedan. Genetisk variation som fanns hos den senaste 
gemensamma anfadern för dessa arter har idag försvunnit i de båda evolu-
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tionära linjerna, och i stället har ny variation bildats hos dem oberoende av 
varandra. Men om de evolutionära processerna som styr den genetiska varia-
tionen har varit konstant, borde mönstren av den genetiska variationen hos 
de båda arterna fortfarande vara likartade. Jag visade att det fanns en korrela-
tion mellan lokal genetisk variation hos flugsnappare och kråka, och föreslår 
att detta kan förklaras av ett stabilt mönster av urval och rekombination över 
genomet. 

I det tredje kapitlet studerar jag hur naturligt urval, som vanligen minskar 
mängden genetisk variation, i stället kan bidra till att bibehålla variation när 
det också finns en ”genetisk konflikt” mellan könen. Hanar och honor kan ha 
olika strategier för att maximera sin fortplantning, något som brukar 
benämnas sexuell konflikt eller sexuell antagonism. Exempelvis kan en viss 
genvariant vara fördelaktig hos hanar men ha en negativ påverkan när den 
återfinns hos honor. Sådan konflikt kan leda till att de olika genetiska varian-
terna upprätthålls i populationen och ökar således den genetiska variationen. 
Jag använde storskalig genetisk data på populationsnivå för att visa att gener 
som uttrycks mer i det ena könet än i det andra har högre genetisk variation 
och är mer påverkade av genetisk konflikt, jämfört med gener som uttrycks i 
samma utsträckning hos båda könen. 

I det fjärde kapitlet studerar jag slutligen hur genetisk variation som följts 
under några få generationer kan användas för att dra slutsatser om popula-
tionens evolutionära potential. Genom att undersöka förändringar i frekven-
ser hos specifika genvarianter över tid, har jag uppskattat den effektiva 
populationsstorleken hos en population av halsbandsflugsnappare på Got-
land. Sammantaget kan vi genom resultaten i denna avhandling få större 
förståelse för vad som påverkar graden av genetisk diversitet hos fåglar. 
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