
Introduction

0.1 About this introduction and the thesis

It is probably impossible to write an introduction that is interesting and in-
structive for everyone who will have a look at this thesis. So please, don’t
be annoyed if parts of this introduction are abracadabra to you and on the
other hand, please don’t feel offended if it is much too easy. Each of the four
chapters of this thesis is a paper (chapter 1 and 2 published, chapter 3 sub-
mitted and chapter 4 in preparation) and has a formal introduction. If you
are a population geneticist, you may want to skip this introduction and jump
to chapters 1, 2, and 3 immediately. If you are interested in competitive sym-
patric speciation you could start with chapter 4. In this general introduction
I have tried to explain the topics of this thesis in such a way that also people
outside my field can understand what the questions are that I worked on. I
first spend two sections on evolutionary biology and theoretical evolutionary
biology followed by four sections to explain the main questions and results of
each of the chapters.

I hope you will enjoy reading this introduction.

0.2 What is evolutionary biology?

Two observations are central to evolutionary biology.
1. All species on earth are descended from a common ancestor and
2. Species tend to become adapted to their environment.
The fact that there are different species, that are all descended from one ances-
tor is because species sometimes speciate. Species are adapted to their environ- Speciation: the

splitting of a
species into two
different species.

ment because they evolve through the following mechanism: mutation creates
variation, some variants produce more offspring than other variants and the
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result is that the genetic composition of the species changes. Evolutionary bi-
ology is the science that tries to find the rules that govern both speciation and
adaptation. The two main branches of evolutionary biology are often called
macro-evolution (explaining the evolutionary relations between species) and
micro-evolution (explaining evolution within a species, including adaptation).
Knowledge of the rules of evolutionary biology can help us to understand the
world as we observe it (Why are there so many species of beetles? Why does
HIV evolve so fast?), and it can help us to make predictions to base decisions
on (How long will it take before malaria is resistant against the new drug and
what can we do to prevent that?).

There are many unsolved questions in evolutionary biology, which is not
surprising given the complexity of of the subject and the fact that it is still
a relatively young field of science. Why is the subject so complex? To see
this, compare the following. A law of physics states that how much an object
will speed up or slow down depends on its weight and the forces that work
on it. Using this rule, I could calculate the movements of hanging objects
in moving trains when I was in secondary school. The law may not always
be exact, but it gives a good approximation for almost every moving object
on earth. A rule in evolutionary biology states that a population will change
in such a direction that its mean fitness will be increased (at least if theFitness: the aver-

age number of off-
spring of an indi-
vidual.

environment doesn’t change), making it better adapted to its environment.
Even though there are exceptions to this rule, many biologists believe it is
correct most of the time. However, we can still hardly ever use this rule to
make predictions about how populations will change. One problem is that it is
hard to determine the direction and magnitude of the selective forces that workSelective force:

the word force
may be mis-
leading here.
Selection favors
a certain variant
(mutant) when
such a variant
occurs. Mutation
creates the vari-
ants completely
independent of
the selective force.

on a population. A second difficulty is that even if we know the forces, the
reaction of a population to those forces depends largely on stochastic processes
such as mutation. A stochastic process is a process in which it is impossible
to predict what will happen next, at best one can know the probability of
the next step being a certain event. Mutation is such a stochastic process;
it is impossible to predict when or where mutations happen. It is therefore
hard to predict how fast a population will change and in which of the possible
directions. Even if a beneficial mutation occurs, it may get lost again (more
about this in section 0.4).

Evolutionary ecology is a subdiscipline of evolutionary biology and deals
with the problem of determining the direction of the selective forces. The next
example shows why it is so hard to determine this direction. A botanist may
observe that taller plants produce more seeds than shorter plants, and expect
that the taller plants are fitter. The tall plants should therefore increase in
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fertility survival total fitness
(# seeds) (prob. to survive (expected

to adulthood) # adult offspring)
tall plants 100 0.01 1

short plants 50 0.02 1

Figure 1: Total fitness is determined by different fitness components. In this example there
are only two: fertility and survival. The tall plants produce more seeds but the seeds have
low probability to survive. When only one fitness component is measured it is not possible
to draw conclusions about total fitness. In chapter 4 of this thesis, the hermaphrodite
individuals have three fitness components: male fertility, female fertility and survival.

frequency and the mean length of the population should increase. However, to
be sure that selection actually favors tall plants we need to check first whether
the seeds from the taller plants are not for some reason worse survivors than the
seeds of the shorter plants, to check whether the total fitness of the tall plants
is indeed higher (see Figure 1). It is also possible that the tall plants do not
always produce more seeds. The tall plants may do better this year, but maybe
not next year when there is less rain and the shorter plants have an advantage,
for example, because they have longer roots. Maybe not in another time, but
at another place, the shorter plants are better off. Imagine that our focus
population would be on a small island and that there is also a large mainland
population where short plants are fitter than tall plants (as in Figure 2). Seeds
from short plants from the mainland population will continuously enter the
island population by migration, so that the island population will always have
short plants. In that case the selective force cannot win over migration. It is
also hard to know whether selection actually favors the tallness of the plants.
If there is a gene that affects both tallness and another characteristic that
determines fitness, the correlation between “many seeds” and “being tall” can
be a genetic coincidence (see Figure 3).

The things mentioned in the last paragraph are just some of many reasons
why the botanist cannot conclude that selection favors tallness both now and
in other times, both here and in other places. For selection to have an effect on
a population it does not need to be there for ever, just sufficiently long or often.
Also, it has to be strong enough. Selection can also prevail over migration, as
long as there are not too many migrants. It needs enough beneficial mutations
and not too many deleterious ones. And all this requires a substantial amount
of luck as well (see section 0.4).
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Figure 2: The so-called fitness landscape is different in the island population than in the
mainland population. Tall plants are fitter on the island, whereas short plants are fitter on
the mainland.

Figure 3: It is a genetic coincidence that taller individuals are fitter than shorter individ-
uals. Tall individuals are dark and dark individuals are fitter. Therefore, automatically,
taller individuals are also fitter.

In the first three chapters of this thesis we1 deal with adaptation. Through-
out these chapters we assume that we know the exact direction and magnitude
of the selective force. We also assume that the population has only one solu-
tion to deal with this force. This one solution is a mutation from one allele to
another allele. If this beneficial allele reaches a frequency of 100%, we considerAllele: an allele

is a variant of a
gene. A gene is
a stretch of DNA
that has a cer-
tain function. Of-
ten more than one
variant of a gene
exists - each vari-
ant may produce
a slightly different
protein - and these
variants are called
alleles.

evolution completed as far as this locus is concerned. We have made all these
assumptions so that we can focus on the stochastic nature of mutation and
reproduction. In chapter 4 we look at the splitting of one species into two.
We try to understand the role of selective forces in such a speciation process -
combining macro- and micro-evolutionary biology.

1From here on we means my collaborators and me.
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0.3 What is theoretical evolutionary biology?

A theoretical biologist specializes in the use of models. Models come in many
different forms and have various functions.

1. A model can explain observations. The model of natural selection,
as Darwin suggested it, can explain why populations are adapted to their
environments. Such a model, which gives the answer to a “Why?” question,
has certain components, things that we know or believe to be true. After these
have been determined, the modeller uses logic or mathematics to determine
the outcome of the model. The ingredients of the model of natural selection
are 1. heritable variation for a trait and 2. differences in fitness between the
variants. The logic of the model is: if some variants are better adapted to
the environment than others, they will have higher fitness (i. e. have more
surviving offspring in the next generation), and as a result their frequency
will increase in the population. If this process is repeated generation after
generation, slowly, the population will get better adapted to its environment.

2. A model can also be used to make predictions. Predictions and ex-
planations are closely related. Darwin’s theory of natural selection explains
why populations are adapted to their environment, but it also predicts that
populations are adapted to their environments. Such predictions do not neces-
sarily deal with the future. They can be independent of time and, for example,
state that “after every ice-age (in past or future) animals migrate back to the
north”. In some cases predictions are there before any observations are made.
The model in chapter 1 of this thesis is mostly a predictive model. Our results
are therefore formulated in “if - then” constructions such as “if the mutation
rate is high, then a population will adapt from the standing genetic variation”
(for explanation see section 0.4).

3. Some processes can not be observed directly. In those cases, we can use
models to predict the patterns that will be left behind by a certain process. The
pattern can then be used to infer the processes that have happened. A meteor
that hits the earth leaves a crater. Even though the process (“meteor hits
earth”) is not often observed directly, we can infer from the pattern (“crater”)
that the process has happened. In chapter 3 we determine what pattern would
be left in the DNA of a population by a “soft sweep” (for explanation see
section 0.6) and we also determine how likely it is that we detect this pattern.

4. A model can be used to estimate a parameter that we can not measure
directly. For example, the model of neutral evolution can be used to infer from
DNA data how long ago two species speciated. The parameter that we would
like to estimate is the divergence time between the two species. The model
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of neutral evolution tells us that the number of differences found in the DNA
between two species is (roughly) equal to the time that has passed since they
split multiplied with the mutation rate per year. Therefore

number of differences = div. time×mut. rate

So if we know the number of differences and the mutation rate per year, we
can estimate the divergence time.

Models have a long tradition in evolutionary biology, so the models in this
thesis have been built on many previous models. There are different reasons
why models are much more often used in evolutionary biology than in other
biological disciplines. First, evolutionary biology (at least micro-evolution)
often deals with populations of individuals. Processes at the individual level
(such as mutation and reproduction) are known pretty well and the models are
used to predict the effect of these processes at the individual level on processes
at the population level. The modeling tradition in evolutionary biology started
also because it is more difficult (but not impossible) to carry out experiments
in evolutionary biology than it is in the other biological disciplines. Models
in evolutionary biology tend to be complicated. Often mathematics, statistics
and computer simulations are needed to get to the explanations, predictions
and estimates that people are looking for. In the next sections I will try to
explain the models that I have worked on, (almost) without using mathematics
or much jargon.

0.4 About chapter 1 (Soft sweeps 1)

When a new malaria medication is introduced, Plasmodium falciparum (the
parasite that causes the most severe form of malaria) is faced with a problem,
simply because when a malaria infected person uses the medication, the local
parasite population inside this person will die out. P. falciparum, however, can
become resistant to such a new medication. This sometimes happens quickly,
even within the year the medication is introduced, or sometimes slowly or not
at all (Talisuna et al. 2004). The known resistance mutations in P. falciparum
are usually very simple. Partial resistance can be caused by a single nucleotide
change such as a point mutation at codon 108 in the dhfr gene from agc to aac
(see Figure 4). This change in the DNA results in an amino acid change in
the protein from Serine (S) to Asparagine (N), and this altered protein confers
resistance to the malaria drug pyrimethamine (Talisuna et al. 2004).
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codon number 1 ... 105 106 107 108 109 110 111 ... 163
Ancestral
/ b allele caa ... acc tgg gaa agc att cca aaa ... gga
Protein
sequence Q ... T W E S I P K ... G

Resistant
/ B allele caa ... acc tgg gaa aac att cca aaa ... gga
Protein
sequence Q ... T W E N I P K ... G

Figure 4: The DNA sequence of part of the dhfr gene in Plasmodium falciparum. The figure
shows two alleles, the non-resistant ancestral allele and a resistant mutant allele. Genes are
translated into proteins. For this translation three DNA letters correspond to one amino
acid. There are 20 different amino acids, and each capital letter stands for an amino acid.
The important mutation in the 108th codon changes the 108th amino acid in the protein
from Serine (S) to Asparagine (N).

It is of interest how exactly the resistance in the population of parasites
evolves – if we knew this we could use this knowledge to try and prevent resis-
tance from evolving. There are very different ideas about how traits such as
resistance evolve. Some biologists assume that there is always genetic variation
in a population and selection will just change the frequencies of the alleles that
are present in the population. This view is typical for quantitative geneticists
and breeders. The “breeders equation”, for example, tells us how fast a trait in
a population can change depending on the selection pressure and the amount
of available genetic variation. Other biologists, e.g., from the field of molec-
ular evolution, tend to think that populations often lack genetic variation for
important traits. When selection acts on such a population, new mutations
need to happen first before a trait can change. It is unclear whether most
adaptation occurs from standing genetic variation as the breeders expect or
from new mutations as population geneticists expect. Certainly, populations
contain variation for some traits but not for others - so it may be that either
scenario is possible. In the first chapter of this thesis we compare these two
possibilities.

For now I will focus on just one of the resistance mutations. I will call the
old state of the gene the b allele2 and the new state is called the B allele. I
assume that before the new medication was introduced the population con-

2Unfortunately, we change our notation between the first paper (chapter 1) and the
second (chapter 2). In this introduction I will call the alleles b and B, but in chapter 1 they
are called a and A.
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sisted mainly or only of individuals carrying the b allele. Substitution of the b
allele with the B allele can happen in the two ways described above. The first
possibility is adaptation from the standing genetic variation: the populationadaptation from

the standing
genetic variation

is polymorphic at the b locus, i. e. both small b and big B are present in the
population at the time that the new medication is introduced. As soon as the
medication is used, the B allele will increase in frequency until it substitutes
the b allele in the population. The second possibility is adaptation from new
mutations: the population is not polymorphic at the b locus and the popula-adaptation from

new mutations tion has to wait for mutation to create new B alleles. Once there is a new B
allele, it can spread through the population until it reaches fixation.

Probability of fixation from standing genetic variation To be able to
compare the probabilities of the two scenarios, we first need a good under-
standing of each of the scenarios. The standing variation scenario was not
often studied before, so we first look at that. We analyse the probability that
a B allele from the standing genetic variation ultimately becomes fixed in the
population. For this, we need to take into account the following things. WeFixation: an allele

is said to go to
fixation when
it outcompetes
alternative alleles
and reaches a
frequency of
100%.

first calculate the probability that the B allele was present in the population
at the time of the introduction and we calculate the probability that it had a
certain frequency in the population at that time. These probabilities depend
on the mutation rate, the population size and the disadvantage (if any) of
the B allele before the introduction. Given that it was present at a certain
frequency, we can calculate the probability that it will actually go to fixation
in the population. This fixation probability, in turn, depends on the initial
frequency and on the advantage it confers. The total probability that the pop-
ulation adapts from the standing genetic variation is given by equation (8) of
chapter 1.

In chapter 1 we show that the probability of adaptation from the standing
genetic variation depends on both the advantage of the B allele over the b allele
in the new environment (upon introduction of the new medication) and the
disadvantage of B over b in the old environment (without the medication). The
important quantity is the ratio between the advantage and the disadvantage.
The larger this ratio, the higher the fixation probability in the new environment
(see Figure 5 left). This is not hard to explain. If the allele has a large
disadvantage, it has low frequency before the environmental change if it is
present at all, and only if it has a large advantage after the environmental
change it still has a reasonable chance to go to fixation. On the other hand,
if the allele has a small disadvantage before, it will have a higher frequency
in the population, and even a small advantage after the environmental change

16



INTRODUCTION

suffices to make it go to fixation.

small advantage large advantage

Probability that a mutation from the
standing genetic variation goes to fixation

small advantage large advantage

Probability that a single new
mutation goes to fixation

Figure 5: Left: The probability that a B allele from the standing genetic variation becomes
fixed, depending on the selective advantage in the new environment and the selective disad-
vantage in the old environment, for a given value of Θ (0.4). White means the probability
is close to 1, black means it is close to 0. Right: same but for a new mutation.

The result is that alleles with a small advantage and a small disadvantage
have the same probability to reach fixation as alleles with a big advantage and
a big disadvantage. Imagine now that the same number of small and large
mutations would occur in a population. And assume that the advantage of
an allele would always be strictly proportional to its disadvantage before, so
that the advantage-disadvantage ratio is the same for all alleles. In this case,
the probability that a mutation with small advantage becomes fixed is the
same as the probability that a mutation with large advantage becomes fixed.
This means that the population can make a small step towards adaptation or
large step with equal probability. If mutations with small advantage are more
common than mutations with large advantage (which is generally assumed),
then the population would more often take small steps towards adaptation
than large steps. This scenario, in which small and large steps are equally
likely, contrasts with the situation without standing genetic variation. If a
population must wait for new mutations, then mutations with large advantage
have a much bigger chance to go to fixation than mutations with a small effect
and adaptation will usually procede in large steps (see Figure 5 right and also
Figure 1 in chapter 1).

Relative importance of standing genetic variation. Now that we know
the probability of adaptation from standing variation, we can go back to the
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original question: what is the relative importance of standing variation and
new mutations? Let’s say we observe the population G generations after the
introduction of the medication, and we see that the B allele has reached fix-
ation in the population. Now the relative importance of standing variation
can be defined as the probability that this B allele originated before the in-
troduction of the new medication. To determine this probability, we need the
results from the last paragraph (fixation probability from the standing genetic
variation) and the fixation probability for new mutations. For new mutations
the calculation is easier (it was already done by Haldane 1927). To calculate
the probability that a new mutation will arise and go to fixation we need the
number of mutations per generation and the advantage of the B allele (see
elsewhere in this section). The number of mutants that occur in the popu-
lation per generation is determined by the mutation rate and the population
size. The product of mutation rate and population size is usually called Θ3.Θ: the product of

mutation rate and
population size. Θ
can be interpreted
as the number of
mutants in the
population per
generation, but
see later in this
section.

Our results for the relative importance of the standing genetic variation are
different for mutations with a large advantage and mutations with a small ad-
vantage. For mutations with a large advantage, the importance of the standing
genetic variation depends mainly on Θ. When Θ is low, the standing variation
is not very important, if Θ is high, the standing variation is very important
(see Figure 6 left). This is not hard to understand. If the advantage is large,
the mutant will certainly go to fixation if it is present in the population. And
whether or not it is present mainly depends on the number of mutants per
generation, which is determined by Θ. For mutations with a small advan-
tage, the picture looks different. In this case the importance of the standing
genetic variation depends mainly on the disadvantage of the mutation in the
old environment. If the disadvantage is small, the standing variation is very
important, if the disadvantage is large, the standing genetic variation is not
important (Figure 6 right). This is because mutations with a small advantage
have a low probability to go to fixation, unless they have a high frequency
at the time of the environmental change, and this only happens if the disad-
vantage is small. These results are also shown in a slightly different way in
Figure 3 of chapter 1.

Soft sweep from the standing genetic variation In chapter 1, we in-
troduce the term soft sweep. When more than one copy of a later beneficial
mutation is present in the population before the environmental change, then

3In fact, Θ is twice the population size times the mutation rate and the quantity that I
talk about in this introduction is Θ

2

, however, for readability, I stick to Θ = µ · N , where µ

is the mutation rate and N is the population size.
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small Θ large Θ

standing
variation
important

standing
variation
not
important

B allele has small advantage

no disadvantage

large disadvantage

small disadvantage

small Θ large Θ

standing
variation
important

standing
variation
not
important

B allele has large advantage

no disadvantage

large disadvantage

Figure 6: The relative importance of standing genetic variation for adaptation, for alleles
with a small advantage (left) and alleles with a large advantage (right). In each plot, there
are lines for different levels of disadvantage. On the x-axis is the product of population size
and mutation rate Θ.

it is possible that more than one copy contributes to fixation4. This is shown
in Figure 7. Each line in the figure represents a little fragment of DNA from
an individual. In the middle of the fragment is the nucleotide that determines
whether an allele is a b or a B allele. The b alleles carry a g at the b locus and
the B alleles a t. The t is increasing in frequency and becomes fixed. If more
than one copy from the standing genetic variation contributes to fixation of the
B allele, we call it a soft sweep from the standing genetic variation. This has
happened in panel 3: individuals 1-4 are descendents of individual 2 in panel 1,
whereas individuals 5 and 6 are descendents of individual 3 in panel 1. If there
is only one copy that outcompetes all others, we call it a hard sweep and this
can be seen in panel 2. Here all individuals are descendents from individual 2
in panel 1. The probability of a soft sweep from the standing genetic variation
is shown in Figure 5 of chapter 1. It is important to note that a soft sweep
and a hard sweep lead to different patterns in the DNA. More about this in
section 0.6. Figure 13 of this introduction shows a second type of soft sweep
that is the focus of chapter 2 and 3.

4Later in this text I use the word fixation not only for true fixation (when an allele
reaches a frequency of 100%), but also for cases where an allele only contributes to fixation.
So the probability to go to fixation should be usually read as the probability to contribute to

fixation.
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0.4 About chapter 1 (Soft sweeps 1)

Figure 7: The difference between a hard (left) and a soft (right) sweep from the standing
genetic variation. Neutral variants can increase in frequency if they are associated with
a beneficial mutation. This effect is called genetic hitchhiking. The beneficial allele B is
characterized by a t at nucleotide 10. Nucleotides that are polymorphic are in red. For
another type of soft sweep see Figure 13. For more explanation see text.

[h]

Figure 8: A single nucleotide can mutate into three other nucleotides, it is said to have
three neighbors. A sequence of two nucleotides has six neighbors that can be reached in one
mutational step. The mutated nucleotides are in red.

On mutation rates. Note for the reader: if the following gets too technical
for you, you can skip it and continue with section 0.5.

The term mutation rate is used in different ways by different biologists.
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It is useful to spend a few words explaining what it means throughout the
first three chapters of this thesis. The most common use of the term is “the
probability5 that through mutation, an offspring carries a different nucleotide
at a given nucleotide position than its parent.” If the mother carries a c at
a certain position, the “per nucleotide mutation rate” is the probability that
the offspring does not carry this c. However, the c can mutate into any of
three other nucleotides: a, g, or t. The probability that it mutates to a g, is
about one third6 of the “per nucleotide mutation rate”. The c is a sequence
of one nucleotide, an it is said to have three direct neighbors, namely, the
three other nucleotides. A sequence of two nucleotides has six neighbors that
can be reached in one mutational step (see Figure 8) and a sequence of 489
nucleotides (such as the coding region of the dhfr gene in P. falciparum) has
1467 neighbors7. The total mutation probability for a gene, also called the
“gene mutation rate” is the “per nucleotide mutation rate” times the number
of nucleotides in the gene.

In the case of dhfr, I have described one neighbor of the original allele
(see Figure 4). This neighbor confers resistance against a malaria drug and
differs from the original (wildtype) allele by one nucleotide. The probability
to mutate from the original allele to exactly this neighbor is one third of
the “per nucleotide mutation rate”. However, “sequence space is vast and
empty”(van Rheede 2003) and the allele has 488 other neighbors. Most of
these neighbors have never been observed in nature (although it is likely that
they exist in very low frequency). Many of them (maybe about a quarter of all
neighbors) will produce exactly the same protein as the original allele, because
the genetic code is redundant. For example, the three nucleotides sequence
agt and agc both code for the same amino acid. If a mutation changes agt
into agc it will have no effect on the function of the protein at all8. Then,
there are neighbors that will produce approximately the same protein. Maybe

5Technically there is a difference between a rate and a probability, but as long as they
are small they can be treated as identical.

6In fact, mutation probabilities to the three other nucleotides are not equal. A c is more
likely to mutate into a t than into a g or an a, but for the purposes of this section it can be
ignored.

7For simplicity, I focus only on single nucleotide changes. Mutations can also be, for
example, the insertion of one or more nucleotides or the deletion of one or more nucleotides.
If one includes such mutations the number of neighbors would be much larger (in fact,
infinitely large).

8There is a lot of evidence that some codons (combinations of three nucleotides) are in
some cases better than others – so a change from agt to agc may have a fitness effect even
if it doesn’t change the protein sequence.
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one hydrophilic amino acid is replaced by another, but the function of the
protein is not really affected. Finally, there are neighbors that really change
the function of the protein. Most of them will make the protein function worse
and those will usually never reach a high frequency in the population and we
may never observe them. But some of them will make the protein function
better. The resistance allele is an example of such a neighbor. It could be
that, say 5 different neighbors have exactly the same improved function e.g.,
because they would produce exactly the same amino acid, partly because they
would produce a different amino acid that would have the same result. We
call these neighbors with improved function collectively the B allele.

In the models of chapters 1-3, we simplify the world of alleles drastically
and we assume only the original allele exists and the allele or group of alleles
that has an improved function. We call the original allele b and the others
B. If this group consists of five direct neighbors, then the beneficial mutation
rate would be five times the mutation rate for each neighbor. And as we saw
earlier, the mutation rate for each neighbor is one third of the “per nucleotide
mutation rate”. The probability that one of the neighbors with improved
function is reached is called the “beneficial mutation rate”. I will refer to this
mutation rate as µ.

The number of mutants and the fixation probability The population
of our models in chapters 1 to 3, has discrete generations and consists of N
haploid individuals, so that every year all individuals die and N new individualsHaploid: the indi-

viduals have only
one set of chromo-
somes, instead of
two.

are born. This may sound strange, but it is the case, for example, in annual
plants. It is also possible to show that the outcomes of most models do not
depend much on this assumption, but it makes the math much easier. If the
beneficial mutation rate is µ, then in a population that consists only of b alleles,
the expected number of B mutants in the next generation is N · µ.

In an ideal population, offspring are randomly distributed among the po-
tential parents. Such a population is called a Wright-Fisher population, after
Sewall Wright and Ronald A. Fisher, two of the founding fathers of the field of
population genetics. This random distribution means that the N offspring of
the next generation each belong to a random parent, independent of whether or
not this parent already has offspring. The result is (approximately) a Poisson
distribution of offspring numbers. Some potential parents have no offspring,
some have one, some two etc. (see Figure 9).

However, offspring do not have to be Poisson distributed and often, off-
spring are much less evenly distributed than if they were Poisson distributed.
In those cases, many individuals would have no offspring and only few indi-
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0 1 2 3 4
Number of
offspring

0.1

0.2

0.3

percentage
Probability that a parent has 0, 1, 2
offspring following Poisson distribution

Figure 9: Left: the probability that an individual has 0, 1, 2 etc. offspring. Right: Another
way to represent the distribution of offspring among parents. The black dots represent
individuals, an individual in the parent population is connected to its offspring by a line.

viduals have many offspring. A measure of how even a distribution is, is the
variance9 in offspring number. In a population where every individual has ex-
actly 1 offspring, the variance is 0; when offspring is Poisson distributed, the
variance is 1; and when most individuals have 0 offspring, but some have 4, the
variance is 3 (given that he mean number of offspring is 1 in all these cases).

We are interested in the probability that a beneficial allele B, with advan-
tage s goes to fixation. B is said to have advantage s if a B individual has s is the selective

advantage of allele
B.

on average (1 + s) times the number of offspring of a b individual. Another
population geneticist, J. B. S. Haldane, showed that the fixation probability
(P

fix

) of a beneficial allele is twice its advantage (s) (Haldane 1927).

P
fix

= 2s

This result is well known, but it is often forgotten that it only holds when the
offspring variance is 1, as is the case when offspring numbers are Poisson dis-
tributed. If the variance is larger, the fixation probability is smaller. Roughly,
the fixation probability is

P
fix

=
2s

σ2

.

where σ2 is the offspring variance (see Figure 10). The fixation probability
of a beneficial allele is easily calculated for some simple offspring distribu-
tions. Imagine a population where every individual can only have zero or two
offspring. If the population size is to stay constant, the mean number of off-
spring must be 1 and therefore half of the individuals must have zero offspring
and the other half must have two offspring. Assume now that there is a mutant
individual in the population, and this one mutant has higher fitness than the

9Variance: the average of the square of the distance of each data point from the mean.
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others. The fixation probability is the probability that eventually, all individ-
uals in the population are descendents of this individual. Let’s assume that
the mutant has a 10% advantage over the others and the expected number
of offspring of this individual is 1.1. This would be the case if the mutant
would have 55% chance to have two offspring and only 45% chance to have no
offspring. The mutant allele will become fixed in the population if it leaves
offspring in every next generation. If it is lost in any generation, it will not fix.
Let’s call the probability that the allele becomes fixed P

fix

and the probability
that it is eventually lost L. We then have

P
fix

= 1− L

The probability that the beneficial allele is lost in the very next generation
is simply the probability that the mutant individual has no offspring, and we
stated before that this probability is 0.45. With probability 0.55, it will have
two offspring. If this happens, there will be two mutant individuals in the next
generation. They each carry a copy of the beneficial allele. The probability
that each of those copies is lost is the probability that the first copy is lost,
times the probability that the second one is lost. But in a large population,
each of these copies has the same probability of being lost as the original allele,
we called this probability L. The probability that two copies are eventually
lost is L2. And this gives us:

L = 0.45 + 0.55 · L2

This equation can be solved and we find that the probability that this allele is
lost is about 0.82, so the probability that it is not lost, and therefore becomes
fixed is 0.18. In the next table (Figure 11), I have done the same calculation
for two other examples with larger offspring number variances. You can see
that the fixation probability goes down with increasing offspring variance. In
Figure 10 I have plotted the prediction from Haldane (P

fix

= 2s

σ

2

) and the three
points that I have just calculated. You can see that it fits pretty well.

In the last paragraphs I have explained that the number of B mutants in a
generation is Nµ and that the fixation probability of each of these mutants is
2s

σ

2

. The product of these two numbers is the probability that in a generation
a mutant arises that will go to fixation. In chapter 1, this probability is called
p

new

. So we have

p
new

= Nµ
2s

σ2

.

Most population geneticists are used to the notion of effective population size,
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Figure 10: How the fixation probability depends on the offspring variance. The points are
from the examples in Figure 11

N
e

= N

σ

2

. So out of habit, we would write10

p
new

= Nµ · 2s

σ2

= µ
N

σ2

· 2s = µN
e

2s

Intuitively, one may expect that the real number of mutants, µN is important
for adaptation and not µ times the effective population size. However, if we
use the real number of mutants, then we need to take also the real fixation
probability. Somewhere, the σ2 has to enter, and it doesn’t matter where.

It may be surprising to learn that a mutant that has a 10% advantage
over the others in the population has only a probability of about 20% to go
to fixation. A 10% advantage is considered very unrealistic; beneficial alleles
are expected to have advantages mostly below 1%, so their fixation probability
would be less than 2%. This may be understood in the following way. Imagine
a mutation that makes a butterfly better camouflaged. This is definitely a
beneficial mutation. It will make it less likely that the butterfly is eaten by
a bird. But certainly not impossible! Also, the butterfly or its offspring can
die of many causes other than predation, they can die of hunger, or not find a
mate, or the eggs can be eaten by a bird. Even with a mutation that gives a
clear advantage, an individual has no guarantee to have offspring. If it is very
common that individuals have no offspring at all (which is the case with high
offspring variance), then it is very likely that beneficial mutations do not fix.

10This formula looks a bit different than the one in chapter 1 because in chapter 1 we use
a diploid population so we need 2N

e

and 2hs, where h is the so-called dominance factor.
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Figure 11: Fixation probabilities in populations with three different offspring variances.

0.5 About chapter 2 (Soft sweeps 2)

In this section, I take again the resistance mutation as an example. I assume
that at the moment the new malaria medication is introduced, the parasite
population consists of only non-resistant individuals that carry the b allele,
for example, because the B allele was strongly deleterious before. Then, at
some point in time, one individual is born that is resistant because its b allele
mutated into a B allele. This mutation can now increase in frequency and
eventually become fixed in the population - but this process will take some
time. Let’s say it takes T

fix

generations. During these T
fix

generations, thereT

fix

: the time
to fixation of an
allele depends on
its selective ad-
vantage s and the
population size
N

e

. T

fix

≈ 2Nes

s

(from the ap-
pendix of chapter
1).

are still many b alleles in the population and it is possible that one of these b
alleles also mutates into a B allele. It is then possible that the second B allele
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increases in frequency as well. In the end, half of the population may carry the
first B allele and the other half the second B allele. The two B alleles have
independent origins because they originate from different mutation events.
We call a substitution by two (or more) independent alleles a soft sweep from
recurrent mutation (see Figure 13 and section 0.6).

Probability of a soft sweep from recurrent mutation. In the second
chapter of this thesis, we derive the probability that there is more than one B
allele involved in a substitution. Until now, nobody explicitely calculated this
probability, because it was assumed to be so small that it could be ignored.
However, we find that it is quite likely that more than one B allele substitutes
the b allele and we find that the probability that this happens depends only on
Θ (the mutation rate times the population size) and not on the selection coef-
ficient (advantage) of the B allele. This result is probably the most surprising
result of this thesis (equation 11 in chapter 2). It can be understood intuitively.
The time it takes for allele B to go to fixation depends on the advantage of B
over b. If this advantage is large, fixation will be fast, if it is small, fixation
will take longer. Therefore, the number of new mutants that occurs in the
population before fixation is reached goes down when the advantage of the B
allele goes up. However, as explained in section 0.4, the probability that such
a new mutant goes to fixation goes up with the advantage of B (see Figure 12).
Therefore, when B has a small advantage, there will be many mutants during
T

fix

, but each of them will have low probability of going to fixation. When B
has a large advantage, T

fix

is short and there will be few mutants, but they will
have a high probability of reaching fixation. The two effects of the advantage
of B cancel out and the probability that a mutant arises and goes to fixation
is almost independent of the advantage. On the other hand, the probability
of a soft sweep from recurrent mutation depends strongly on Θ, because the
higher Θ is, the more mutants arise and this will make it more likely that more
than one B allele contributes to fixation.

You may ask why it is important whether there is one or more indepen-
dently derived B allele in the population. If there is only one B allele, then,
after substitution there will be no variation in the population in the region
around the b locus (as in panel 3 of Figure 13, for a description of the figure
see the next section). The genetic background that the B allele occurred on
will have spread through the population together with the B allele. This effect
is called hitchhiking. The region without variation is called a sweep region.
Importantly, such a sweep pattern can be searched for in the genome. It allows
us to find genes that have recently undergone a rapid fixation of a new allele.
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0.5 About chapter 2 (Soft sweeps 2)

Figure 12: The time it takes for a B allele to go to fixation, T

fix

, decreases as the advantage
of B increases. The number of mutants that arises during T

fix

therefore also decreases with
increasing advantage of B. The probability that such a mutant contributes to fixation
increases with the advantage of B. The probability that more than one B allele contributes
to fixation doesn’t depend on the advantage of B.

These genes, in turn, are of interest to us because it is these genes that have
contributed to the recent adaptation of the population that we study. How-
ever, if there are two independent B alleles, there are also two independent
backgrounds. If these backgrounds are not the same, then there will still be
variation in the region (as in panel 5 of Figure 13). In order to find such genes
where a soft sweep from recurrent mutation has happened, we need to search
for a different pattern. This pattern and how to search for it is the topic of
chapter 3.

Figure 13: (right page) The difference between a hard sweep (left) and a soft sweep from
recurrent mutation (right). Neutral variants can increase in frequency if they are associated
with a beneficial mutation, this is called genetic hitchhiking. In the case of a hard sweep the
result is that there is no variation left after substitution, in the case of a soft sweep, variation
can remain, in this case there are two backgrounds (haplotypes) left. The difference between
the soft sweep in this figure and the one in Figure 7 is that here, there are two completely
independent beneficial mutations. The backgrounds on which these mutations happen can
therefore be very different. In the case of a soft sweep from the standing variation (Figure 7)
it that it is possible that the two copies of the beneficial allele are identical by descent, which
means that they originate from one mutational event. The result is that their backgrounds
are only different because new (neutral) mutations have happened on the background. The
backgrounds will be much more similar in this case. Nucleotides that are polymorphic are
in red.
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0.6 About chapter 3 (Soft sweeps 3)

Evolution (in the sense of the changing of a species) is usually a slow pro-
cess and therefore not easy to study. One way population geneticists study
evolution, is by using patterns in DNA polymorphism that are left by certain
processes. Fast substitution of an allele is such a process. If selection favors
allele B over allele b, then, given that B becomes fixed, fixation will be fast. It
was John Maynard-Smith and John Haigh who realized that fast substitution
leaves a distinct pattern in the DNA (Maynard Smith and Haigh 1974). In
order to find such pattern in data, we need to describe the pattern accurately
and quantify aspects of it so that we can search for it.

Figure 13 shows what happens when a B allele goes to fixation. Each line
in the figure represents a short fragment of DNA from an individual. In the
middle of the fragment is the nucleotide that determines whether an allele is
a b or a B allele. The b alleles carry a g at the b locus and the B alleles a t.
The t is increasing in frequency and becomes fixed. The classical case is shown
by the left part of Figure 13. No variation at the b locus is available at the
time of the environmental change (panel 1). There is variation at some of the
other nucleotides (at 2, 4, 6, 9, 11, 12, 15, 17 and 18). After the environmental
change, a single B allele occurs and goes to fixation (panel 3). After fixation
there is no variation left around the b locus. What you don’t see in this figure
is that further away from the b locus, there will be variation again. This
is because an individual that carries the B allele can exchange parts of the
chromosome with another individual by recombination (crossing-over). The
pattern, that is caused by fast fixation of a single B allele is well described
and often used to find loci of interest.

In chapter 2 of this thesis we show that it is possible that more than one B
allele contributes to fixation. The right part of Figure 13 shows what happens
if the B allele occurs more than once. The starting point is the same, a B
allele occurs in the population. However, in this case the mutation from g to t
occurs a second time (panel 4). Because it occurs in two different individuals,
it is linked to two different backgrounds (genetic backgrounds in this sense are
often called haplotypes). As you can see from panel 5, there is still variation
left after the B alleles have reached fixation. There are polymorphisms left at
nucleotides 4, 11, 15 and 18. This is very different from what you see in panel
3 where there is no variation left at all. What is also important to notice, is
that the first three individuals all carry g, a, g, g at nucleotides 4, 11, 15 and
18, whereas the last three individuals all carry t, g, c, a at those nucleotides.
This is because the combination of g, a, g, g was associated with the first B
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allele and the combination t, g, c, a was associated with the second B allele.
The result is that individuals 1, 2 and 3 are identical in this DNA fragment,
and individuals 4, 5, and 6 as well, but between the two groups there are four
differences. The polymorphisms are said to be in linkage disequilibrium and
this is one of the aspects of this pattern that we can use to detect it.

The K test. If one would find such a pattern in data from a real popula-
tion, the first question to ask would be: Does this pattern deviate from what
we expect under normal circumstances? Normal circumstances would be, for
example, the absence of selection. To decide whether a pattern deviates from
what is normal, we need two things, first we need a way to quantify the pat-
tern, and second we need to know what can be considered normal values of
this quantity.

One way to quantify the pattern that I described in the last paragraph is
to count the number of polymorphisms and the number of different sequences
(haplotypes). A polymorphism that shows the same distribution of states
as another polymorphism does not create any new sequences, it only makes
sequences that are already different more different. In panel 5 of Figure 13,
individuals 1, 2 and 3 carry the same haplotype, they have exactly the same
sequence. Individuals 4, 5 and 6 carry a second haplotype. The number of
haplotypes is often indicated by K. For panel 5, we have K = 2 and S = 4 K is the number of

haplotypes or the
number of differ-
ent sequences in a
sample.

(S is the number of polymorphic sites). One can also count the number of
haplotypes in panel 1 (which shows the equilibrium population before selection
started). In panel 1, I will only consider the first four polymorphisms (which
corresponds to the first 10 nucleotides), so that there is the same number
of polymorphisms as in the last panel. Individuals 5 and 6 have the same
sequence, but all other individuals have different sequences. The equilibrium
population has five different haplotypes (K = 5) after four polymorphisms.
The population after the soft sweep had only two haplotypes with the same Note that 4 poly-

morphisms lead to
at least 2 haplo-
types and at most
5 haplotypes in
the sample.

number of polymorphisms. Two is less than five, but the question now is is it
significantly less?

By doing extensive simulations of equilibrium populations (without selec-
tion) we can determine which K values can be considered normal and which
values too low compared to the number of polymorphisms. For example, for
four polymorphisms, and if there are 20 individuals, then the expected num-
ber of different haplotypes (K) is 4.15. About 3% of the simulated samples
has only two haplotypes. 97% of the simulated samples has more than two
haplotypes. We can therefore say that a K value of two is significantly low
(p < 0.03), and a K value larger than two is normal. The distribution of K
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values is shown in Figure 14.

Power analysis. We have seen that we can test whether the number of
haplotypes, K, is significantly low given the number of polymorphic sites in
the sample. The test is called the K test. The next thing we can do is to try
to determine the power of this K test. For this we do again many simulations,
but this time not of equilibrium populations, but of populations in which a B
allele substitutes a b allele. We take only those populations where we know
that at least two independent B alleles have contributed to fixation. For these
populations we now look at the number of polymorphisms and the number of
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Probability to find K haplotypes in an equilibrium
population when there are 4 polymorphisms
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Figure 14: Upper figure: the distribution of K values in simulations of equilibrium popu-
lations each time for four polymorphisms. This distribution determines the boundary of the
5% significance (black line), values left from the 5% boundary are significantly low, values
right of the 5% boundary are not. The lower figure shows results from simulation where at
least two B alleles have reached fixation together, and where there are four polymorphisms.
30% of these simulations showed only two haplotypes, so in 30% of the cases we can reject
the null hypothesis that no selection has happened. We know that in all the simulations
selection has happened, but the test cannot detect this in all cases. In this example the
power of the K test to detect a soft sweep is 30%.
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haplotypes in a stretch of DNA. And we check whether the K value that we
find in a simulation run is significantly low. For all simulations we then count
the number of significant test results and we get the percentage of simulation
runs that gave a significant result (see Figure 14). This percentage is what we
call the power of the test. If it is high it means that the substitution by two
B alleles is often recognized because it has too few haplotypes. If the power is
low, it means that the test can only detect some cases. Figure 7a in chapter 3
shows the results for the power analysis that I have just described.

0.7 About chapter 4 (Sympatric speciation)

One of the main aims of evolutionary biology is to explain the species diversity
that we see today and in the fossil record. Speciation apparently takes place
often enough to give rise to a high species diversity, but not so often that we
cannot distinguish species anymore. Understanding the process of speciation
is therefore a central theme in evolutionary biology.

During allopatric speciation, a population splits into two geographically allopatric specia-
tionisolated populations, for example, when the habitat is split in two. The two

isolated populations then evolve independently and when they come back into
contact, they may have evolved such that they are reproductively isolated and
they are no longer capable of mating and producing viable offspring. In sym-
patric speciation, species diverge while inhabiting the same habitat. For this to sympatric specia-

tionwork, the species must split up in two groups that do not mate with each other.
Only then can the two groups be considered biological species. At the same The biological

species concept:
species are groups
of interbreeding
natural popu-
lations that are
reproductively
isolated from
other such groups
(Mayr 1942).

time the two groups must diverge ecologically, for example by using different
food resources, otherwise one group would outcompete the other group. This
is because of the law of competitive exclusion: two species cannot coexist if
they use exactly the same resources. Allopatric speciation is considered much
easier than sympatric speciation, because the geographic isolation gives time
for ecological differentiation and reproductive isolation to evolve. However, it
is not clear how much time is needed for these things to evolve, especially since
there is no selective force that promotes this evolution. Sympatric speciation
is considered less likely, yet also possible. There are some convincing examples
of sympatric speciation. It is quite clear, for example, that at least some of
the cichlids in Lake Victoria in East Africa have speciated in the lake without
any geographical barriers (see Figure 16).

Many theoretical biologists have worked on sympatric speciation. They
have built models to understand under what conditions sympatric speciation
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Figure 15: Allopatric speciation (left) involves a period in which the two populations are
geographically isolated, whereas during sympatric speciation (right) there is no geographic
isolation. Another mechanism, such as assortative mate choice, is needed to induce repro-
ductive isolation.

Figure 16: A cichlid from Lake Victoria in Africa. At least some of the enormous species
diversity of cichlids in Lake Victoria is thought to be the result of sympatric speciation.

is possible. In 1999 Ulf Dieckmann and Michael Doebeli published a paper in
Nature that has raised a lot of controversy (Dieckmann and Doebeli 1999).
In this paper they show that, in their model, sympatric speciation occurs easily.
Since their paper was published, at least ten papers have been written stating
that Dieckmann and Doebeli did something wrong in their model and that in
more realistic models sympatric speciation does not occur so easily. Chapter
4 of his thesis consists of a new analysis of the Dieckmann and Doebeli model.
We simplified the model so that the important features are still there, but
a more thorough analysis is possible. With our results we can resolve some
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of the controversy by showing exactly why some models give different results
than others. Critics of the Dieckmann and Doebeli paper wrote that the
reported results are only possible because of the high mutation rate, the small
phenotypic range and the availability of variation in their model. We show
that what is important for their result is indeed the phenotypic range, but also
how much the individuals in the population compete for resources. Much less
important, and not crucial to their result, is the availability of variation and
the mutation rate.

The model we analyzed. The model describes a population of individuals,
say fish, and each fish is characterized by two traits. The first trait can be
a preferred food particle size, the second trait is the level of choosiness for
partner choice. Food comes in different sizes, and most food particles are
of intermediate size. Individuals have different food preferences, but initially
most individuals prefer intermediate size food particles. Females can choose
their mate, but initially they are not choosy, they will simply mate with the
first male they find. If there are many fish eating the intermediate size food,
then it is possible that there is more food left that is large or small rather than
medium sized.

Food size preference is genetically determined by a single gene with alleles
a and A. Individuals that carry aa11 prefer small food particles, Aa prefer
medium size food particles and AA prefer large food. Food preference can be
genetically determined if, for example, it depends on the size of the individual
itself. Large individuals have large mouths and are better at eating large food
particles. If a large female (that prefers large food) mates with a large male
that also prefers large food particles, then the offspring will also prefer large
food particles. If there is a shortage of intermediate sized food, then it is good
for a female to mate with a male that is similar to her. If she is large, but
she mated with a male that is small, then the offspring would be medium size.
This offspring would prefer intermediate food particles and it would not have
enough to eat.

In our model we allow choosiness to evolve. Mutations can happen so that
females are slightly more or slightly less choosy than their parents. If mutations
that make the fish more choosy spread through the population then in the end
fish will only mate with their own type. Whether or not this happens depends
on the exact parameter values of the model, for example on how much the
individuals compete for food. If in the end, the fish only mate with their

11In chapter 4 individuals are diploid so they carry two copies of each gene.
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Figure 17: Speciation in the model of chapter 4. Before speciation mating is random and
the population is in Hardy-Weinberg equilibrium. In this equilibrium, and if the two alleles
(a and A) have equal frequency, then the frequency of heterozygotes (Aa) is 0.5, and of each
of the homozygotes 0.25. After speciation there are only homozygotes left. They breed only
among themselves so no heterozygotes are born.

own type, then the population has speciated (see Figure 17). One species will
consist of only large individuals that eat large food particles, and the females
of this species will be very choosy and mate only with large males that also
prefer large food. In this population there will only be A alleles. The other
species will consist of small individuals that eat small food and females that
want to mate only with small males that prefer small food. This population
will consist of only individuals with a alleles.

One can imagine the speciation problem also from the opposite direction.
What if there are two species, one with genotype aa and one with genotype
AA. If this is the case, wouldn’t there be a lot of medium sized food that is
not eaten by anyone? In other words, is there a niche in the middle of the
food size spectrum? The answer is given in detail in chapter 4, but I will
give a short version here. First of all, the individuals that prefer a certain
food size do not only eat food of exactly that size. They will eat mostly that
food size, but they can also eat food that has a slightly different size (they
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Figure 18: The distribution of food eaten by an individual, if there would be food available
of every size. The preferred food size is most eaten, but the other food sizes are also eaten.
The red arrow shows the width of the distribution, or how picky the individual is. In chapter
4 this parameter is σ

c

.

eat following a Gaussian distribution, see Figure 18). This means that if the
small individuals have a preference that is not so different from the medium
individuals, then the small individuals will eat also part of the preferred food
of the medium individuals. And the large individuals would do the same. The
result is that there is no food left in the middle and hence there is no niche
in the middle. However, there is two situations in which this is not the case.
In those cases speciation will not (or not always) happen. The first situation
is when the fish are so picky in what they eat, that both the small and large
fish eat almost no medium sized food (in chapter 4 this is the case when σ

c

is small). The second situation is that the fish are not very picky, but their
preferred food sizes are so wide apart that again the small and large fish eat
almost no medium sized food (in the chapter this is the case when x is large).
How far apart the preferences of the different types of fish are is determined
by the parameter x in our model. The explicit use of this parameter x is one
of the reasons why we could get a clearer picture of the behavior of the model
than some papers before us.
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