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Abstract

Spatial differentiation in phenotypic traits is commonly observed in the wild, but 
both the proximate (cf. environmental vs. genetic) and ultimate (cf. adaptive vs. 
stochastic) causes underlying this differentiation often remain obscure. Studies 
focussed on the genetic basis of this differentiation can inform us about these 
issues, especially if the genetic variants under investigation can be linked with 
information about their functional role(s) and gauged against expectations 
derived from evolutionary null models. However, due to the difficulties in 
deciphering the genetic basis of phenotypic variability and differentiation in 
quantitative traits – especially in marine vertebrates – the occurrence and scale 
of local adaptation in them is still poorly understood. Yet, identifying patterns of 
adaptive divergence and the ecological factors that have contributed to them is 
essential for understanding how natural selection can maintain local adaptation 
in the face of gene flow. 

In this thesis I used a genome-wide set of candidate gene-based microsatellite 
markers, in combination with quantitative genetic approaches, to explore the 
patterns of adaptive diversity and divergence among stickleback populations 
from a variety of habitats ranging from global to local geographic scales. 
Through comparisons of several independent, isolated pairs of marine and 
freshwater populations, I found that selection is acting on many genomic regions 
harbouring genes whose putative functions are related to a wide variety of 
physiological processes. I also found indications that adaptation to freshwater 
environments may have been achieved through different genetic pathways 
in different populations. Importantly, the design of my study was such that 
alternative demographic explanations for observed patterns could be excluded.

Focussing on populations within the physically continuous, yet environmentally 
heterogeneous marine habitat, I further investigated whether selection is acting 
strongly enough to promote adaptive population structuring despite high gene 
flow. Signatures of selection were detected in several candidate genes, along 
with clear evidence for adaptive differentiation in a phenotypic trait (lateral plate 
number). Analysis of population structure with only these outlier loci uncovered 
a higher degree of differentiation than was evident in neutral loci, and in some 
cases, patterns of adaptive differentiation were correlated with environmental 
variables likely to act as selective agents in the marine environment (viz. 
salinity and temperature). Evidence for local adaptation among Baltic 
Sea sticklebacks was confirmed in a common garden experiment, which 
demonstrated a loss of fitness in populations native to low salinity regions 
when exposed to high salinity treatments. 

Overall, the results from this thesis point to the conclusion that adaptive genetic 
and phenotypic differentiation is common, even in continuous marine habitats 
lacking obvious physical barriers to dispersal and gene flow. These results 
are particularly noteworthy, firstly from the perspective that earlier studies 
conducted using neutral marker genes have largely overlooked the patterns and 
magnitude of divergence, and secondly due to the comprehensive geographic 
coverage of the investigations.
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Introduction

Genetic variability is critical for a 
population to adapt to novel or 
changing environmental conditions. 
As such, understanding how 
much genetic variation underlies 
ecologically important traits, how 
this variation is distributed across the 
genome, and how this differs within 
and among populations, remain 
central problems in evolutionary 
biology and genetics. In particular, 
understanding the genetic basis of 
organismal adaptation to novel or 
changing environmental conditions 
has been a long-standing objective 
of population and ecological genetics 
(e.g. Ford 1964; Orr 1998; Pritchard & Di 
Rienzo 2010), especially recently in the 
context of global change (Hoffmann & 
Willi 2008; Franks & Hoffmann 2012). 
The first step towards elucidating the 
molecular mechanisms of adaptation 
involves identifying which regions of 
the genome are being targeted by 
selection. Accordingly, much focus 
has been aimed towards uncovering 
patterns of adaptive genetic variation 
and distinguishing them from those 
which are neutral (Nielsen 2005). 
Ultimately, a better understanding 
of the relative roles of different 
evolutionary processes in shaping and 
maintaining these genomic patterns 
within populations will help to shed 
light on adaptive divergence among 
populations (Storz 2005).

When an allele is beneficial in a new 
environment – that is, it contributes 
to a phenotypic trait which increases 
fitness (Barrett & Hoekstra 2011) – it 
is expected to undergo a selective 
sweep throughout the population, 
where it increases in frequency, usually 
to fixation (Nielsen 2005). This will 
decrease the allelic variability not only 
at the selected site, but also at linked 
sites in neighbouring genomic regions, 

a process known as genetic hitch-
hiking (Maynard Smith & Haigh 1974). 
As a result, the distribution of allele 
frequencies at these linked ‘neutral’ 
sites will become skewed. Specifically, 
a selective sweep will cause an 
increase in the proportion of new, 
low-frequency alleles, as will negative 
selection, since the mutations will 
be rare. On the other hand, positive 
selection will increase the proportion 
of high-frequency alleles. Selection 
will also impact the degree of linkage 
disequilibrium, where alleles at linked 
neutral loci will become more highly 
correlated with the beneficial variant 
at the selected locus. Finally, when 
different populations are exposed to 
different environmental conditions, 
these variations in selection regimes 
will generate patterns of increased 
population differentiation at the loci 
experiencing differential selection at 
the various localities. 

The advent of molecular markers 
has allowed the ability to screen 
regions of the genome in search 
of polymorphisms that show these 
signatures of selection, commonly 
referred to as outliers. For example, 
Tajima’s D test (Tajima 1989) uses 
information from the site frequency 
spectrum to compare the average 
amount of single nucleotide 
polymorphisms between sequence 
pairs with that in all segregating 
sites. Other neutrality tests, including 
the McDonald-Kreitman (McDonald 
& Kreitman 1991) and dN/dS ratio 
(Yang & Bielawski 2000) tests, 
focus on whether mutations are 
synonymous (i.e. not affecting the 
amino acid sequence of the protein) 
or nonsynonymous (i.e. affecting the 
amino acid sequence). While these 
site-specific tests can be particularly 
useful in comparative genomics 
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and in making predictions about 
the functional properties of proteins 
(Nielsen 2005), they only focus on 
the polymorphisms within a single 
sequence. Thus, the inferences drawn 
from these tests (with the exception 
of the McDonald-Kreitman test) can 
be confounded by demography. 
Specifically, demographic events such 
as population bottlenecks and leading 
wave effects can generate genetic 
patterns similar to those generated 
by selection (Excoffier et al. 2009). 
However, they are expected to affect 
all parts of the genome uniformly 
whereas the effects of selection should 
be locus-specific. Hence, for reliable 
results, it is essential to screen many 
loci across the genome. The genome-
scan, or hitch-hiking mapping, has 
become a popular approach to detect 
outlier loci, as it facilitates the joint 
analysis of numerous loci in order 
to correctly identify signatures of 
selection and differentiate them from 
demographic effects (Schlötterer 
2003). With data from many loci, 
neutrality tests like HKA (Hudson et 
al. 1987) and ln RV or ln RH (Kauer 
et al. 2003) can be used to compare 
either the ratio of polymorphisms to 
divergence, or genetic variance of two 
populations, respectively.

Outlier tests to identify genomic 
regions associated with adaptive 
divergence have also been developed 
based on indices of population 
differentiation. Wright’s fixation 
index (FST) is a traditional measure 
of genetic differentiation among 
populations, primarily determined by 
neutral evolutionary forces (Wright 
1951). If a locus is subject to selection 
in a sub-set of populations, the 
degree of population differentiation 
(FST) will be elevated at that locus 
– and linked sites – in comparison 
with neutrally evolving loci. The first 
formal divergence-based method to 

detect outlier loci was implemented 
by Lewontin and Krakauer (1973), 
which rejects neutrality of a locus if 
it is more strongly differentiated than 
expected based on a neutral model. 
Several refinements have since been 
built upon this approach, each trying 
to account for increasingly complex 
demographic histories and hierarchical 
population structure in attempt to 
minimize the number of false positives 
that these issues can produce. For 
example, Beaumont and Nichols (1996) 
implemented FDIST, a program which 
simulates the distribution of FST over 
many loci and compares the observed 
FST values to identify those which 
deviate from the neutral expectations. 
This was further modified by Excoffier 
et al. (2009) to account for the higher 
variance among FST values that is 
generated by hierarchical population 
structure. Beaumont & Balding (2004) 
developed a Bayesian approach to 
detect outliers by modeling locus- 
and population-specific effects on FST 
values for each locus. 

Regardless of the analytical 
methodology applied, genome scans 
have made a profound contribution 
towards identifying regions of the 
genome that are likely to be under 
selection (e.g. Luikart et al. 2003). 
This has allowed further questions to 
be addressed, such as how much of 
the genome is affected by selection, 
and what is the genomic distribution 
of these targets of selection. 
However, most genome scans rely on 
anonymous markers. Furthermore, 
since hitch-hiking generates signals of 
selection in linked – yet neutral – loci, it 
is possible that the loci detected to be 
outliers are not the actual targets of 
selection, especially considering that 
many markers used in genome scans 
happen to fall in non-coding genomic 
regions (Galindo et al. 2010). Hence, 
the functional relationship between 
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the allelic variant and phenotypic 
trait cannot be directly inferred. 
Stronger inferences can be made if 
the markers are within genes that are 
chosen a priori based on knowledge 
about their functions (Schlötterer 
2002), because it is more likely that 
the molecular variation within the 
‘candidate gene’ is actually related 
to variation in the phenotypic trait 
(see Box 1). Although this ‘candidate 
gene approach’ has provided some 
important insights about potentially 
adaptive divergence in key genes, 
studies employing this approach have 
typically been limited to very few 
genes (Schlötterer 2002). A promising 
avenue would be to combine these 
two approaches in a candidate gene 
genome scan, screening numerous 
candidate genes distributed across 
the genome (Shikano et al. 2010; 
Poelstra et al. 2013). In addition, 
screening multiple independent pairs 
of populations inhabiting contrasting 
habitats can also offer further 
strength for inferring the functional 
relevance of outlier genes: repeated 
and independent emergence of 
similar genotypes (or phenotypes) 
in similar habitats is unlikely to have 
occurred through random processes 
(Clarke 1975; Endler 1986).

While genome scans remain a 
popular method for identifying 
elevated differentiation between 
populations, they are not without 
drawbacks (e.g. Bierne et al. 2011; 
Riquet et al. 2013). Similarly, the 
various statistical approaches for 
detecting outlier loci also have 
disadvantages or weaknesses (see 
Narum & Hess 2011 and Table 1 
for an overview). Mainly, genetic 
incompatibilities – independent of 
the external environment – can create 
endogenous barriers to gene flow, 
which also increases differentiation 
in a pattern similar to that created by 

exogenous barriers due to ecological 
selection (Bierne et al. 2011). In 
addition, differentiation-based tests 
are mainly aimed at detecting hard 
selective sweeps, in which only 
one or few beneficial alleles are 
selected to high frequency, because 
this will produce more significant 
differentiation between populations 
(Luikart et al. 2003). On the other 
hand, soft sweeps involve an increase 
in frequency in multiple alleles 
(Hermisson & Pennings 2005), which 
is less likely to affect the patterns of 
diversity and divergence between 
populations (Pennings & Hermisson 
2006; Hohenlohe et al. 2010). This 
is particularly relevant to adaptation 
in complex traits, which is likely 
to act through modest changes in 
allele frequencies at many loci (e.g. 
Maher 2008). Hence, weak signals of 
selection may not be detected (e.g. 
McKay & Latta 2002; Riquet et al. 
2013). Regardless of these drawbacks, 
it is clear that outlier approaches 
address the potential for selection to 
affect different regions of the genome 
differently. Accordingly, the general 
pattern emerging from empirical 
studies is highly variable levels of 
population differentiation across the 
genome. Examples of this pattern of 
‘heterogeneous genomic divergence’ 
(Nosil et al. 2008) are common 
when locally varying environmental 
factors create divergent selective 
pressures that cause differentiation to 
accumulate in some genomic regions, 
while other regions continue to be 
homogenized by gene flow. 

The relationship between adaptive 
divergence and gene flow has been 
a contentious point for decades (e.g. 
Slatkin 1973; Endler 1977). On one 
hand, it can be argued that gene 
flow constrains adaptive divergence, 
while on the other hand, it can also 
be argued that adaptive divergence 
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constrains gene flow (Räsänen & 
Hendry 2008). Further insights into 
the causal interactions between 
these forces can be gained from the 
environmental factors that drive the 
adaptive divergence, or from the 
resulting phenotypic divergence that 
has arisen. For example, a correlation 
between environmental and neutral 
genetic differentiation can arise when 
adaptive divergence has acted as 
a barrier to gene flow (i.e. isolation-
by-environment; Wang & Summers 
2010). Similarly, adaptation can be 
inferred from positive correlations 

between adaptive phenotypic 
divergence and gene flow (i.e. 
isolation-by-adaptation; Nosil et al. 
2008). However, when differences 
in environmental features correlate 
with geographic distance, the non-
adaptive process of isolation-by-
distance may create similar patterns 
of differentiation, confounding 
inferences about the adaptive nature 
of the observed divergence. Hence, 
only after controlling for geography 
can the implications about whether 
adaptation is reducing gene flow, or 
vice versa, be addressed. 

BOX 1. Not just any gene: The distinction between random and candidate  
gene-based markers

Gene-based markers can provide a means for understanding adaptive genetic 
divergence among populations. In this context, it is important to note the 
distinction between gene-based and candidate gene-based markers. While the 
former simply refer to markers that are derived from any gene, the latter more 
specifically indicates that the genes were chosen a prioi based on their functional 
properties in relation to an associated selection regime. This is not be confused 
with candidate loci, which some authors use to denote any outliers – sometimes 
anonymous – because they are promising candidates for adaptive divergence. 
The difference between ‘random’ and ‘candidate’ gene-based markers was 
evident in a study by Nielsen et al. (2009b) aimed at looking for evidence of local 
adaptation among populations of Atlantic cod (Gadus morhua). Although all 98 
SNPs screened in that study were gene-based (ESTs), only 15 were from candidate 
genes that were selected based on their functions related to temperature, stress, 
growth and reproduction – some from previously published cDNA libraries (e.g. 
Moen et al. 2008) and some novel SNPs discovered from genomic DNA (Nielsen 
et al. 2009b). Among the outliers detected, a higher proportion (30%) were either 
the ESTs or the novel candidate genes that were specifically selected based on the 
expectation that they play a role in local adaptation, compared to the randomly 
chosen SNPs (6%). Shimada et al. (2011) also provided a direct comparison of 
random and candidate gene-based markers by performing outlier analyses on a 
panel of markers that included 157 ‘physiologically important genes’ and 84 random 
genes derived from ESTs or genomic libraries. Signals of selection were detected 
in 21 (13.4%) candidate genes, whereas only two (2.3%) of the random genes were 
outliers, indicating that functionally relevant genes are more likely to be under 
selection than random genes (Shimada et al. 2011). Most ESTs are identified from 
experiments/sampling that focus on one particular treatment or selective force, 
while other forces that represent the overall habitat diversity are overlooked (e.g. 
Bradbury et al. 2013). Therefore, the markers used throughout this thesis were 
candidate gene-based markers that were specifically selected to represent various 
physiological processes that might respond to a broad range of selective forces 
during freshwater adaptation (e.g. salinity, temperature, pH, oxygen availability, 
parasites, etc).
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The interplay between gene flow and 
selection has particular relevance in 
the marine environment. Specifically, 
the absence of physical barriers has 
traditionally been thought to promote 
dispersal over large geographic 
distances, perpetuating the notion 
of the sea being a high gene flow 
environment (e.g. Cano et al. 2008). 
Indeed, many studies of marine 
fishes and invertebrates have failed 
to detect population structuring in 
neutral marker genes (reviewed in 
Gyllensten 1985; Hedgecock 1986; 
Ward et al. 1994; DeWoody & Avise 
2000; Grosberg & Cunningham 
2001), supporting the view of 
demographically open and genetically 
panmictic populations in the seas. In 
this view, high gene flow has been 
thought to constrain the potential 
for marine populations to adapt to 
their local environments. Although 
contrary evidence emerged several 
decades ago from observations of 
clinal variation in allozymes and blood 
groups in several species of marine 
fish and invertebrates (Frydenberg 
et al. 1965; Cross & Payne 1978; 
Iwata 1973; Hedgecock 1986), 
the focus of population genetics 
remained primarily on patterns of 
variation in neutral genetic markers 
(Hauser & Carvalho 2008). Hence, 
allozymes – which are gene products 
with structural (and perhaps 
functional) differences, and are 
therefore likely subjected to positive 
selection (Lewontin 1991) – were 
quickly replaced with presumably 
neutral molecular markers like 
microsatellites, amplified fragment 
length polymorphisms (AFLPs) and 
single nucleotide polymorphisms 
(SNPs). Indeed, the patterns in 
neutral markers, which reflected the 
homogenizing effects of gene flow, 
contradicted those emerging from 
morphological/meristic, life-history, 
behavioural, host use and parasite 

infection data – the former indicating 
a lack of differentiation while the 
latter suggested spatial structuring 
(e.g. Parrish & Saville 1965; McQuinn 
1997; Sotka 2005; Abaunza et al. 
2008; Reiss et al. 2009). However, 
since differences in quantitative traits 
can arise from strictly environmental 
– and not genetic – forces, patterns 
in such traits cannot be ascribed to 
adaptation from selective forces at 
face value.

Direct evidence of local adaptation can 
only be obtained by demonstrating 
genotype × environment interactions 
(Kawecki & Ebert 2004). This is 
achieved by comparing fitness-related 
traits between populations originating 
from different environments when 
reared in the same environmental 
conditions (common-garden or 
reciprocal transplant experiments). 
While considerable progress has been 
made towards demonstrating local 
adaptation in marine invertebrates 
(reviewed in Sanford & Kelly 2011), 
practical limitations have restricted 
these types of experiments in marine 
fishes (but see Conover & Present 
1990; Schultz et al. 1996; Marcil et al. 
2006; Hutchings et al. 2007; McCairns 
& Bernatchez 2012; Hice et al. 2012). 
Instead, the focus on selection in 
marine fishes has been directed 
towards identifying and describing 
adaptive genetic variation in marine 
populations (reviewed in Conover et 
al. 2006; Cano et al. 2008; Hauser 
& Carvalho 2008; Hellberg 2009; 
Nielsen et al. 2009a; Weersing & 
Toonen 2009). While it has become 
clear that marine populations are 
more structured than previously 
recognized, adaptive inferences 
have nonetheless been limited by 
the lack of genomic information 
about the relevant loci, since many 
studies employ anonymous markers 
(e.g. Mariani et al. 2005; André et 
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al. 2011). Even if they demonstrate 
environmental correlations (e.g. 
Jørgensen et al. 2005; Gaggiotti et al. 
2009; White et al. 2010), anonymous 
outliers offer little information about 
the underlying functional relevance 
on fitness. To gain more information 
about this, many researchers have 
started to employ transcriptome-
derived markers. In these cases, 
significant correlations with 
environmental variables likely to 
act as selective agents (e.g. salinity 
and temperature) are perhaps more 
suggestive that the genetic variance 
is adaptive (e.g. Limborg et al. 2012; 
Lamichhaney et al. 2012; Bradbury et 
al. 2013; Teacher et al. 2013). However, 
whether this variation ultimately 
affects traits underlying fitness still 
remains largely unanswered. To this 
end, the use of common garden 
experiments in conjunction with 
integrated analyses of candidate 
gene-based markers could offer 
means to gain a refined picture about 
the genetic patterns and scales of 
local adaptation in marine taxa (e.g. 
van Wijk et al. 2013).

Aims

The main aim of this thesis was to 
gain insights into the genetics of 
local adaptation in three-spined 
sticklebacks. I first examined the 
characteristics of single nucleotide 
polymorphisms (SNPs) and 
microsatellite markers both in genic 
and non-genic regions of the genome 
in order to determine the most 
effective strategy for assessing the 
relative roles of selection and gene 
flow in explaining the patterns of 
population differentiation in three-
spined sticklebacks (I). This was 
evaluated under two scenarios: i) 
for populations physically isolated in 
contrasting habitat types (i.e. marine 
and freshwater), and ii) for populations 

connected within the physically 
continuous, yet environmentally 
heterogeneous, marine environment. 
To further address i), I employed a 
candidate gene-based genomescan 
using microsatellite loci located in 
genes with putative functions that are 
physiologically relevant for freshwater 
adaptation, looking for parallel 
signals of selection in paired marine-
freshwater populations on a global 
scale (II). To further address ii), I first 
used a densely spaced set of genome-
wide candidate genes to assess the 
degree of genomic heterogeneity 
among marine populations. I tested 
for signatures of selection in these 
functionally relevant genes using 
populations sampled across six 
adjacent seas and compared the 
ability of the identified outliers vs. 
non-outliers to detect population 
structuring (III). I then explored the 
fine-scale patterns of diversity and 
divergence in some of these candidate 
genes in order to better assess not 
only the presence, but also the scale, 
of adaptive differentiation, and how it 
relates to the environmental factors 
that vary strongly across the Baltic 
Sea and Danish Straits (IV). In this 
case I also included a set of non-
genic microsatellite loci to allow for 
more reliable inferences about neutral 
processes such as gene flow, and 
to allow comparison of patterns of 
differentiation in genic vs. non-genic 
markers (IV). In addition, I examined 
the phenotypic divergence in an 
adaptive trait (lateral plate number), 
as well as the associated genetic 
divergence in the underlying QTL, 
under an FST-PST-FSTQ framework (V). 
Finally, I looked for direct evidence 
of adaptation to local salinity in the 
Baltic Sea using an experimental 
common-garden approach, where I 
compared juvenile survival and adult 
size of individuals raised in their native 
and reciprocal salinity conditions (VI).
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Materials and Methods

In this section I will briefly present 
an overview of the methods used 
throughout the thesis. Detailed 
descriptions of the methods can be 
found in each specific chapter.

The study species

The three-spined stickleback 
(Gasterosteus aculeatus) is a small 
teleost, widely distributed across the 
Northern Hemisphere (Münzing 1963; 
Bell & Foster 1994). Despite having 
marine origins, it has been able to 
successfully invade and colonize 
freshwater habitats throughout its 
geographic range (Bell & Foster 1994; 
Mäkinen et al. 2006). Following these 
postglacial freshwater invasions, the 
ancestral marine form has undergone 
an adaptive radiation, making it an 
excellent model for studies in ecology 
and evolutionary biology. For example, 
patterns of variation have been 
described in various morphological 
(e.g. body size and shape; Klepaker 
1993; Leinonen et al. 2006; body 
armour; Heuts 1947), behavioural 
(e.g. foraging and memory; Mackney 
& Hughes 1995; Park 2012) and 
physiological (e.g. Bonga 1973; 
McCairns & Bernatchez 2011; Kitano 
& Lema 2012) characteristics in 
relation to the movement of marine 
ancestors into freshwater, on spatial 
scales ranging from local to global. 
Moreover, the application of various 
molecular techniques has led to the 
identification of candidate genes 
that underlie some of these specific 
changes (e.g. Colosimo et al. 2005; 
Miller et al. 2007; Chan et al. 2010; 
Kitano et al. 2010; Jones et al. 
2012). As such, population genetics 
studies consistently reveal high 
levels of divergence between marine 
and freshwater populations (e.g. 
Raeymaekers et al. 2005; Mäkinen F
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et al. 2006, 2008; Hohenlohe et al. 
2010; Jones et al. 2012; Catchen et 
al. 2013), likely reflecting adaptation 
to their native habitats. While 
much progress has been made 
towards understanding the genomic 
architecture of paired populations 
existing in discretely different habitats 
(viz. marine-freshwater, lake-stream, 
benthic-limnetic), less attention has 
been focussed on populations existing 
within the marine environment. 
Despite the lack of genetic structure 
reported among marine populations 
(e.g. Mäkinen et al. 2006; Hohenlohe et 
al. 2010; Catchen et al. 2013), patterns 
of phenotypic variation in a trait with 
a well-known genetic and presumably 
adaptive basis (lateral plates) have 
been described among coastal 
populations in Norway (Klepaker 
1996), suggesting the potential for 
marine populations to be genetically 
differentiated. Support for this 
conjecture was recently provided by 
Feulner et al. (2013) who used a whole 
genome re-sequencing approach to 
classify the genetic variation within 
a marine population. These authors 
identified several candidate genomic 
regions showing signatures of 
divergent (and balancing) selection, 
demonstrating adaptive evolution in 
the marine environment. However, 
the geographic scale of this genetic 
pattern has yet to be elucidated. 

Sampling

Samples used in Chapters I – V 
consisted of adults caught from the 
wild during breeding season, using 
either minnow traps (freshwater 
populations), seine nets (coastal 
marine populations) or trawling 
(pelagic sample from the Barents Sea, 
Chapter I and III; Fig. 1). Samples used 
in Chapter VI were first generation 
laboratory reared fish whose parents 
originated from the wild (Fig. 1). 

Chapters I and II included two and 
six, respectively, pairs of marine 
and freshwater populations from 
divergent lineages (viz. Atlantic and 
Pacific; Ortí et al. 1994), representing 
physically isolated populations 
existing in contrasting habitat types. 
Three samples from the Baltic 
Sea region were also included in 
Chapter I, representing the salinity 
gradient which ranges from nearly 
full-strength seawater to nearly 
freshwater (HELCOM 1996). Chapter 
III included populations from marine 
sites only, using ten broadly spaced 
samples spanning six sea areas (viz. 
North Atlantic, Barents Sea, White 
Sea, Norwegian Sea, North Sea, 
and Baltic Sea). Chapters IV and V 
used a fine-scale sampling strategy, 
including samples collected from 38 
sites spanning the entire coast of the 
Baltic Sea and connecting Danish 
Straits (i.e. Skaggerak and Kattegat). 
Six of these sites were sampled again 
in 2011 to obtain broodstock used in 
Chapter VI. Two of these populations 
were representative of the high-
salinity region of the Danish Straits, 
two of the brackish water regions 
within the Baltic Proper, and two of 
the low-salinity regions of the Gulf of 
Finland and Bothnia, respectively. 

Molecular markers and  
genetic methods

The candidate gene-based markers 
used throughout this thesis were 
microsatellite loci developed by 
Shimada et al. (2011; Fig. 2). Briefly, 
literature relating to fish physiology 
was reviewed in search of genes 
that had demonstrated a response – 
on either enzyme, endocrinological 
or transcriptional levels – when fish 
were exposed to different treatments 
resembling the environmental 
conditions that might vary along a 
marine-freshwater habitat axis. For 
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example, osmoregulatory genes were 
selected if they displayed differential 
expression (up or down regulation), 
or were involved in hormonal 
signalling cascades, in response to 
changes in salinity regime; heat shock 
genes were selected if they exhibited 
differential expression in response 
to changes in thermal regime. 
Additional genes with putative roles 
associated with immune response, 
growth, maturation, hypoxia, toxic 
stress, pigmentation, taste, smell, 

and nesting were also included, since 
differences in parasite communities, 
contamination and pollution status, 
light regime, prey, nesting material, 
etc. are likely to occur between marine 
and freshwater habitats – among 
many other abiotic and biotic factors. 
In most chapters, a set of putatively 
neutral, non-genic microsatellite 
markers were also included (Peichel 
et al. 2001). These were selected 
based on their genomic location 
such that they were no less than 1kb 

Fig. 2 - Physical map showing the location of the markers used in each chapter of this thesis. Hollow 
circles = non-genic. Filled circles = genic. Purple (I), green (II), red (III), blue (IV), orange (V), deep 
purple (VI). The chapters in which markers were detected as outliers are indicated in brackets. 
Chromosomes are indicated with roman numerals.
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away from any gene annotated in the 
stickleback genome. Chapter I also 
included novel SNP markers that were 
identified by sequencing introns that 
flanked (≈ 1kb) 13 genic and 13 non-
genic genomic regions. 

DNA extraction, polymerase chain 
reaction and genotyping protocols 
are described in detail in each 
respective chapter. All microsatellite 
genotyping was done using in-house 
capillary sequencers (MegaBace 
1000 and ABI 3730), and scoring was 
carried out with Fragment Profiler 
1.2 and GeneMapper 4.1 software, 
respectively. Using a total of 183 
markers (Fig. 2), 1672 individuals 
originating from 54 populations were 
analysed in this thesis (Fig. 1). In each 
chapter, I estimated basic population 
parameters (heterozygosity, allelic 
richness, fixation index, deviations 
from Hardy-Weinberg equilibrium, 
linkage disequilibrium) as well as 
population differentiation with 
traditional FST based methods, and in 
later chapters, also with Jost’s D (Jost 
2008). This was mainly to account 
for the marked differences in levels of 
heterozygosity that were observed in 
different classes of markers (genic/
non-genic, outliers/neutral). Jost’s D is 
an estimator of relative differentiation 
based on the allele composition 
between populations or demes, 
independent of heterozygosity 
(Jost 2008). However, while useful 
in some contexts, it too has its own 
shortcomings, restricting its utility in 
making inferences about population 
demography or structure (Ryman & 
Leimar 2009; Whitlock 2011).

Outlier detection

Several different outlier tests were 
used in different chapters to identify 
signatures of directional selection 
(see Table 1 for summary). In Chapter 

II, I used the FST-based method of 
Vitalis et al. (2001) as implemented 
in the software DETSEL (Vitalis et al. 
2003). This coalescent-based method 
is ideal for pairwise comparisons 
because it uses a model in which a 
single population – not necessarily at 
drift-mutation equilibrium – has split 
into two populations. The ratio of 
divergence time to population size is 
used to define multilocus population-
specific parameters, which are 
conditioned on the total number of 
allelic states in the pooled sample. 
These population parameters, as well 
as a number of nuisance parameters 
such as ancestral effective population 
size, mutation rate, and rate of drift 
before population split, are used to 
generate an expected distribution 
of single-locus estimates. From this 
neutral model, which is based on 
population divergence occurring 
solely by random drift, any loci that 
fell outside the 95% highly probable 
region due to increased FST were 
identified as outliers. This analysis 
was applied to each of the six marine-
freshwater pairs (II). In addition to 
an increase in FST, selection is also 
expected to reduce heterozygosity 
in selected regions of the genome 
(Schlötterer et al. 1997). Therefore, 
a reduction in genetic variation 
was also tested for in Chapter II by 
comparing the variance in expected 
heterozygosity in each marine-
freshwater pair, following the ln RH 
test of Kauer et al. (2003). Since the 
ln-transformed ratio of heterozygosity 
usually follows a normal distribution 
(Krauer et al. 2003), any loci that have 
undergone a selective sweep should 
be in the tails of this distribution. 

In Chapters III, IV, and V an alternative 
coalescent-based method was used 
to simulate a neutral distribution of 
FST as a function of heterozygosity, 
as implemented in the software 
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Table 1. A synopsis of the methods used to detect outlier loci in this thesis 

Method & 
Reference Technique Description Advantage Disadvantage Chapters 

Used In

DETSEL; 
Vitalis  
et al. 2003

Coalescent-
based  
simulation

Uses a 
pairwise 
divergence 
model

Can detect 
candidate 
loci that 
are under 
selection in 
only some 
populations, 
since outlier 
loci can vary 
in pairwise 
population 
comparisons

Only feasible 
with a small 
number of 
populations 
due to the 
number of 
pairwise 
comparisons 
that need to 
be performed

II; on each 
of the six 
marine-
freshwater 
pairs

ln RH; Kauer 
et al. 2003

Hetero-
zygosity 
comparison

Compares 
the variance 
in expected 
hetero-
zygosity 
between 
populations

Relatively 
insensitive to 
demographic 
scenarios; 
no need for 
knowledge of 
mutation rate 

Will not  
detect outliers 
when each 
population 
has reduced 
heterozygosity 
but fixed for 
different alleles

II; on each 
of the six 
marine-
freshwater 
pairs

FDIST;  
Antao  
et al. 2008

Coalescent-
based  
simulation

Uses  
global FST  
conditional 
on hetero-
zygosity

Accurate for 
detecting 
outlier loci 
under strong 
selection

Does not 
account for 
demographic 
scenarios or 
hierarchical 
genetic  
structure; 
prone to 
false-positives

III, IV, V

BAYESCAN; 
Foll &  
Gaggiotti 
2008

Reversible-
jump Monte 
Carlo Markov 
chain

Uses a 
hierarchical 
Bayesian 
model to  
decompose 
FST values 
into locus- 
and popula-
tion-specific 
components

Generally low 
levels of type 
I error

Inconsistent 
at detect-
ing out-
lier loci when 
strength of 
selection is 
weak

III, IV

ARLEQUIN; 
Excoffier  
et al. 2009

Coalescent-
based  
simulation

Builds on 
the FDIST 
framework 
but allows 
popula-
tions to be 
grouped a 
priori 

Accounts for 
hierarchical 
genetic  
structure

Poor at 
detecting 
outliers when 
patterns of 
adaptive 
variation are 
different than 
those that are 
neutral

III
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LOSITAN (Antao et al. 2008). In this 
case, a global neutral FST is established 
with all populations (rather than using 
pairwise population comparisons) 
after an initial simulation to first remove 
potentially selected loci. After an 
additional simulation to approximate a 
desired FST, any loci falling outside this 
distribution were detected as outliers. 
In Chapters III and IV I also used a 
Bayesian approach to detect outliers 
with the program BAYESCAN (Foll & 
Gaggiotti 2008). In this analysis, two 
alternative models are defined: one 
including a locus-specific component 
and one including only a population-
specific component. The posterior 
probability that a given locus is 
subject to selection is estimated by 
determining if the model containing 
the locus-specific component explains 
the observed genetic patterns better 
than the model without it (Foll & 
Gaggiotti 2008).

In Chapter V I coupled the outlier 
detection method – used to test 
whether the ectodysplasin (EDA) 
locus underlying lateral plate number 
determination (Colosimo et al. 
2005) was under selection – with 
an FST-PST approach to determine if 
signatures of selection could also 
be detected in the corresponding 
phenotypic trait (number of lateral 
plates). Briefly, under a neutral model, 
it is expected that the between- 
and within-population components 
of variation in quantitative (QST) or 
strictly phenotypic (PST) traits should 
be similar to that in neutral loci (FST; 
Merilä & Crnokrak 2001). If QST (or PST) 
exceeds FST, natural selection is evoked 
as the explanation for trait divergence 
among populations (Merilä & Crnokrak 
2001). Since the complications and 
violated assumptions associated with 
estimating QST (e.g. Merilä & Crnokrak 
2001; McKay & Latta 2002; Leinonen 
et al., 2008, 2013; Whitlock 2008) and 

FST (e.g. Kronholm et al., 2010; Edelaar 
et al., 2011; Edelaar & Björklund, 2011; 
Meirmans & Hedrick, 2011) have been 
recognized, the method of traditional 
FST-QST comparisons has received 
criticism (e.g. Hendry 2002; Pujol et 
al. 2008; Whitlock 2008; Whitlock & 
Guillaume 2009). As such, I instead 
compared the distribution of PST for a 
neutrally evolving trait – simulated with 
neutral FST and the within-population 
variance component of lateral plate 
numbers – with the observed PST for 
lateral plates following Whitlock & 
Guillaume (2009). The expectation 
of this comparison is that PST - FST 
will fall outside of the distribution of 
neutral PST if the divergence in lateral 
plates has been driven by natural 
selection (Whitlock 2008; Whitlock 
& Guillaume 2009). Once signatures 
of selection were confirmed in both 
the phenotypic trait (PST) and the 
underlying locus (FSTQ), divergence 
in FSTQ was explored at a much finer 
scale (across 38 sampling sites) 
in order to provide insights to the 
adaptive nature of variation in lateral 
plate numbers across the Baltic Sea.

Common-garden experiment

In Chapter VI, I used a common-
garden experimental approach to 
directly test for adaptation to local 
salinity regimes in Baltic Sea three-
spined sticklebacks. I first collected 
adult sticklebacks from six coastal 
locations previously sampled for 
population genetic analyses (Chapter 
IV). The aim was to sample two sites 
from each of three salinity regimes, 
representing the salinity gradient 
that ranges from nearly full-strength 
seawater (x = 25‰; deemed ‘high 
salinity’) in the Danish Straits to 
brackish water (x = 7‰; deemed 
‘mid salinity’) in the Baltic Proper, to 
nearly freshwater (x < 5‰; deemed 
‘low salinity’) in the Gulf of Finland 
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and Bay of Bothnia. In the laboratory, 
I produced ten independent full-sib 
families from each parental stock using 
artificial fertilizations. Each family 
was first divided into three groups. 
All embryos were held at constant 
salinity (5‰) until yolk sacs had been 
resorbed (approximately 11 days post-
fertilization), under the assumption 
that in the wild all populations 
would move to low salinity areas for 
breeding (Münzing 1963) and hence 
be naturally fertilized in low salinity. 
Upon yolk-sac resorption, one group 
from each family continued to be 
held at 5‰ (‘low salinity treatment’), 
another group was moved to 10‰ 
(‘mid salinity treatment’) and the 
third group was moved to 20‰ 
(‘high salinity treatment’). Hence, this 
design allowed each population to 
be reared in its native and reciprocal 
salinity regimes. 

After the experimental salinities had 
been reached (salinity was changed 
at a rate of 2.5‰ per water change, 
which occurred twice daily), mortality 
was recorded. Families were then 
further divided into three replicates, 
and continued to be reared in the 
given experimental salinity in 1.4L 
tanks in Allentown Zebrafish Rack 
Systems (Aquaneering Inc., San 
Diego, USA). Each of the three 
rack systems were closed, with 
recirculating water at 5, 10 or 20‰. 
After two months, mortality was 
recorded and fish were photographed 
for standard length (from tip of the 
snout to base of tail) measurement. 
Due to space restrictions, only one 
population from each of the three 
sampling areas (i.e. one from high, 
mid, and low salinity region) was 
maintained for long-term (8 months 
post-fertilization) monitoring under 
the same experimental treatments. 
Family replicates were pooled and a 
random sample of 15-20 individuals 

per family were each moved into 10L 
tanks in the rack systems. At 4, 6 and 
8 months post-fertilization, fish were 
photographed for standard length 
measurement. Hence, a total of six 
populations were included in the first 
two months of the experiment, and 
three were used for the remainder of 
the experiment. 

Generalized linear mixed models 
(GLMMs) were used to analyze the 
mortality and size data, with native 
salinity, treatment salinity and their 
interaction as fixed factors, and family 
(nested in population) as a random 
factor. In all cases, density was also 
included as a covariate. Mortality was 
analyzed daily during the period of 
salinity manipulation (day 12, 13 and 14 
post-fertilization), then weekly for the 
remaining six weeks. Size was analyzed 
for the four time points (2, 4, 6 and 
8 months) at which measurements 
were taken. The QST - FST method of 
Whitlock & Guillaume (2009) was 
also applied to the 2-month mortality 
and 8-month size data in the high 
salinity treatment, since significant 
differences were detected among 
populations in this treatment. Genetic 
data from Chapter IV was also used 
to confirm that the divergence 
among the six populations used in 
both studies is related to differences 
in local salinity conditions. Each of 
the six populations was classified as 
high, mid or low salinity origin based 
on the average annual salinity at 
their sampling locations. I calculated 
global and pairwise FST-estimates 
among populations from similar 
(i.e. sympatric) and different (i.e. 
allopatric) salinities with the candidate 
gene-based outliers identified in 
Chapter IV, and compared these 
values with those calculated from the 
20 non-genic markers, in relation to 
differences in salinity.
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Results and Discussion

Genic and non-genic markers

Gene-based (genic) markers have 
become an important resource in 
population genetic studies (e.g. Ellis & 
Burke 2007; Nielsen et al. 2012), which 
have traditionally relied on neutral 
marker genes (Charlesworth et al. 
2003). In particular, genic markers 
provide a means to study adaptive 
responses to selection at the 
molecular level, because they may be 
functionally associated with variation 
in ecologically important traits. It has 
been suggested that genomic regions 
associated with functionally relevant 
genes are more likely to be under 
selection than non-coding genomic 
regions (e.g. Bonin 2008; Hoffmann & 
Willi 2008), and this has indeed been 
supported in several studies which 
have found a higher incidence of 
signatures of selection in candidate 
gene-based or EST-derived markers 
compared to anonymous markers 
(e.g. Vasemägi et al. 2005; Eveno et 
al. 2008; Shikano et al. 2010; Vilas et 
al. 2010; Chaoui et al. 2012). The 
findings throughout this thesis are 
consistent with this pattern (Fig. 3). 
For example, among the six pairs  
of marine-freshwater populations 
screened in Chapter II, I found an 
average of 5.6 outliers in the set of 
candidate genes, whereas only 1.3 
outliers were detected in the same 
populations using non-genic markers 
(Fig. 3). In Chapter IV, my comparison 
of candidate gene-based and non 
genic markers also yielded a similar 
result (nine gene-based outliers, one 
non-genic outlier; Fig. 3). In this 
chapter, however, the samples were 
not demographically isolated, as were 
those in Chapter II. Yet, both sets of 
populations were likely to experience 
similar selective pressures associated 
with the transition from marine to 

freshwater (or low salinity) habitats. 
Hence, it is likely that the signals of 
selection in the candidate gene-based 
markers are in fact generated by 
environmental differences between 
localities, reflecting the physiological 
relevance of the candidate genes. This 
highlights the utility of these markers 
in detecting potentially adaptive 
molecular divergence regardless of 
the amount of gene flow between 
populations (i.e. Chapter II, low gene 
flow; Chapter IV, high gene flow). 

An additional pattern that commonly 
arises in comparisons of gene-based 
and anonymous markers is the 
reduction in variability in the former 
(e.g. Ellis & Burke 2007; Kim et al. 
2008; Buonaccorsi et al. 2012; 
Kostamo et al. 2012). This was true for 
the markers used in Chapters II and 
IV, as well as in the microsatellite 
markers used in Chapter I. A similar – 
though not significant – trend was 
also observed in the SNP-haplotypes 
(I). One reason that has been put 
forth to explain this pattern is the fact 
that gene-based markers are typically 
derived from conserved sequences. 
While this has the benefit of facilitating  

Fig. 3 - Percent of outliers detected in each 
chapter. Black segments, % outliers out of gene-
based markers; grey segment, % non-outliers out 
of gene-based markers; thatched segment, % 
outliers out of non-genic markers; white segment, 
% non-outliers out of non-genic markers.
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cross-species amplification (Ellis & 
Burke 2007), it also has the caveat in 
that it can complicate estimation of 
population differentiation. Specifically, 
since traditional measures of genetic 
differentiation (e.g. FST [Weir & 
Cockerham 1984], GST [Nei 1973]) are 
dependent on heterozygosity, it can 
be expected that markers with 
reduced heterozygosity show 
elevated levels of differentiation (e.g. 
Hedrick 2005; Jost 2008). Hence, the 
higher incidence of signatures of 

selection in gene-based markers 
could be an artefact resulting from 
their lower variability – which allows 
higher levels of differentiation – rather 
than reflecting a biologically relevant 
pattern. However, several comparative 
studies have reported that, despite 
the lower variability in gene-based 
markers, patterns of population 
differentiation were comparable to 
those seen in anonymous/non-coding 
markers (e.g. Kim et al. 2008; 
Buonaccorsi et al. 2012). Furthermore, 
although the genic SNP-haplotypes 
screened in Chapter I demonstrated 
lower heterozygosity than non-genic 
SNP-haplotypes among marine, 
freshwater and Baltic Sea stickleback 
populations (Fig. 4a), pairwise 
differentiation was in fact lower in the 
genic SNP-haplotypes among the 
marine and Baltic Sea populations 
(Fig. 4b). Hence, the relationship 
between heterozygosity and 
differentiation does not appear to be 
straightforward. 

Moreover, Chapter VI highlighted 
that the increase in population 
differentiation as measured with the 
outlier candidate genes followed 
the increase in differences in salinity 
at the sampling locations (Fig. 5). 
This pattern was not observed in 
the non-genic markers, supporting 
the conjecture that the elevated 
differentiation among the candidate 
genes is in fact biologically relevant. 
It is also important to note that 
when differentiation was estimated 
with Jost’s D – which is unbiased by 
heterozygosity (Jost 2008) – the 
patterns were strongly correlated 
with those derived from traditional 
estimators (Chapters III and IV). 
Interestingly, the influence of marker 
variability on differentiation was 
also marked in Chapter III, in which 
only candidate gene-based markers 
were used. Here, the markers with 

Fig. 4 - Mean (+ 95% CI) values of a) genetic 
diversity and b) differentiation (FST) among 
marine, freshwater, and Baltic Sea populations 
of three-spined sticklebacks, as estimated with 
genic and non-genic SNP haplotypes (SNPh) 
and microsatellite (MS) markers.
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the highest FST also had the lowest 
heterozygosity, among those 
identified as outliers. However, many 
highly variable loci were also identified 
as outliers, while many loci with low 
diversity had low FST values and were 
not detected as outliers (III), further 
outlining the lack of correspondence 
between differentiation and diversity. 
Nevertheless, D values were highly 
correlated with FST values in each 
marker category (neutral rs = 0.989; 
directional selection rs = 0.898; 
balancing selection rs = 0.944, P < 
0.001), and were higher among loci 
detected as outliers than those deemed 
as selectively neutral. This was also 
the case in Chapter IV. Consequently, 
the increased differentiation and high 
frequency of signatures of selection 
common to gene-based markers 
should not be attributed to their 
reduced heterozygosity, although 
it is worth noting that reduction in 
heterozygosity is itself a signature of 
directional selection (Schlötterer et al. 
1997; Bamshad & Wooding 2003).

Seascapes genetics – population 
differentiation in marine habitat

Further strength for the adaptive 
inferences drawn from divergent 
candidate genes can be gained 
through establishing if their functional 
roles are associated with the expected 
selection regime (Fraser et al. 2011). 
For example, a correlation between 
the allelic distribution of heat-shock 
protein genes and temperature can 
implicate this environmental factor as 
the driver of divergence at those loci 
(e.g. Nielsen et al. 2009b). As such, 
the integration of environmental 
variables into population genetics 
studies has proved to be a valuable 
approach towards identifying 
patterns and causes of adaptive 
divergence in particular loci (Selkoe 
et al. 2008). The results from 
Chapters III and IV emphasize this 
point. In each of these chapters, I 
looked for genetic associations with 
two environmental variables that 
are likely to impose strong selective 
pressures in the marine environment: 
temperature and salinity (Conover 
et al. 2006). In addition, variation in 
wavelength of maximally transmitted 
light was included in Chapter III as an 
indicator of spatial variation in optic 
environment. I found associations 
between salinity and allelic variation 
in outliers with putative functions 
related to osmoregulation (AQP3 and 
ATP1A1; III; NHE3; IV). Interestingly, 
none of the outlier genes with thermal 
response functions were correlated 
with temperature in either chapter. 
However, several of the outliers with 
other functional roles, including 
pigmentation (DCT) and immune 
response (IL8), were associated 
with temperature in Chapter III. This 
aligns with the findings of Nielsen et 
al. (2009b), whose outliers – genes 
with divergent functions ranging 
from sex determination to chitin 

Fig. 5 - Levels of genetic differentiation 
as reflected in global FST estimates (± 95% 
confidence intervals) in candidate gene-based 
(filled circles) and non-genic (open circles) 
microsatellite markers between six stickleback 
populations originating from high (H), mid (M) 
or low (L) salinity areas. Differences in salinity 
(grey circles) are based on the annual salinity at 
their sampling location.
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BOX 2. Scaling the Seas: How local is local adaptation?

The evidence for adaptive divergence in the marine environment has continued to 
accumulate over the past decade. What remains unclear, however, is the spatial scale 
over which this divergence occurs. This is ultimately defined by sampling at a scale that 
is finer than the correlation with environmental change (Conover et al. 2006). Moreover, 
when samples are irregularly collected with regard to distribution, reliable identification 
of genetic clusters may be compromised (see Schwartz & McKelvey 2009). Hence, 
similar patterns of variation in multiple samples collected from a geographic area can 
lend support for the conclusion that the variation is indeed descriptive of that area, 
rather than describing a vague ‘outlier site’ (e.g. Teacher et al. 2013). This becomes 
evident in light of the results from two outlier genes detected in Chapters III and IV: 
RPEST and SPG1. In Chapter III, the elevated divergence in RPEST (FST = 0.122) appeared 
to be a result of an increased frequency in one allele in the to Gulf of Finland (insert Fig 
A). This allele was also present – though in a much lower frequency – in the southern 
Baltic site, but otherwise rare (e.g. in the Danish Straits) or absent in the remaining 
sites. With a finer-scale sampling scheme used in Chapter IV, I was able to determine 
the shifts in the frequency of this allele along the southern Baltic coast connecting the 
Danish Straits to the Gulf of Finland, and confirm that this allele is more common not 
just in the one Gulf site but in the entire Baltic Sea basin, with highest frequencies in the 
Gulf of Finland (insert Fig B). On the other hand, the divergence in SPG1 (FST = 0.179) 
revealed in Chapter III seemed to be derived from the high frequency of one allele in 
the Danish Straits (insert Fig C). However, the sampling of multiple Danish Straits sites 
in Chapter IV revealed that this pattern was unique to the FIS site; all other sites in this 
region showed an opposite pattern of allele frequencies in the SPG1 locus (insert Fig D).



24  |  Genetics of Local Adaptation in the Three-spined Stickleback

RESULTS AND DISCUSSION

binding – were also correlated with 
temperature. They suggest that since 
temperature is important for many 
physiological processes beyond 
thermal response in fishes (e.g. 
Pörtner et al. 2008), this selective 
force may be driving evolutionary 
responses in a suite of genes with a 
range of biological functions (Nielsen 
et al. 2009b). Another explanation 
for this finding is pleiotropy, where 
selection on one particular locus 
may result in correlated responses in 
many traits/functions (Lande 1980). 
An example of environment-specific 
pleiotropy has been demonstrated 
in sticklebacks, where selection on 
the gene underlying lateral plate 
numbers also affected growth rate, 
depending on the environmental 
salinity under which the sticklebacks 
were raised (Barrett et al. 2009). Also, 
some of the outlier genes identified 
by Hohenlohe et al. (2010) to be 
candidates in the parallel evolution 
of freshwater adaptation had both 
osmoregulatory and morphological 
roles, suggesting that selection on one 
gene can produce several adaptive 
responses. As such, it is possible 
that genes with primary functional 
roles associated with, for example, 
pigmentation or immune response, 
may have pleiotropic effects related 
to thermal response and are therefore 
responding to temperature-related 
selection pressures.

Thermal associations with specific 
genetic variants in fish populations 
have been noted for decades – 
although often indirectly, as earlier 
studies were based on observing 
clinal allelic variation along 
latitudinal gradients without directly 
incorporating thermal measurements 
(e.g. Frydenberg et al. 1965; Cross & 
Payne 1978; Mork et al. 1985; Sarvas 
& Fevolden 2005). This was recently 
exemplified by Limborg et al. (2012), 

who noted latitudinal associations 
with the outliers that were also 
associated with temperature. This was 
also found in Chapter III, highlighting 
an important drawback of the 
association approach: the correlation 
between environmental variables 
and geographic distance may lead to 
spurious conclusions about adaptive 
processes, when the observed 
patterns in fact are driven by non-
adaptive processes (see Shafer & Wolf 
2013). To address this issue, Chapters 
IV and V also included a set of 
putatively neutral loci to provide more 
reliable estimates of neutral genetic 
parameters in a classical ‘landscape 
genetics’ framework. Furthermore, 
partial Mantel tests were performed 
in order to account for geographic 
distance, and a Bayesian modelling 
approach was also implemented 
in Chapter IV to explore both the 
environmental and geographic 
contributions to population genetic 
structure within the Baltic Sea. In 
Chapter IV, I showed that even after 
controlling for geographic distance, 
genetic distances in nearly all of the 
outliers (7 out of 9) were still positively 
correlated with environmental 
salinity, but not temperature. On 
the other hand, controlling for 
geographic distance (and neutral 
genetic divergence) in Chapter V 
revealed insignificant environmental 
correlations with number of lateral 
plates – an ecologically important 
trait in sticklebacks (Barrett et al. 
2009). While the elevated divergence 
in this trait and its underlying locus 
in comparison to neutral divergence 
indicated that selection is influencing 
the distribution of lateral plates 
across the Baltic Sea, the selective 
pressures driving this differentiation 
are apparently not related to salinity 
or temperature. Though not directly 
accounted for in this thesis, there is 
a host of spatially and temporally 
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varying biotic and abiotic factors that 
are likely to act as selection pressures 
on different geographic scales – future 
studies are needed to understand 
their role in driving genotypic and 
phenotypic differentiation among 
stickleback populations. 

In relation to these issues, two 
important findings emerged from 
the work in this thesis. Firstly, results 
in Chapters III, IV and V show that 
selection can be strong enough 
to promote putatively adaptive 
divergence in several key genomic 

regions even in the face of on-
going gene flow. By focussing on 
these selected regions, patterns of 
population structure became clearer 
compared to those seen in neutral 
genomic regions. The genetic 
discontinuities were correlated with 
specific environmental variables, 
which not only suggests that 
adaptive processes are governing 
these patterns of genetic variation, 
but also reinforces the importance 
of applying candidate gene-based 
markers towards management and 
conservation of marine species: in 

Fig. 6 - Mean (± S.E.) body length of fish from different native salinities in different treatment salinities 
at different time points. (a) 56 days, (b) 120 days, (c) 180 days, and (d) 240 days post-fertilization. 
The plotted values are mean square estimates from GLMMs reported in Table 3. Black vertical bars 
represent significant differences according to ‘local vs. foreign’ criteria of local adaptation; blue, green 
and red horizontal lines represent significant differences according to the ‘home vs. away’ criteria for 
the native low, mid and high salinity populations, respectively. Asterisks (*) refer to significant (p < 
0.05) differences according to Tukey’s post-hoc tests.
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Table 2. Summary of the main questions and results from this thesis.

Main Question Main Result Implications

I. Do microsatellites 
and SNP markers reveal 
similar patterns of genetic 
diversity and differentiation 
in genic and non-genic 
markers?

Sometimes, but not always. 
This was shown to depend 
on the geographic scale 
of sampling, and genomic 
regions (genic vs. non-
genic) examined

Microsatellites are 
informative and cost-
effective for assessing 
population differentiation, 
especially if compared to a 
small number of SNPs

II. Is there evidence for 
parallel patterns of natural 
selection in functionally 
important loci in 
independent colonizations 
of freshwater habitats?

Little – Different sets of loci 
were found to be selected 
in different freshwater 
colonizations

Suggests an important role 
for genetic convergence in 
adaptation to freshwater

III. Is there evidence 
genetic structuring 
in marine stickleback 
populations?

Yes – but this 
differentiation appears 
to be mainly confined to 
functional (genic) regions, 
and much less so in non-
functional (non-genic) 
regions of the genome

More differentiation among 
marine populations than 
meets the eye

IV. Can evidence for 
genetic structuring be 
found also in recently 
invaded marine habitats?

Yes – there is a high degree 
of genetic differentiation 
within the evolutionarily 
young Baltic Sea, as 
evident in gene-based 
genomic regions

Heterogeneous genomic 
differentiation can build 
up rapidly; ecologically 
mediated selection can 
reduce gene flow

V. Is there evidence for 
selective differentiation 
in quantitative traits 
among marine stickleback 
populations?

Yes – differentiation at 
both phenotypic and 
underlying genetic level 
exceeds that expected 
under genetic drift

Rare evidence for 
adaptive differentiation in 
a phenotypic trait in the 
marine environment

VI. Are Baltic stickleback 
populations locally 
adapted?

Yes – though the scale is 
not as fine as indicated 
by genetic markers. 
Populations from low 
salinity regions have lower 
fitness in high salinity 
treatments, but mid- and 
high salinity populations 
are equally fit across 
treatments.

One of the most 
comprehensive tests of 
local adaptation in Baltic 
Sea organisms
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order to protect adaptive diversity, 
we must be able to identify it (e.g. 
Nielsen et al. 2012; Bradbury et al. 
2013). Secondly, Chapter IV revealed 
not only a strong correlation between 
divergence in the neutral and outlier 
loci, but also a weak correlation 
between neutral divergence and 
environmental salinity. Together 
these results suggest that the 
adaptive divergence resulting from 
environmental differences among 
localities is beginning to constrain 
gene flow on a genome-wide level. 
This was reinforced in Chapter VI, 
which demonstrated that adaptive 
divergence among Baltic stickleback 
populations caused a reduction in 
fitness of populations of low salinity 
origin in a high salinity treatment 
(Fig. 6). Genetic data from Chapter 
IV also suggested reduced uni-
directional gene flow; migration 
rates from low to high salinity 
regions were lower than those from 
high to low salinity regions. Hence, it 
can be expected that this adaptive 
divergence will continue to reduce 
gene flow across the Baltic and North 
Seas leading to more locally adapted 
populations. The fact that evidence 
for population structure or selection 
was weak (or absent) when the non-
genic markers were analyzed alone 
is relevant in light of recent work 
that has outlined the drawbacks 
of genome scan approaches 
(Narum & Hess 2011; Bierne et al. 
2011). The main point to consider 
is their inability or inconsistency in 
detecting weak selection. Ultimately, 
when it comes to high gene flow 
environments, neutral markers best 
serve as a comparative background 
upon which adaptive variation can 
be gauged. Patterns of adaptive 
divergence appear to become 
clearer when analyzed in association 
with environmental variation. 

Parallel vs. convergent evolution

The implication of more genetic 
structure among marine stickleback 
populations is relevant to our 
understanding of evolutionary 
responses to freshwater invasions. 
The traditional view of stickleback 
adaptive radiations often treats 
the ancestral marine gene pool as 
homogenous (e.g. Bell & Foster 1994; 
Hohenlohe et al. 2012). This view has 
been supported by previous studies, 
which consistently report low levels 
of differentiation among marine 
populations (e.g. Mäkinen et al. 2006; 
Hohenlohe et al. 2010; DeFaveri et al. 
2012; Catchen et al. 2013). Therefore, 
the high degree of genetic exchange 
among marine populations could be 
expected to maintain not only a high 
level of standing genetic variation for 
selection to act on (Barrett & Schluter 
2008), but also a high amount of 
homogeneity such that each founding 
marine population carries a similar 
set of alleles at similar frequencies. 
Indeed, there are several examples of 
the same genes or alleles that initially 
exist in low frequencies in ancestral 
marine populations but become 
repeatedly fixed in independent 
freshwater colonizations (Colosimo 
et al. 2005; Miller et al. 2007; Chan et 
al. 2010; Hohenlohe et al. 2010; Jones 
et al. 2012). While this occurrence 
of parallel evolution in several loci 
has been documented on local (e.g. 
Hohenlohe et al. 2010) and global 
(e.g. Colosimo et al. 2005; Jones 
et al. 2012) scales, it is important to 
note that only 0.2% of the genome 
appears to be involved in the parallel 
re-use of the same alleles in different 
populations (Jones et al. 2012). 

The higher degree of differentiation 
among marine populations as 
revealed with the outlier genes in 
Chapters III and IV indicates that 
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BOX 3. A perspective from the Baltic Sea

Due to being evolutionarily young (< 10 000 
years old), geographically and ecologically 
marginal (Johannesson & André 2006), and 
facing rapid environmental changes (Meier 
2006), the Baltic Sea has attracted the attention 
of many researchers interested in determining if 
populations are locally adapted to its unique 
environmental conditions (reviewed in 
Johannesson & André 2006; Johannesson et al. 
2011). This is particularly relevant considering the 

low bio- and genetic diversity in the Baltic Sea as compared to, for instance, the North 
Atlantic Ocean (Johannesson & André 2006). Using neutral or anonymous markers, 
many studies have detected steep genetic clines at the entrance of the Baltic Sea (e.g. 
eelgrass, Olsen et al. 2004; amphipods, Bulnheim & Scholl 1981; clams, Väinölä & Varvio 
1989; mussels, Väinölä & Hvilsom 1991; eel pout, Christiansen & Frydenberg 1974; turbot, 
Nielsen et al. 2004; herring, André et al. 2001; nine-spined sticklebacks, DeFaveri et al. 
2012), indicating reduced gene flow between Baltic and North Sea populations. In 
some cases it was determined that this pattern reflected a secondary contact zone 
between two divergent lineages (e.g. mussels, clams, nine-spined sticklebacks), 
whereas other studies found correlations between genetic and environmental clines, 
suggesting that the (primary) genetic cline had been produced as a consequence of 
selection (herring, Jørgensen et al. 2005; Gaggiotti et al. 2009; sprat, Limborg et al. 
2009). Further support for adaptive nature of these clines is provided by studies that 
have demonstrated marked frequency shifts in alleles of specific candidate genes, 
including haemoglobins in cod (Andersen et al. 2009), heat shock proteins in flounder 
(Hemmer-Hansen et al. 2007) and cod (Nielsen et al. 2009b), rhodopsin in gobies 
(Larmuseau et al. 2010) or in EST-derived markers (herring, Limborg et al. 2012, 
Lamichhaney et al. 2012, Teacher et al. 2013; algae, Kostamo et al. 2012). Interestingly, 
in spite of the constant recognition of the steep salinity gradient in the North/Baltic 
Sea transition area, I am not aware of any population genetic study that has investigated 
allele frequencies in osmoregulatory genes chosen a priori. Lamichhaney et al. (2012) 
did note divergence in one osmoregulatory gene (ATP6V1E1), but this emerged post 
hoc upon screening thousands of transcriptome-derived SNPs. Instead, adaptation to 
salinity is more often investigated in expression studies (algae, Lago-Lestón et al. 2010; 
eelgrass, Bergmann et al. 2010; flounder, Larsen et al. 2007, 2008; cod, Larsen et al. 
2012). However, direct tests of how genetic/transcriptomic variation affects fitness or 
fitness-related traits remain rare (but see Ruzzante et al. 2006 and Olsen et al. 2008 
for examples of integration of phenotypic and life history traits, respectively). Studies 
of sperm viability, fertilization and hatching success, and larval survival – more common 
several decades ago (e.g. Kuhlman & Quantz 1980; Nissling & Westin 1991a, b; Westin 
& Nissling 1991; Nissling et al. 1994; Karås & Klingsheim 1997; Jørgensen et al. 2010) – 
provided useful information about the effects of salinity tolerance on reproductive 
fitness, but these studies often include only one or two populations, hence provide no 
clues as to the scale of adaptation. The latter has been addressed by several genetic 
studies (e.g. Knutsen et al. 2003, 2007; Jorde et al. 2007), but in very limited geographic 
regions (less than 500 km). In this regard, the work presented in this thesis represents, 
to date, the most comprehensive sampling of the Baltic and Danish Strait areas, 
allowing for fine-scale frequency shifts in alleles of candidate osmoregulatory genes to 
be detected. Also, the use of replicate sampling sites and three salinity treatments in 
the common-garden experiment (VI) allowed me to directly address the degree of 
local adaption through fitness proxies in response to salinity. 
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the ancestral marine gene pool is 
not homogenous. Therefore, it would 
follow that different pools of adaptive 
alleles are available for selection 
to act on in different coastal areas, 
such that different alleles/genes are 
used in different derived populations 
to achieve the same evolutionary 
response of freshwater adaptation. 
This in fact aligns with the results of 
Chapter II, where I found evidence 
for selection in different sets of loci 
in different marine-freshwater pairs. 
Hence, it is likely that many alternative 
genetic routes are available for the 
same physiological outcome when 
different populations are faced with 
similar selective pressures, especially 
when the different derived populations 
are colonized by different ancestral 
gene pools. Similar conclusions have 
been drawn from studies of various 
taxa, which have also identified 
multiple genes and genetic pathways 
underlying the parallel evolution of 
adaptive traits (e.g. Cooley et al. 2011; 
Smith & Rausher 2011; Manousaki 
et al. 2013; Roda et al. 2013; reviews 
in Arendt & Reznick 2008; Elmer & 
Meyer 2011). In fact, several studies 
have uncovered population-specific 
footprints of selection among marine-
freshwater (e.g. Hohenlohe et al. 2010; 
Deagle et al. 2012) and lake-stream 
(e.g. Roesti et al. 2012) stickleback 
pairs. Hence, while the parallel use of 
the same alleles is clearly important 
in adaptive divergence among 
stickleback populations, it is also clear 
that selection affects numerous loci 
and that these different loci might be 
used to achieve similar phenotypic 
outcomes. It is also worth noting that 
heterogeneous selection pressures 
are likely to exist among various 
freshwater environments, since there 
are many differences in biotic and 
abiotic factors across freshwater 
habitats. Hence, the differences in 
selected genes in different freshwater 

populations may also be a result of 
heterogeneity in selection pressures.

Conclusions & Future directions

The main finding from this thesis 
is that, regardless of the level 
of contemporary gene flow, 
environmental differences between 
populations of sticklebacks create 
divergent selection on many regions 
dispersed throughout the genome, 
and this divergence is more clearly 
reflected in candidate gene-based 
microsatellite markers as compared 
to non-genic and randomly chosen 
markers. Sticklebacks have become a 
model for parallel molecular evolution; 
there are several examples of the re-
use of the same alleles to achieve 
the same phenotype in different 
populations. These examples also 
reflect major adaptive changes that 
are governed by few large-effect 
alleles. The results throughout this 
thesis indicate that this phenomenon is 
not ubiquitous. Rather, it is more likely 
that many genes – and associated 
physiological processes – are involved 
in adaptation to novel environments, 
and that different populations can 
achieve similar adaptive outcomes 
through the use of different genes 
or alleles. By focusing on some of 
these key genes likely to be under 
divergent selection, I demonstrated 
that putatively adaptive genetic 
structuring can be detected 
among connected populations 
in heterogeneous environments, 
confirming the notion that the strength 
of selection can override gene flow in 
the marine environment. To this end, 
the evidence from the plate morph 
differentiation across the Baltic Sea 
is particularly illuminating and strong: 
the observed levels of genetic and 
phenotypic differentiation cannot be 
explained by non-adaptive processes. 
Although I demonstrated that the 
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environmental heterogeneity in the 
Baltic Sea is promoting fine-scale 
adaptive genetic divergence, the 
results from my common garden 
experiment indicate that, at least in 
respect to salinity tolerance, these 
genetic differences do not affect 
fitness on a similar scale. However, 
long-term fitness consequences of 
salinity treatments remain unstudied. 
In this regard, follow up studies would 
be important to assess additional 
fitness proxies such as mating and 
reproductive success under divergent 
environmental conditions. In addition, 
physiological studies could assist 
in determining the functional 
relationship between outlier genes 
and their consequence on fitness-
related traits.
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