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Abstract 
 
Tibblin, Petter (2015). Migratory behaviour and adaptive divergence in life-history traits 
of pike (Esox lucius). Linnaeus University Dissertations No 222/2015. ISBN: 978-91-
87925-62-7. Written in English with a summary in Swedish. 
 
Population divergence shaped by natural selection is central to evolutionary ecology 
research and has been in focus since Darwin formulated “The origin of species”. Still, 
the process of adaptive divergence among sympatric populations is poorly understood. 
In this thesis I studied patterns of adaptive divergence among subpopulations of pike 
(Esox lucius) that are sympatric in the Baltic Sea but become short-term allopatric 
during spawning and initial juvenile growth in freshwater streams. I also examined 
causes and consequences of phenotypic variation among individuals within 
subpopulations to evaluate the contribution of natural selection to population 
divergence. 

I first investigated homing behaviour and population structures of pike to assess 
the potential for adaptive divergence among sympatric pike that migrate to spawn in 
different streams. Mark-recapture data suggested that migrating pike displayed 
homing behaviour and repeatedly returned to the same stream. Analyses of 
microsatellite data revealed partial reproductive isolation among subpopulations 
spawning in different streams. These subpopulations, however, were truly sympatric 
during the life-stage spent in the Baltic Sea.  

To address whether short-term allopatry has resulted in adaptive divergence among 
sympatric subpopulations I combined observational, experimental and molecular 
approaches. Observational data showed that subpopulations differed in morphological 
and life-history traits and common-garden experiments suggested that differences 
were, at least in part, genetically based. Moreover, QST-FST comparisons indicated that 
genetically based phenotypic differences has been driven by divergent selection, and a 
reciprocal translocation experiment showed that phenotypic variation represented local 
adaptations to spawning habitats. Finally, longitudinal and cross-sectional comparisons 
among individuals revealed associations between phenotypes, performance and fitness 
components.  

In conclusion, my thesis illustrates how short-term allopatry due to migratory 
behaviour can result in adaptive divergence among sympatric subpopulations. These 
findings advance the understanding of evolutionary processes at the finest 
spatiotemporal scale and illustrate that local adaptations can arise in environments with 
high connectivity.  The results also emphasise that fine spatial scale population 
structures must be taken into consideration in management and conservation of 
biodiversity in the Baltic Sea. 

 
Keywords: conservation, evolution, homing, local adaptation, management, 
phenotypic variation, population divergence, selection, sympatric 





 
 
 
  

”Science is like a blabbermouth who ruins 
a movie by telling you how it ends.” 

- Ned Flanders, in the Simpsons episode “Lisa the skeptic” 
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Lokala anpassningar hos migrerande gädda i Östersjön 

Sammanfattning 
Fenotypisk variation mellan populationer av samma art återspeglar ofta 
genetiskt betingade anpassningar till olika levnadsmiljöer, drivna av naturlig 
selektion. När, hur och varför sådana anpassningar uppkommer är, i mångt 
och mycket, hjärtat av evolutionsbiologi. Lokala anpassningar är också 
betydelsefulla ur ett bevarandeperspektiv då populationer kan ha evolverat 
unika fenotypiska karaktärer som är nödvändiga för överlevnad och 
reproduktion i en viss miljö. Den traditionella uppfattningen är att evolution 
av fenotypiska anpassningar förutsätter att populationer är fysiskt separerade 
(t.ex. genom avstånd eller barriärer) så att det genetiska utbytet begränsas 
mellan populationer. Alltfler studier visar dock på att genetiskt betingade 
fenotypiska skillnader kan förekomma även bland samexisterande 
populationer, exempelvis till följd av olika vandringsbeteenden.  

Målsättningen med denna avhandling var att undersöka vandringsbeteende 
och fenotypisk variation hos migrerande gädda i Östersjön. Tidigare studier 
har visast att dessa gäddor samexisterar i Östersjön under huvuddelen av sin 
levnadstid men att de är åtskilda under en kort period vid lek och larvstadier i 
små kustmynnande vattendrag. Genom att märka över 3000 lekvandrande 
gäddor från ett flertal närliggande vattendrag fann vi att en hög andel individer 
återvände till samma vattendrag år efter år. Gäddan uppvisade ett 
hembeteende likt många laxfiskar. Vidare visade genetiska studier 
(mikrosatelliter) på skilda populationer av gädda i olika vattendrag trots att de 
samexisterade i ett gemensamt födosöksområde (Östersjöns kustområde). 
Detta innebär att det finns förutsättningar för att samexisterande populationer 
av gädda har evolverat fenotypiska särdrag till följd av olika selektionstryck i 
populationsspecifika vattendrag som nyttjas för rekrytering.  

Provtagning av adult och juvenil gädda från flera vattendrag (>5) visade att 
populationerna skiljde sig betydligt i kroppsstorlek, tillväxt, rommängd och 
antal ryggkotor. Ett viktigt resultat var att hög tillväxt hos yngel var kopplat 
till mindre adult (vuxen) kroppsstorlek, sannolikt på grund av olika 
reproduktionsstrategier. För att utreda huruvida fenotypiska skillnader var 
genetiskt betingade och inte enbart inducerade av miljön, genomförde vi ett 
laboratorieförsök där individer av olika ursprung (vattendrag) kläcktes och 
fick växa upp i en gemensam miljö. Eftersom de fenotypiska skillnaderna 
dokumenterade i fält kvarstod i laboratorieförsöket så visade detta att 
skillnaderna, åtminstone till viss del, var genetiskt betingade. Dessutom 
indikerade jämförelser av kvantitativ genetisk differentiering i 
laboratorieförsöket (QST) och genetisk differentiering i neutrala 
mikrosatellitmarkörer (FST) att genetiska skillnader i fenotyp var framdrivna 
av olika selektionstryck. De representerade sannolikt lokala anpassningar till 
populationsspecifika lekvattendrag. Att vissa samexisterande populationer av 



gädda har evolverat lokala anpassningar till sina lekvattendrag bekräftades i 
ett fältexperiment. När rom flyttades mellan vattendrag var det högre 
kläckningsframgång i ”hemmiljön” jämfört med rom som flyttats till ett annat 
vattendrag.  

För att ytterligare öka förståelsen av hur gäddans lekvandring påverkas av 
selektion undersökte vi orsaker till, och konsekvenser av individuella 
skillnader i ankomsttid till ett vattendrag. Data baserad på över 2000 märkta 
individer som återkom till vattendraget för lek upp till sex gånger (år) visade 
att ankomsttiden påverkade överlevnad, att individer successivt finjusterade 
sin ankomst samt att individuell flexibilitet var positivt korrelerad med 
överlevnad då mer flexibla individer överlevde längre. 

Denna avhandling visar att populationer som samexisterar i ett 
födosöksområde kan uppvisa genetiskt betingade fenotypiska skillnader till 
följd av en begränsad tidsmässig separation i populationsspecifika 
lekområden. Kunskapen om hembeteende och tydliga populationsskillnader 
inom små geografiska områden är av stort värde för framtida förvaltning 
eftersom gäddan är ekologiskt (påverkar ekosystemfunktion) och ekonomiskt 
(fiskenäring) betydelsefull och samtidigt uppvisar sviktande beståndsstatus i 
Östersjön.   
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Introduction 

Animal migration is a spectacular phenomenon, be it the majestic mass 
movement of mammals across the African savannah, the migration from pole 
to pole by Arctic terns (Sterna paradisaea) or the characteristic spawning 
migration of salmon, which has fascinated human beings for thousands of 
years. Apart from being important for tourism and harvesting, animal 
migration has also received substantial scientific attention, for example 
regarding how migratory behaviour can impact population divergence. Still, 
there are gaps in our knowledge and understanding of causes and 
consequences of individual variation in dispersal and under what conditions 
do dispersal promote rather than hinder population divergence (Clobert et al. 
2001; Becker et al. 2008). 

Equally intriguing is the abundant variation of phenotypes, among species, 
populations or individuals, which is driven by the complex interaction 
between the environment and genetics. Questions regarding the evolution and 
maintenance of biodiversity have been in focus of evolutionary research since 
Darwin formulated “The origin of species” (1859). Although the scientific 
community has taken great leaps in understanding the patterns of phenotypic 
variation there are still missing pieces of the puzzle, one being phenotypic 
divergence among sympatric (coexisting) populations (Schluter 2001; Via 
2009) and another example being the roles of phenotypic plasticity and 
whether it can be considered adaptive (Forsman 2014b).   

In this thesis, I combine research questions concerning migratory 
behaviour with that of phenotypic variation within an aquatic top predator, the 
northern pike (Esox lucius). More specifically, I focus on the evolution of 
variation in life-history traits and morphology among sympatric 
subpopulations that, due to homing behaviour, are subjected to stage-specific 
allopatry. In addition, I assess causes and consequences of phenotypic 
variation among and within individuals.  
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Intraspecific phenotypic variation  
The recognition of the key role of intraspecific phenotypic variation for 
evolution was one of Charles Darwin’s greatest insights. Such variation is 
ubiquitous throughout the organismal world and includes a plethora of 
morphological, physiological, life-history and behavioural traits. Phenotypic 
variation may represent underlying genetic differences, be a consequence of 
environmentally induced phenotypic plasticity, or reflect a combination of the 
two (e.g. Stearns 1992; Rodd et al. 1997; Lynch and Walsh 1998; Haugen and 
Vøllestad 2000; Forsman et al. 2011). Few traits are strictly genetically 
influenced, and the range of phenotypes that can be produced by a genotype in 
interactions with intrinsic and extrinsic non-genetic factors can be described 
by reaction norms (Stearns 2000; Leimar 2009). Yet, genetically based 
differences in phenotypes are central for evolution by providing the raw 
material for natural selection (Endler 1986; Halama and Reznick 2001; 
Bolnick et al. 2011).  

Intraspecific phenotypic variation can be assessed at different hierarchical 
levels including among populations, among individuals within populations, as 
well as within individuals (Westneat et al. 2014). Natural selection commonly 
acts on phenotypic variation at the level of individuals by influencing survival 
and reproductive success compared with those of other individuals. 
Individual-based studies thus have the ability to unravel how variation in 
phenotypic traits influences survival and reproduction (Endler 1986; Halama 
and Reznick 2001). However, evolutionary impact of natural selection (i.e. 
genetically based changes in phenotypes) is apparent at the level of 
populations. To understand the process of evolution thus requires evaluating 
and understanding patterns of phenotypic variation among populations and 
whether they reflect on genetic components. 

Genetically based differences (evolutionary divergence) in phenotypic 
traits among populations can result from random processes such as genetic 
drift or be the outcome of non-random processes, most notably divergent 
selection. Genetic differences shaped by natural selection that enhances fitness 
in a specific environment or context are considered local adaptations 
(Kawecki and Ebert 2004; Garcia de Leaniz et al. 2007; Hereford 2009). 
Studying local adaptations are not only important to enhance our 
understanding of evolutionary ecology, but they are also of particular 
importance for conservation and management (Stockwell et al. 2003; Conover 
et al. 2006; Garcia de Leaniz et al. 2007).  

Spatiotemporal scales of adaptive divergence among populations 
Adaptive divergence generally arises among populations that are 
geographically or physically separated (allopatric divergence) throughout the 
life-cycle, such that individuals are reproductively isolated as well as exposed 
to different environments (Turelli et al. 2001). Studies of phenotypic 
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differences among populations in different geographic areas (allopatric 
populations) have provided many insights into the mechanism of evolution. 
For example, investigations of intraspecific phenotypic variation based on 
comparisons of mainland versus insular populations (Herczeg et al. 2009; 
Forsman et al. 2011), or among populations at different latitudes (Conover and 
Present 1990; Arendt and Wilson 1999; Hice et al. 2012) or altitudes (Levins 
1969; Partridge et al. 1994) have played important roles in generating and 
testing hypotheses about adaptive phenotypic evolution.  

Yet, adaptive phenotypic divergence can also arise among coexisting 
populations (sympatric) in the absence of physical or geographical barriers to 
gene flow, for example within aquatic environments (Palumbi 1994; Reusch 
2014). This can result in that coexisting (sub-)populations display distinct 
phenotypic differences, which potentially, have import ecological impacts on 
population and community dynamics (Bolnick et al. 2011). So far, adaptive 
divergence among sympatric populations is considerably less studied than 
allopatric divergence although it recently has received increased attention 
(Rundle et al. 2000; Schluter 2001; Turelli et al. 2001; Jones et al. 2003; Via 
2009). Still, more research is required to understand in what spatiotemporal 
context, and under what circumstances, sympatric adaptive divergence arises.  

Migratory homing behaviour can facilitate adaptive evolution among 
coexisting populations 
To investigate adaptive divergence among sympatric populations requires a 
study system where individuals originating from different populations coexist 
without interbreeding such that gene flow does not prevent population 
divergence. It is well established that the formation of coexisting populations 
can be facilitated by a behavioural adaptation known as homing (also known 
as spawning site fidelity or philopatry). Homing refers to the return migration 
of adults to the same spawning habitat as that in which they were born (Papi 
1992; Dittman and Quinn 1996; Fleming 1996) and it is recognised in diverse 
animal taxa, for example in birds, mammals and reptiles (reviewed in Papi 
1992), but also widespread in fishes (McDowall 2001; McDowall 2008). By a 
consistent use of a specific spawning habitat, homing may act as a behavioural 
barrier to gene flow (intermixing of individuals), which can result in genetic 
differentiation among individuals (i.e. formation of population structures). As 
such, homing behaviour can facilitate adaptive divergence among sympatric 
populations (Hendry et al. 2000; Rundle et al. 2000; Fraser and Bernatchez 
2005; Adams et al. 2006).  

The current understanding of how homing behaviour in fish can result in 
adaptive divergence (local adaptations) among sympatric populations largely 
derives from studies of salmonids (Leggett 1977; Dittman and Quinn 1996; 
Garcia de Leaniz et al. 2007). However, the life-cycle of many salmonid 
species is such that populations are allopatric, and potentially subjected to 
stage-specific divergent selection, in their natal streams for a substantial part 
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of the lifetime (Fleming 1996; Wootton 1998). An interesting and 
inadequately investigated question is whether adaptive divergence can also 
evolve among sympatric populations that only are separated for a fraction of 
the life-cycle.  

Migrating pike in the Baltic Sea – a suitable study 
system for studying phenotypic variation 
Pike (Esox lucius) is an iteroparous, large-bodied and long-lived fish species 
that occupies eutrophic and oligotrophic lakes, rivers as well as brackish water 
areas throughout the northern hemisphere. Pike is a keystone predator that can 
exert top-down influence on fish communities and, hence, pike is important in 
structuring the ecosystem (Craig 1996). It is also a target species for 
recreational and commercial fisheries (Pierce et al. 1995). Moreover, pike has 
recently been identified as an upcoming model organism for studies of 
evolutionary and ecological processes (Forsman et al. 2015). In part, this is 
due to several morphological, physiological, life-history, and behavioural 
characters of the species. For example, due to the iteroparous life-cycle and 
long life-span, pike lends itself admirably for investigations of how individual 
spawning behaviour develop over time and whether it is associated with 
fitness. Moreover, pike have structures making them amenable for indirect 
study and reconstruction of behaviour and life-history. For instance, analyses 
of annual growth rings in the operculum or in the cleithrum (Casselman 1987), 
enable age determination and reconstructions of past growth (Forsman et al. 
2015; Paper I). This allows for quantification of growth trajectories and body 
size at the level of individuals or populations, which can be used to identify 
phenotypic, genetic and environmental correlates of growth rate.  

In the Baltic Sea, one of the largest brackish water areas on Earth, pike is 
known to use two different reproductive strategies; either it spawns in shallow 
bays or it migrates to streams in a manner that resembles the anadromous 
behaviour of salmonids (Müller 1986; Westin and Limburg 2002; Engstedt et 
al. 2010). By using the strontium to calcium ratio in otoliths, Engstedt et al. 
(2010) showed that 46% of pike along a coastal area of the southwest Baltic 
Sea were recruited in freshwater which indicates an anadromous migratory 
life-cycle. In spring, adult pike (maturation occurs at age 1-4 depending on sex 
and growth rate) migrate from foraging areas in the Baltic Sea to freshwater 
spawning areas. These include streams and ditches connected to wetlands and 
flooded areas, and spawning mainly occurs in shallow vegetated areas (Paper I 
and references therein) (Fig. 1). In general, migrating pike in the Baltic Sea 
only spend a short period in freshwater. Research by Nilsson et al. (2014) 
revealed that the majority of hatched larvae emigrate to the Baltic Sea within 
six weeks whereas adults only spend 1-2 weeks in the streams during 
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spawning before emigrating back to forage habitats in the Baltic Sea (Paper I 
and references therein).  
 

Figure 1. A pair of pike has reached a suitable spawning site in a small stream that flows 
into the Baltic Sea. After that the reproduction is completed they migrate back to the Baltic 
Sea to spend another year before returning again. Credit: Olof Engstedt 

In addition to the migrating life-cycle, it has been suggested that pike in the 
Baltic Sea display homing behaviour based on studies of elemental 
fingerprinting in otoliths (Engstedt et al. 2014). It is thus plausible that there 
exist fine scale genetic differentiation among individuals that utilise different 
spawning streams that may be in close vicinity of each other. Together with 
the limited time spent in freshwater (i.e. individuals become spatially 
separated), this system offers an interesting opportunity to study evolutionary 
and adaptive divergence at the finest spatiotemporal scale.  

There are also pragmatic reasons for studying migrating pike in the Baltic 
Sea. During the last decades, pike populations have declined and this is 
suggested to affect the function of the Baltic coastal ecosystem (Nilsson et al. 
2004; Lehtonen et al. 2009; Ljunggren et al. 2010). Enhanced understanding 
of the migratory spawning behaviour and population divergence will thus 
facilitate improved management measures, contribute to conservation of the 
coastal ecosystem, and provide the community with a productive and viable 
fishery (Paper I). 
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Study area and general sampling procedures  
For the studies included in this thesis, migratory pike were sampled from 
several streams (populations) that discharge into a geographically confined 
area of the southwest Baltic Sea (Fig. 2A). The majority of those streams are 
small (width of 1-3 m, average water flows less than 0.5 m3/s) and flow 
through woodland and agricultural areas. Three streams (Alsterån, Hossmoån 
and Snärjebäcken) are slightly larger (width >10 m, average water flow >1.5 
m3/s) but flow through similar environments as the smaller streams. Adult 
pike were sampled during spawning migration using fyke-nets whereas 
emigrating juveniles were captured by larval traps or hand-nets (Fig. 2B-C).  

 

Figure 2. A) Location of the study streams included in this thesis, B) stream sampled for 
emigrating juvenile pike using larvae trap and C) sampling of adult pike during spawning 
migration by using fyke-net. Abbreviations for study streams as follow: L = Lerviksbäcken, 
O = Oknebäcken, A = Alsterån, S = Snärjebäcken, T = Törnebybäcken, D = Dunöbäcken, 
H = Hossmoån, F = Fröslundabäcken, Ha = Harfjärden and I = Kårehamnsbäcken. 
Credits: A; Kristofer Bergström, B; Jonas Nilsson and C; Anders Forsman. 

  



15 

Aims of study 

The main objective of this thesis is to document and understand patterns and 
causes of phenotypic variation among sympatric subpopulations that, due to 
homing behaviour, become spatially separated during a fraction of the life-
cycle. I also address causes and consequences of phenotypic variation within 
subpopulations, both among- and within individuals, to further understand the 
processes that drive the evolution of phenotypic variation. A schematic flow 
chart of research questions, methods and phenotypic traits investigated is 
presented in figure 3. My specific aims were to: 
 

1. study homing behaviour and evaluate whether it has resulted in 
genetically differentiated subpopulations that coexist in the Baltic Sea 
(Paper I, II & IV). 
 

2. examine causes and consequences of phenotypic variation within- and 
among individuals within subpopulations (Paper III & V). 
 

3. investigate whether sympatric subpopulations have evolved 
(genetically based) differences in life-history and morphological traits 
(Paper IV, V & VI). 
 

4. test whether evolutionary divergence among sympatric 
subpopulations reflects local adaptation rather than non-selective 
processes (Paper IV, V & VI).  
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Figure 3. A schematic flowchart of the research presented in this thesis, including research 
questions (blue), methods/approaches/paper (green) and phenotypic traits (yellow).  
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Results and discussion 

Homing behaviour and genetic differentiation 
among sympatric subpopulations  
Current knowledge of homing behaviour in fish largely derives from studies of 
salmonids (e.g. Dittman and Quinn 1996; Crossin et al. 2007) but recent 
findings in other fish species, including lacustrine pike (Miller et al. 2001), 
indicate that this behaviour may be more common than previously known 
(reviewed in Lucas and Baras 2001). Previous findings by Engstedt et al. 
(2014) using otolith fingerprinting suggest that homing behaviour is also 
present in migrating pike in the Baltic Sea, but this has not been firmly 
demonstrated by continuous monitoring of spawning migration.  

The iteroparous life-history of pike allows for evaluation of homing 
behaviour by repeated sampling at spawning sites across years. We therefore 
conducted a mark-recapture study by monitoring return rates, across six years, 
in one spawning stream (Lerviksbäcken; Fig. 2A) by tagging 2048 adults with 
external floy-tags (Paper II). In this study, we found that the return rate of 
adult pike was 38 %. In the light of previous research that suggests an adult 
mortality in pike across spawning events in the range of 30-50% (Craig 1996; 
Kuparinen et al. 2012), the return rate demonstrated in this study (paper II) 
constituted evidence that pike, to a high degree, displayed homing behaviour. 

Homing behaviour is a well-documented barrier to gene flow between 
populations that are not geographically or physically separated (Leggett 1977; 
Papi 1992). In organisms that display homing, it is therefore plausible to 
expect subtle genetic population differentiation despite that there are no 
obvious extrinsic reasons to expect such structures and this has been verified 
in many study systems (e.g. Waters et al. 2000; Stepien et al. 2009; Levin and 
Parker 2012; Bekkevold et al. 2014). In paper I, we tested this hypothesis by 
examining the genetic relationships among pike spawning in nine different 
streams (Fig. 2A). The result, based on data for ten nuclear microsatellite 
DNA loci in approximately 300 individuals, indicated that genetic (sub-
)population structures were evident within this confined area of the Baltic Sea 
(see Fig. 4 in Paper I). This finding suggested that homing of migrating pike 
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has resulted in partial reproductive isolation among streams and it thus also 
highlighted that evolutionary divergence and local adaptations of 
subpopulations was possible (Paper I). 

Additional findings presented in this thesis suggested that the pike stock in 
our study area of the Baltic Sea consisted of several subpopulations that 
utilised specific spawning habitats (Paper I and II). As such, this implied that 
subpopulations shared a sympatric forage habitat in the Baltic Sea, although it 
was unknown whether this reflected a true sympatry (i.e. individuals mix 
rather than having access to a shared habitat). We addressed this question by 
molecular analysis of adults sampled outside the spawning period (i.e. during 
foraging) in a coastal area that was separated by at least 5 km from any of the 
study streams (Paper IV). The result indicated that individuals originating 
from different subpopulations (streams) mixed rather freely during foraging in 
the Baltic Sea, i.e. subpopulations were truly sympatric apart from the short 
period spent in freshwater during spawning and early development. This 
raised the intriguing question whether it was possible for subpopulations to 
evolve local adaptations in life-history or morphological traits despite a 
limited spatiotemporal separation, and this was tested in paper IV, V and VI. 

Adaptive divergence in life-history traits and 
morphology among sympatric subpopulations 
Adaptive divergence in life-history traits and morphology among populations 
is widespread across nature but commonly it applies to geographically 
separated populations that are exposed to different environments and selection 
regimes throughout the life-cycle (Turelli et al. 2001). Few examples exist on 
adaptive divergence among populations that coexist in a shared environment, 
hence, the process of adaptive divergence in such systems is less understood 
(Via 2009).  

In our study system, genetically differentiated subpopulations of migrating 
pike coexisted during foraging periods in the Baltic Sea and were only 
subjected to limited stage-specific allopatry during reproduction and larval 
life-stages (Paper I, II and IV). Recent findings suggest that divergent 
selection during stage-specific allopatry can promote adaptive divergence 
given that selection is strong enough (Jones et al. 2003). Moreover, it is also 
established that selection is commonly strong during early life-stages (Perez 
and Munch 2010). Therefore, migrating pike in the Baltic Sea constituted a 
valuable study system for advancing our understanding of how stage-specific 
separation at the finest spatiotemporal scale can influence adaptive divergence 
among coexisting populations. 

To test this, we evaluated patterns of variation among and within 
coexisting subpopulations in a variety of phenotypic traits and tested whether 
variation involved genetic components and, if so, whether it reflected adaptive 
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divergence driven by selection. We focused on traits closely associated with 
the trade-off between reproduction, growth and survival (life-history) (Fig. 3). 
In Paper IV we investigated variation among subpopulations in growth rate 
and body size in both adult and juvenile life-stages whereas in Paper VI we 
focused on hatching success and reproductive effort, all of which are 
considered key life-history traits (Stearns 1976; Roff 1992; Stearns 1992). We 
also evaluated whether subpopulations have evolved local adaptations in 
hatching success to their specific stream and whether there were differences 
among subpopulations in reproductive allocation strategies (Paper VI).   

In addition to traditional life-history traits, we investigated variation in the 
number of vertebrae (Paper V). Intraspecific variation in vertebral number is 
widespread in many limbless organisms. Contrary to some of the life-history 
traits discussed above, the number of vertebrae in fish is an irreversible trait 
that is generally determined during early embryogenesis (Richardson et al. 
1998). Research suggests that the number of vertebrae is functionally 
important by influencing mobility and commonly associated with body size 
(Arnold 1988; Arnold and Bennett 1988). Moreover, intraspecific variation in 
vertebral number is partly genetically based and potentially of adaptive nature 
(Swain 1992a; Swain 1992b).  

Phenotypic variation among subpopulations 
To document patterns of phenotypic variation in the environment is the first 
step towards hypothesis testing. We thus first evaluated whether 
subpopulations of pike displayed differences in phenotypic traits. This was 
achieved by sampling spawning adults and emigrating juveniles from several 
adjacent streams to compare variation among subpopulations in body size, 
growth rate, reproductive allocation strategies and vertebral number (Fig. 3). 
Analysis of data revealed conspicuous differences among subpopulations in all 
above-mentioned traits (Paper IV, V and VI). Moreover, we found that 
differences were present regardless of investigated life-stage.  

Generally, phenotypic traits co-vary along environmental gradients such 
that differences among populations can reflect on environmental-induced 
plasticity, for example by differences in temperature and resources (Stearns 
and Koella 1986; Arendt 1997; Conover et al. 2006). Still, plastic responses to 
different environments were not a straightforward explanation for phenotypic 
differences documented in the adult life-stage of pike since we previously 
have shown that subpopulations shared a common forage habitat (Paper IV). 
Instead, this pointed to the conclusion that phenotypic variation among 
coexisting subpopulations of pike was caused by the short-term allopatry 
experienced during larval and reproductive periods. Yet, it did not enable us to 
discriminate between environmentally induced plasticity versus evolutionary 
modifications at the genetic level. 
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Phenotypic variation reflects evolutionary divergence 
Based on the finding that homing has contributed to genetic differentiated 
subpopulations of pike (Paper I and II), it was reasonable to hypothesise that 
phenotypic variation among populations was, at least in part, genetically 
based. To address this question we conducted a laboratory common garden 
experiment to examine whether phenotypic differences seen among 
subpopulations were manifest also when individuals developed (were reared) 
under identical environmental conditions (described in detail in Paper IV). In 
short, we collected spawning adults from three subpopulations and dry-
stripped them for gametes that were artificially fertilized under standardised 
conditions in the laboratory to produce offspring representing different 
parental crossings. After incubation and hatching, we reared larvae for each 
parental crossing in separate cages for 35 days before the experiment was 
terminated (Fig. 4). Individuals were then measured for body size (length and 
weight), specific growth rate (Paper IV) and, in a subsample of individuals, we 
determined the number of vertebrae (Paper V).  
 

Figure 4. Gametes were dry-stripped from spawning pike sampled in the field (left panel) 
and artificial fertilisation, subsequent hatching and rearing were conducted in the 
laboratory (right panel) to produce different parental crossings originating from three 
subpopulations (O, A & L, for key to abbreviations see Fig. 2).  

The common garden experiment revealed that differences in length, weight, 
specific growth rate (Paper IV) and vertebral number (Paper V) were still 
present when juveniles originating from different subpopulations were hatched 
and reared under identical conditions (Fig. 5). This indicated that phenotypic 
differences among subpopulations represented, at least in part, evolutionary 
modifications. Although this result was interesting, it did not in itself allow for 
inference of whether such differences were of adaptive nature. 
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Figure 5. Data on length (A) and weight (B) of common garden reared juveniles 
originating from three coexisting subpopulations (O, A & L, for key to abbreviations see 
Fig. 2) of pike revealed that differences among subpopulations at least in part were 
genetically based. Differences were also found in specific growth rate and vertebral 
number (see details in Paper IV and V).    

Evolutionary divergence driven by divergent selection 
To infer adaptive divergence among subpopulations requires testing for 
whether genetic differences have arisen due to divergent selection (differences 
are adaptive) rather than random genetic drift (differences due stochastic 
events) (Leinonen et al. 2013). A frequently used method for such assessment, 
which is applicable to our common garden data, is to compare quantitative 
phenotypic differentiation (QST) with the differentiation at neutral molecular 
markers (FST). Under this approach, divergence is interpreted as adaptive if 
QST is significantly different from FST (Merilä and Crnokrak 2001; Leinonen 
et al. 2013).  

Rearing offspring from separate parental crossings and subpopulations in a 
common garden experiment set-up provided us with suitable quantitative data 
to estimate QST for length, weight, specific growth rate and vertebral number 
that could be compared with neutral genetic differentiation (FST) derived from 
microsatellite loci (Paper IV and V). Using this approach, we found that 
estimates of QST (range among traits: 0.54-0.88) significantly exceeded the 
neutral expectation set by FST (0.07) (Fig. 6, Paper IV and V). This suggested 
that genetically based phenotypic differences among subpopulations of pike 
had arisen due to divergent selection rather than random genetic drift, despite 
that subpopulations were only exposed to different selective regimes for a 
limited period of time.  
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Figure 6. Overall estimates of QST in subpopulations (L, A & O, for key to abbreviations 
see Fig. 2) of pike for four phenotypic traits; length, weight, specific growth rate and 
vertebral number, along with overall estimate of FST for 10 microsatellite loci. Horizontal 
bars represent the 95% CIs, obtained by direct simulation for QST and bootstrapping over 
loci in the case of FST. The vertical dashed line represents the upper confidence limit of FST 
revealing that QST is significantly higher than FST in all traits. For details see Paper IV 
(length, weight and growth rate) and Paper V (vertebral number). 

Our QST-FST comparisons demonstrated that genetically based phenotypic 
differences among coexisting subpopulations has been driven by divergent 
selection, and hence considered adaptive. Yet, such comparisons do not 
inform about whether the divergence actually constitutes local adaptations to 
the current environmental conditions experienced during stage-specific 
allopatry in streams (Merilä and Hendry 2014). Firm evidence to this effect 
requires reciprocal translocation of individuals between environments 
(Kawecki and Ebert 2004; Hereford 2009). Local adaptation is then inferred 
based on the following two predictions; i) natives have higher fitness than 
non-natives (Kawecki and Ebert 2004), ii) fitness is higher in the native 
compared to foreign habitat (Hereford 2009).  

In paper VI we tested for local adaptation in hatching success by 
performing a reciprocal translocation experiment with approximately 2500 
embryos divided in paired split-family replicates. These embryos were 
produced by artificial fertilization in the field. For this experiment we used 
two subpopulations and made up replicated parental pairs that contributed 
with two replicate batches of fertilized eggs, one of which was planted in the 
native habitat and the other was transplanted to the non-native habitat. We 
recorded hatching success in each replicate and evaluated the two predictions 
of local adaption described above. One of the subpopulations showed higher 
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hatching success of eggs in its native habitat, both when compared to non-
native eggs and when compared to siblings that had been transplanted to a 
non-native habitat. There was no effect of translocation in the other 
subpopulation. This demonstrated that at least one of the subpopulations 
showed signatures of local adaptation to its spawning habitat (Paper VI).  

Which selective drivers have caused the adaptive divergence? 
To ultimately understand adaptive divergence requires identifying underlying 
selective drivers. Previous findings suggest that there are numerous putative 
drivers that can shape adaptive divergence, for example different predator 
regimes (Reznick et al. 1990; Arendt and Reznick 2005), resource levels 
(Gotthard et al. 1994; Svanbäck and Bolnick 2007), and temperature regimes 
(Thomassen et al. 2011; Walsh and Post 2011). However, to pinpoint the 
selective drivers that have generated the documented divergence presented in 
this thesis would have required a different set of approaches. Still, there were 
abiotic and biotic differences between spawning streams that constituted 
plausible selective drivers responsible for the pattern we found. For example, 
the differences among subpopulations in hatching success established in Paper 
VI were correlated with differences between spawning habitats in the amount 
of suspended material that caused sedimentation upon eggs. Since 
sedimentation is known to influence hatching success in pike (Raat 1988; 
Craig 1996) and other anadromous species (Auld and Schubel 1978), it was 
plausible that such differences were the responsible driver for the local 
adaptation in hatching success (Paper VI). In terms of selective drivers 
responsible for differences in juvenile growth and body size (Paper IV), it was 
potentially related to selective juvenile mortality among spawning habitats. 
Firm empirical evidence indicates that high juvenile mortality favors fast 
juvenile growth (e.g. Reznick and Endler 1982; Arendt 1997; Arendt and 
Reznick 2005; Herczeg et al. 2009). Cannibalism has been suggested to be a 
major source of mortality during early life-stages of pike (Giles et al. 1986) 
and it is, therefore, possible that differences in densities of juveniles among 
spawning habitats have translated into differences in juvenile mortality. In 
accordance with this notion, in Paper IV we found a positive correlation 
between juvenile densities in the spawning streams and juvenile growth in the 
common garden experiment. This indicated that differences in selective 
mortality between spawning streams was a plausible selective driver 
underlying the adaptive divergence. 

Causes and consequences of individual variation in 
migratory timing  
Previously in this thesis, I have the primarily focused on how divergent 
selection during stage-specific allopatry due to homing behaviour have caused 
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adaptive divergence among otherwise sympatric populations. Yet, to 
understand the mechanisms of natural selection and how it can ultimately lead 
to divergence among populations, it is necessary to also conduct studies of 
how selection influences phenotypic variation at the level of individuals 
within populations.  

In paper III we evaluated causes and consequences of individual variation 
in migratory timing. There is evidence that the timing of spawning migration 
is crucial for encountering suitable ecological conditions at spawning sites that 
will maximise fitness (e.g. Dingle 1996; Both and Visser 2001; Candolin and 
Voigt 2003; Vedder et al. 2013). Given the close association with fitness, it is 
important to evaluate and understand causes and consequences of variation in 
migratory timing, but this has primarily been assessed at the level of 
populations (Charmantier and Gienapp 2014). More recently, causes and 
consequences of individual-level variation have attracted attention (e.g. 
Candolin and Voigt 2003; Gunnarsson et al. 2006; Gienapp and Bregnballe 
2012). For instance, migratory timing can vary among individuals in relation 
to genotype, sex, age, condition and social status (Morbey and Ydenberg 
2001; Kokko et al. 2006; Vandeperre and Methven 2007; Kovach et al. 2012) 
but how such variation is associated with fitness is poorly understood (but see 
Bety et al. 2004; Gienapp and Bregnballe 2012; Kovach et al. 2012 for 
exceptions). In labile traits such as migratory timing, there is also potential for 
variation within-individuals. Generally this has received substantially less 
attention, compared to variation among individuals, although recently it is 
being integrated into evolutionary theory (Forsman 2014b; Reusch 2014; 
Westneat et al. 2014). Quantifying and comparing the level of within-
individual variation of migratory timing can offer novel insights about how 
individual behaviour changes with experience (if it is cognitive) but it also 
allows for testing the much debated question whether the degree of within-
individual flexibility is adaptive (Forsman 2014b).   

The migratory homing behaviour and iteroparous life-cycle of pike made 
our study system an interesting prospect for addressing some of the missing 
pieces to understand causes and consequences of among and within individual 
variation in migratory timing. To evaluate these questions, we used mark-
recapture data of migratory timing (arrival at spawning stream) for 2048 
individuals tagged with external floy-tags. By repeated sampling across six 
years at the spawning stream, we first quantified individual variation both 
within and between spawning events and then investigated fitness 
consequences of arrival timing. 

Individual migratory timing in pike influence subsequent survival 
The mark-recapture data indicated that early and late arrival at the breeding 
site was associated with impaired survival (Fig. 7A, Paper III). This pattern of 
stabilizing viability selection on arrival time was likely caused by the 
heterogeneous nature of the breeding habitat. For example, individuals 
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arriving early will experience lower water temperature, which is known to 
adversely affect the immune response in fish (Le Morvan et al. 1998). Early 
arrivers may therefore have an impaired ability to cope with exposure to 
pathogens in the breeding stream compared to individuals arriving later. On 
the other end, individuals that arrive later will more often encounter 
individuals that have already completed their breeding. Because pike at that 
point are more prone to attack conspecifics (reviewed in Raat 1988) late 
arrivers may suffer from increased mortality partly due to cannibalism.  

Individuals fine-tune their timing by experience 
An interesting, but understudied, question is how migratory timing varies 
within individuals, i.e. across time and with increased experience. We 
examined this by analysing data of arrival time in pike using a subsample of 
individuals that returned to the spawning stream during at least four years 
(Paper III). This revealed that individuals consistently and continuously fine-
tuned the arrival time across sequential spawning events (see Fig. 1 in Paper 
III), a behaviour that resembles the trial-and-error method used by many 
mammals (Hamilton 1911). That experience can affect migratory timing 
across spawning events, and potentially influence fitness, has previously been 
shown in birds (Dittmann and Becker 2003; Becker et al. 2008; Tøttrup et al. 
2010; Arnaud et al. 2013). However, to our best knowledge, this is the first 
reported finding on this intriguing phenomenon in fish, which emphasised the 
complexity of individual behaviour. 

The capacity to be flexible in timing increases survival  
Since migratory timing varied within individuals it allowed for addressing the 
long-standing question whether a greater capacity (or willingness) to express 
plasticity and flexibility is associated with increased performance and fitness. 
This topic has been subject to much recent scrutiny and reviews by Forsman 
(2014b) and Reusch (2014) state that there are still few empirical studies that 
have firmly addressed consequences of flexibility in phenotypic traits. We 
tested this hypothesis by investigating whether variation among individuals in 
the degree of between-year flexibility (i.e. within individual) in arrival timing 
influenced subsequent survival (Paper III). The results demonstrated that the 
degree of flexibility varied among individuals and, more interestingly, that 
greater flexibility in arrival timing between years was associated with 
increased survival (Fig. 7B). Irrefutable evidence that flexibility is adaptive 
would require experimental manipulation of the capacity to express flexibility, 
but to our knowledge there are as yet no studies that have accomplished this 
(Forsman 2014b). This result nevertheless provides rare observational 
evidence consistent with the notion that within-individual flexibility of a 
behavioural trait can be beneficial.  
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Figure 7. Associations between migratory timing and survival. A) Relationship between 
survival (estimated as individual persistence time in years after first capture) and 
standardized time of arrival at the breeding site in female and male pike. B) Boxplot 
showing individual between-year flexibility in time of arrival at breeding site for groups of 
female (left, N = 302) and male (right, N = 481) pike, that differed in survival (estimated as 
persistence time in years after first capture). (For details see Paper III). 
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Conclusions and implications for conservation 
Population divergence, and the spatial scale thereof, are central to 
understanding evolutionary processes but crucial also for conservation and 
management of biodiversity (Crandall et al. 2000; Conover et al. 2006; Garcia 
de Leaniz et al. 2007). Until recently, population divergence was assumed to 
generally arise among populations separated by geographical or physical 
barriers, but recent findings suggest that population divergence can arise also 
in less delineated systems and in sympatry (Conover et al. 2006; Via 2009; 
Hice et al. 2012).  

By combining observational, experimental and molecular approaches we 
found evidence of adaptive divergence in life-history and morphological traits 
among sympatric subpopulations of pike driven by divergent selection during 
stage-specific allopatry (Papers I, II, IV, V and VI). Our results emphasize that 
local adaptations can evolve in environments with high connectivity. 
Moreover, using longitudinal and cross-sectional approaches, we found 
associations between phenotypic trait values and performance and fitness 
components (paper III and V). Together, these findings advance the 
understanding of evolutionary processes at the finest spatiotemporal scale. 
Furthermore, our results have important implications for management and 
conservation of biodiversity in the Baltic Sea and applicable also in a general 
context. 

Biodiversity is increasingly challenged by human mediated alterations of 
the environment, for example by introductions of invasive species, resource 
exploitation, eutrophication and global warming. Loss of biodiversity can 
influence ecosystem functioning and also the service they provide to society 
(Chapin et al. 2000; Hooper et al. 2005). Conservation and management of 
biodiversity are thus crucial and it can be applied at the level of ecosystems, 
habitats, species, populations or individuals. It is generally agreed that high 
diversity, regardless of hierarchical level, favours the ability to cope with 
environmental changes (Luck et al. 2003; Schindler et al. 2010; Forsman 
2014a). The indigence of conservation is explicitly exemplified by the current 
situation in the Baltic Sea, one of the largest brackish water areas on Earth 
with an unique ecosystem where species of both freshwater and marine origin 
have been established (Wennerström et al. 2013). Since the 1960s there has 
been a continuous deterioration of the Baltic Sea ecosystem due to 
anthropogenic activities (Elmgren 2001), which has resulted in large-scale 
trophic cascades with significant impacts on the ecosystem function and the 
services it provide to the 85 million people living around the Baltic Sea. In 
coastal waters, this is evident by a pronounced decrease in abundances of pike 
and other coastal predatory fish species, for example perch (Perca fluviatilis) 
and pikeperch (Sander lucioperca) (Nilsson et al. 2004; Lehtonen et al. 2009; 
Ljunggren et al. 2010; Mustamäki et al. 2014). Pike is considered a key 
species for the ecosystem function of the coastal Baltic Sea, and also of great 
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interest for the fishery, hence, the decline of pike has been subjected to much 
attention and conservation efforts (Paper I). Our findings of divergence among 
sympatric subpopulations shed new light on the future directions of 
conservation and management of the pike stock in the Baltic Sea, which 
possibly also is applicable to migratory populations of perch and pikeperch. 

An important consequence of establishing that sympatric subpopulations of 
pike display local adaptations to their spawning streams is that if a 
subpopulation becomes extinct, the spawning habitat may not easily be 
recolonized due to low reproductive success of non-natives (Marshall et al. 
2010). Therefore, to avoid decreased abundances and an ultimate loss of 
diversity, which possibly can influence the ecosystem dynamics of the coastal 
Baltic Sea, conservation and management of phenotypic and genotypic 
variation should be population-specific (Luck et al. 2003; Ljunggren et al. 
2010; Wennerström et al. 2013). To this regard, the migratory homing 
behaviour of pike, which is manifest throughout the Baltic Sea (Müller and 
Berg 1982; Karås and Lehtonen 1993; Rohtla et al. 2012), allows for 
management and conservation actions to be taken in population-specific 
spawning streams. For instance, this can be achieved by restoring wetlands, 
constructing fish passes, and adopting fisheries regulations (Paper I). 
Moreover, particular caution should be taken in terms of translocation of 
individuals of different origin, be that intentional or unintentional, to avoid 
effects of admixture that potentially can be detrimental for subpopulation 
fitness (Garcia de Leaniz et al. 2007; McClelland and Naish 2007; Paper I).  

Considerably more challenging for conservation and management is the 
sympatric life-stage of pike in the Baltic Sea where subpopulations constitute 
a mixed stock. That sympatric subpopulations differed in behavioural, 
morphological and life-history traits implies that subpopulations are 
differently vulnerable to exploitation in the Baltic Sea. For instance, previous 
research by Carlson et al. (2007) and Edeline et al. (2007) suggest that 
selective harvest of pike can impede local adaptations. Skewed harvesting of 
subpopulations due to phenotypic differences thus might alter the phenotypic 
and genetic variation, which can affect population fitness.  

Taken together, the findings of this thesis emphasize the need of 
considering fine spatial scale population structures for successful future 
management and conservation of biodiversity such that genotypic and 
phenotypic variation is conserved, both among and within subpopulations. For 
this to be accomplished a first step would be to implement customised 
management plans for specific areas of interest rather than treating aquatic 
environments as a uniform habitat where “everything is everywhere”.  
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Future perspectives 
Sympatric subpopulations of pike in the Baltic Sea constitute a promising 
study system for future research of evolutionary and ecological dynamics in an 
aquatic top predator. In particular, this system lends itself favourably for 
studies of population divergence and individual migratory behaviour, which 
are of fundamental scientific interest and key to successful management of 
biodiversity. For example, scientific advancements can be achieved by 
directing research towards: i) evaluating and identifying selective drivers that 
have contributed to adaptive divergence, ii) addressing whether age-at-
maturity, longevity and population turn-over differs among sympatric 
subpopulations, iii) investigating causes and fitness consequences of migratory 
and resident life-history strategies, and iv) examining the consequences of 
genetic admixture for population fitness.   
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