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Understanding the causes and consequences of phenotypic divergence among natural populations 

populations can arise through divergent selection leading to local adaptation, phenotypic plasticity, 

environments resulting in divergence in phenotypic plasticity. It is therefore essential to know how 
plasticity evolves under divergent ecological conditions when aiming to understand the mechanisms 

 In  this  thesis  I  have  explored  the  extent  of  variation  in  phenotypic  plasticity  across  a  
range of locally adapted nine-spined stickleback (Pungitius pungitius
habitats. Pond and marine populations have diverged in a suite of morphological, life-history and 
behavioural traits. This divergence has been thought to stem from the absence of piscine predators 

aims were to establish if and how predator cues and variation in resource levels induce phenotypic 
plasticity in the nine-spined stickleback, and whether phenotypic plasticity has also diverged as a 

ones.
 The results show that plasticity was induced by both predator presence and food availability. 
Fish responded to perceived predation risk with reduced growth rates, decreased body condition 
and by behavioural changes. Food restriction resulted in slower growth and reduced investment in 
energy storage, but increased feeding activity and risk-taking. The results were largely in accordance 
with my predictions of increasing plasticity from morphology through life history traits to behaviour. 
The results also show that population divergence in phenotypic plasticity is habitat dependent. Pond 
populations  responded more  strongly  to  food  treatment  in  terms of  behaviour  and growth,  while  

had evolved in the absence of piscine predation. I also detected strong sexual dimorphism in both 
trait means and phenotypic plasticity, uncovering a very important determinant of within population 
variation in phenotypic plasticity.
 Taken together, the results of my thesis demonstrate how natural and sexual selection do not 

variation in phenotypic plasticity is present both between and within populations. In some traits, 
plasticity was greater whenever the selective pressure was stronger, while in other traits the increased 
plasticity was coupled with relaxed selection due to the lack of piscine predation in ponds. My thesis 
demonstrates that the response of phenotypic plasticity to natural selection is context dependent. 
The results also work to advance our knowledge on the maintenance of phenotypic variation.
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Evolutionary biologists are fascinated about the 
phenotypic variation surrounding us, and this 
interests spans from individual to taxonomic 
level diversity. In fact, principles of evolutionary 
thinking were based on research which aimed 
essentially to understand ultimate causes of 

Indeed, phenotypic variance, how it emerges 
and how it is maintained, is still one of the most 
fundamental questions in evolutionary biology. 
Knowledge about causes and consequences of 
phenotypic variation are even more important 
now when anthropogenic changes are threatening 
survival of the species in form of climate change, 
habitat loss and pollution (Hanski 1999). In many 
regards the study of if and how organisms adapt 
to changing environmental conditions has gained 

Merilä  2012).  Apart  from  evasion  (e.g.  range  
shifts), the two most important mechanisms 
behind response to varying environmental 
conditions are (i) adaptation (shifting the allele 
frequencies at the population [deme] level to 

and (ii) phenotypic plasticity (production of new 

 While local adaptation and the genetic 
changes it entails have been the cornerstones 
of the study of evolution since the formation of 

phenotypic plasticity was long treated as a 
nuisance or considered to be unimportant for 
evolutionary studies. Phenotypic plasticity was 
thought to confound the results of experiments 

selection (reviewed in Pfennig et al. 2010). 
However,  partly  thanks  to  the  unifying  review  
papers by Schlichting (1986), Sultan (1987), West-
Eberhard (1989), Stearns (1989) and Scheiner 
(1993), the misunderstandings concerning the 
role of environmental variation in evolutionary 
change have been revised. In modern thinking, 
phenotypic plasticity is one of the central concepts 
of evolutionary biology, which brings together 

developmental biology and genetics. It is now 
generally accepted that phenotypic plasticity can 

can also be neutral or even maladaptive (Price et 

discussion on the nature of phenotypic plasticity 
and its role in evolution is still ongoing (DeWitt 

authors (e.g. de Jong 2005), plasticity itself is 
a quantitative trait that can be under selection, 
while others have suggested that plasticity can 
participate in evolutionary processes by bringing 
populations closer to adaptive peaks (Price et al. 

can be the starting point for novel evolutionary 

it is easy to understand why there are still many 
open questions about the role of phenotypic 
plasticity in adaptive evolution.
 In  the  end,  phenotypes  are  products  of  

see in the wild might also be the result of either 
co- or countergradient variation (Conover and 

of phenotypic change as a response to genetic 

to the case in which genetic and environmental 

direction, and countergradient variation refers to 

are opposing each other, sometimes equalling 
each other and resulting in the apparent lack 
of  phenotypic  change  (e.g.  Arendt  and  Wilson  

Similarly, phenotypic plasticity can increase 
phenotypic variation in populations under 
divergent selection, or it can create convergence 
of phenotypes within genetically diverse 



8

populations exposed to the same selective 
pressure. Hence, to understand the underlying 
causes  of  phenotypic  variation,  we  need  to  be  
able to tell apart its genetic and environmentally 
induced components. This is usually done in form 
of common garden experiments in laboratory, 
or sometimes, by using reciprocal transplant 
experiments  in  the  wild  (Conover  and  Schultz  

one genotype to express multiple phenotypes 

(West-Eberhard 2003). Common examples of 
phenotypic plasticity include the formation of 
pigment in the skin of humans as a response to 
ultraviolet radiation (i.e. tanning), and the ability 
of plants to grow longer stems in shady places 
to capture more sunlight. Phenotypic plasticity 
is  found in  almost  every  trait,  from the  level  of  
gene-expression to behaviour and morphology 
(reviewed in Whitman and Agrawal 2009). Often 
a separation is made between how plasticity 
in traits is expressed. Some traits can only be 

- even reversible - like many of the behavioural 

2008). Environmentally induced variation can 
be expressed as distinct-stage polyphenisms or 

extremes. Plasticity can also be restricted to one 
generation, to one developmental state, but it 
can also be present in several generations via 

environments is described in form of a reaction 
norm. These are typically visualized as lines or 
curves where environmental gradient is plotted 

and Pigliucci 1998). 
 Phenotypic plasticity can facilitate 
acclimatisation and possibly adaptation to 

is also variation in the level of phenotypic plasticity 
between populations. What then explains when 
phenotypic plasticity is expressed, and how does 
it evolve? Evolution of phenotypic plasticity is 

of plasticity in a given environment. Plasticity 
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is favoured in environments characterized by 

Predictability of environmental variation and 

the evolution of phenotypic plasticity. Plasticity 

and none of the phenotypes is superior in all 
environments. The main factors constraining 
evolution of plasticity are the costs of plasticity 
and the lack of genetic variation in plasticity. The 

expressing a plastic phenotype in comparison to 

interaction  in  the  expression  of  a  phenotypic  
trait can be detected by reaction norms in two or 
more populations showing divergent response 
to the same environmental factor (Gillespie and 

Box 1). In a spatially or temporally invariable 
environment plasticity can be reduced through 
the process of genetic assimilation (Waddington 
1953). Genetic assimilation is a process where a 
previously environmentally induced phenotype 
becomes canalized and environmental cues are 
no longer needed for its expression (Waddington 

 In  his  review  of  phenotypic  plasticity,  
Pigliucci (2005) emphasized the need for studies 
that would increase our understanding on 
which ecological conditions favour stabilizing 
or  directional  selection  on  reaction  norms.  In  
particular, studies where phenotypic plasticity 
is examined using populations/individuals
originating from divergent selective environ-
ments can help us to better understand the 
interplay between local adaptation and pheno- 
typic plasticity. Since that review (Pigliucci 2005),
the  number  of  studies  examining  phenotypic  

selective pressures has increased. Some studies 
have compared phenotypic plasticity between 
ancestral and derived populations (Day et al. 

or after colonisation of new habitats (Edgell 

2011). How variation in abiotic environmental 

instance in frogs (pool desiccation: Laurila et al. 

Crispo and Chapman 2010a,b). There are also 
examples of variation in phenotypic plasticity in 
populations that have experienced variation in 

studies comparing phenotypic plasticity induced 
by certain biotic environmental factors between 

levels of those biotic environmental factors are 
still scarce (e.g. Rogell et al. 2012).

Predation is an important environmental factor 

of constitutive antipredatory traits that have 
evolved as a response to predation pressure in 
various species (Tollrian and Harwell 1999). 

often vary between populations as a response to 
the heterogeneity in the type of predators and 
the predation pressure that individuals from 

However, predation regimes might change 

. 2010). Therefore many 
organisms have developed plastic antipredatory 
traits which are turned on only under predation 
risk and might be either irreversible (like 
many morphological traits) or reversible (e.g. 
behaviour) (West-Eberhard 2003).  
 Predator-induced plasticity has been 

examples are morphological defensive traits, 
like spines and helmets in cladocerans (Black 

deeper body form in tadpoles (Van Buskirk and 

morphological antipredatory responses include 
deeper body size and longer spines (Brönmark 
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Besides morphology, predator-induced plasticity 
is common in behaviour and life history traits. 
Exposure to predators is often decreased through 
reduced activity and exploration (Werner et al. 

predation can modify individual personality 
traits like boldness, aggression and risk-taking 
(Sih et al. 2004). The behavioural shifts induced 

in life-history traits. Reduced activity makes 
individuals less vulnerable to predators, but 
at the same time it can decrease energy intake, 

or reproductive success negatively (Werner et al. 

of the general interest towards predator-induced 
plasticity, information on predator-induced 
plasticity in neuroanatomical and sensory 
systems is still lacking. 
 When organisms colonize new habitats, 
they often face shifts in predation regime (Harris 
et  al.  2011).  A  typical  case  would  be  the  loss  of  
predators in habitats where migration becomes 
restricted, such as in ponds after they become 
isolated. Such relaxed selection often causes 
decrease in the expression of antipredatory traits 

Lahti et al. 2009) due to stochastic processes like 

evolve under relaxed selection. If plasticity is 
not expressed due to the lack of environmental 
induction, it cannot be under direct selection. 
In this case, selection can only act through the 
costs associated with maintaining the capacity 

Non-functional plasticity can thus be retained 
in the population, depending on the costs that 
were originally involved. Hence, the capacity 
to express traits that are non-functional in the 
given environment can be hypothesised to persist 
longer if the trait is more labile in nature. One 
could assume for instance that non-functional 
phenotypic plasticity of behavioural traits can 
persist longer than that of life-history traits, non-
functional phenotypic plasticity in life-history 
traits can persist longer than in morphological 
traits, etc. For instance, populations of California 
ground squirrel (Spermophilus beecheyi) have 

retained antipredatory responses after isolation 
from rattlesnakes for approximately 70 000 
years, while the arctic ground squirrels (S. 
parryii) have lost their antipredatory responses 
towards rattlesnakes after 3 000 000 years in 
isolation (Foster 1999).
 Availability of food resources obviously 
has a strong impact on many life history traits. Low 
food availability often results in reduced growth, 
energy storage, size at maturity and reproductive 

(reviewed in Ward et al. 2006). Food availability 

can force organisms towards higher activity to 
obtain food, which exposes them to greater risk of 
predation (Biro et al. 2004, 2005). Predators and 

for instance development of predator-induced 
morphological traits are known be facilitated by 
abundant food resources (Noonburg and Nisbet 

while growth can be suppressed by predation 
risk alone, even in the presence of abundant and 
nutritious food (Nicieza et al. 2006). However, 
interactions between food and predation are 
often context-dependent and unifying patterns 

and Preisser 2005). Further, plastic responses in 
traits are known to be generated not just by the 
amount but also by the type of food eaten. For 
instance,  perch  ( ) will develop 
either deeper or slender body, depending whether 
they are on littoral or pelagic diet, respectively 
(Svanbäck  and  Eklöv  2006).  Similarly,  three-
spined stickleback (Gasterosteus aculeatus) 
head size exhibits a plastic response to food type 
(Day et al. . 2008).

Nine-spined stickleback (Pungitius pungitius) 

Northern hemisphere. The Latin name pungitius 
means prickly, pointy and accurately describes 
the visual appearance of nine-spined stickleback 
with 8-12 dorsal spines and two pelvic spines 
(Banarescu and Paepke 2001). It occupies a 
wide variety of habitats ranging from saline sea 
waters, through streams and large lakes into 
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isolated pond environments (Banarescu and 
Paepke 2001). In ponds, nine-spined stickleback 

nine-spined stickleback in Fennoscandia has 

habitat axis. The two types of stickleback (Box 
2),  pond  and  marine,  are  divergent  in  number  

2009b,c,  brain architecture: Gonda et al.  2009, 

et al. 2011, 2012, reproductive output: Herczeg 

Herczeg et al. 2009a, 2010a, growth: Shimada 

selective factors in this system appear to be 
variation in intensity of piscine predation and the 

competition. In the absence of piscine predation 

reason for the repeated, independent evolution 
of the giant, competitive phenotype (Herczeg 
et al. 2009a,b,c, 2012, Box 2). In the marine 
environment harbouring the ancestral morph, 

and these environments are inhabited by the 
commonly found small, shy phenotype.
 Nine-spined stickleback are excellent 
models for studying predation and food induced 
phenotypic  plasticity,  and  the  variation  of  
that plasticity between populations adapted 

using various traits. Thinking about evolution of 
plasticity the two environments, pond and marine 

temporarily and spatially between populations 
in marine habitats. Nine-spined stickleback are 
vulnerable to almost any sympatric predatory 

Salmo sp. Esox 
lucius Sander lucioperca),  which  all  
can be considered as gape-unlimited predators 
of the nine-spined stickleback, because the 
defence value of the nine-spined stickleback 
bony armour is way lower than that of the closely 
related three-spined stickleback (Hoogland et al. 
1957). Food is obviously present in both habitat 

types, but stochasticity in food availability is likely 
to be larger in pond habitats with sometimes very 
low resource levels. While there is no quantitative 
proof for this, in the sampling sites of this thesis, 

repeatedly been observed during some springs 
in  the  ponds,  while  there  have  been  no  such  
observations from the marine sites (Välimäki, 
Herczeg, Gonda personal observation). This might 
happen due to the small size of the ponds and the 
resulting environmental stochasticity. Further, 
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the situation outlined above might lead to a 
larger range of food-induced phenotypes in pond 
populations together with canalisation (in this 
case, loss) of predator-induced responses. Along 
the same lines, variation in predation pressure 
could generate larger variation of phenotypes 
in marine populations, while the food-induced 
variation should be lower.

Although geographic (interpopulation) variation 
in phenotypic plasticity has been already 

et al.  2012),  our knowledge on this topic is  still  
limited. This is especially true with regard 
to variation in phenotypic plasticity among 

of environmental factors actually inducing the 
plasticity. Such studies are essential for our 
understanding of the interplay between local 
adaptation and phenotypic plasticity induced 

(evolutionary vs. ontogenetic) levels. Finally, 
it  can  be  informative  to  compare  phenotypic  

(morphological, life-history, neuroanatomical, 
behaviour, etc.) in the same study system both 
within and between locally adapted populations 
to seek for general vs. individual patterns.

In this thesis, my aim was to investigate the 
following main questions: 

1. Is there predation- or food-induced pheno-
typic plasticity in nine-spined stickleback?

2. Does the presence/absence and strength of 

trait types 

3. How adaptation to local selection pressures 

plasticity, with special focus on how relaxed 
selection might have shaped expression of 
plasticity?

4. Does the degree of phenotypic plasticity in 

I studied food- and predation-induced plasticity 
using manipulative factorial common garden 

which can be viewed to represent a cline from very 

behavioural traits. In chapter (I), I  studied  the  
plasticity in body shape and defensive armour. 
Bony armour is costly and plays a central role in 
predator defence of stickleback. Reduction and 
loss of armour is related to predator absence in 

of  the  chapter  (II). Lateral lines are important 
sensory organs found in aquatic vertebrates 
that are little studied from a microevolutionary 
perspective. Chapter (III
study to investigate predator and food induced 
plasticity in lateral line system. Chapter (IV)
focused on plasticity in body size and growth, 
traits under strong directional selection which 
has resulted in evolution of gigantism and 
distinct growth strategies (Herczeg et al. 2009a, 
2012, Shimada et al. 2011) in the studied pond 
populations. In chapter (V), I targeted energy 

which  in  turn  are  divergent  among  my  study  

et al. 2012). Finally, chapter (VI) focuses on 
behavioural plasticity

The results presented in my thesis are based on 
a large common garden experiment performed 
between  June  2009  -  April  2010.  I  caught  

onset of reproductive season in early summer, 

crosses per population were performed at the 
aquacultural facilities in University of Helsinki. 
Breeding conditions are described in the chapters 
of this thesis. The hatched fry were placed in to 
their individual 1.4l containers in four Allentown 
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I applied two treatments: food and predation. 

container and water in the closed rack system 
circulated through these extra tanks before it 
entered individual containers. I chose two racks 
randomly for predation treatment and placed 
two perches into each of their extra tanks. Perch 
is a common predator in the low salinity Baltic 

Fennoscandian freshwaters (Ådjers et al. 2006). 
Hence, it is an excellent species to be used for 
producing predatory stimulus for nine-spined 

assigned randomly within population/family/
rack into high and low food treatments. The high 
food  group  received  food  twice  a  day  in  excess  
(assumed to represent ad libitum feeding given 
the amount of uneaten food I had to remove from 
the tanks regularly), whereas the low food group 
were only fed once every second day. Feeding was 
started with live brine shrimp (Artemia salina) 
nauplii and after 80 days gradually changed to 
frozen bloodworms (Chironomidae sp).
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Sticklebacks have protective armour which 
consists of lateral plates and dorsal and pelvic 

body shape is connected to performance in either 
benthic or pelagic environments. Streamlined 
body  with  long  and  narrow  caudal  peduncle  is  
optimal for prolonged steady swimming in pelagic 
environments, while in benthic environments, a 
deep body with short caudal peduncle is favoured 
as  it  results  in  increased  manoeuvrability  (Webb 

of predator-free ponds after the most recent 

armour  and  divergence  in  body  shape  in  the  

Mobley et al. 2011). Predator-induced plasticity 
in body shape has been previously shown for 
three-spined  stickleback  (Frommen  et  al.  2010).  
Morphology (armour and shape, see Fig. 2b) was 
measured at the end of the experiment using over-

counted,  and  length  of  pelvic  girdle  and  pelvic  
spine was measured. Body shape was analysed 
using landmark-based geometric morphometrics 

2004). Lateral plates were counted under 
stereomicroscope. Length of pelvic girdle and 
pelvic spine was measured with digital calliper.

brain parts is common between species and 

2005).  Brain  size  has  large  potential  for  both  
ontogenetic and environmentally induced 

often found that brain parts that are important in 
some context are larger than the less important 
parts (Kihslinger and Nevitt 2006). While 
environmentally induced plasticity in brain size 
variation is often detected, studies testing how 

brain development are scarce, as well as studies 
comparing brain plasticity between populations 

(Gonda 2011). Brain size and architecture was 
measured from digital photographs taken from 

Pollen et al. 2007).

Fish use their lateral line system to detect 

Bleckmann 1993). It is an important organ in 

1993) and prey detection (Hoekstra and Janssen 

and  schooling  (Partridge  and  Pitcher  1980).  

rarely been addressed, but few recent studies 
have shown that variation in biotic and abiotic 

neuromast in the lateral line system (Michel et 

are the functional units of lateral line system 
(Fig. 2d), and consists of bundles of hair cells 
within a protective cupula, which can locate in 
separate canals or on skin surface (canal and 

are distributed throughout the body surface in 
separate groups (Fig. 3). Neuromasts were dyed 

Body size is a fundamentally important trait 
of biological interest as it is often directly 

with fecundity (Wootton 1998), competitive 

success (Andersson, 1994) and life expectancy 
(Hutchings 1994). Nine-spined stickleback in 
ponds can reach gigantic sizes (twice as long as 

has genetic basis (Herczeg et al. 2009a, 2012, 

and low food availability often lead to suppressed 
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growth and body size (Dmitriew 2010). Threat of 
predation can either suppress growth and body 
size through restricted movement and feeding 

Thaler et al. 2012) or increase growth rates as a 
response to gape-limited predation (Werner and 

2007, 2008). Body size was measured at 60 days 
intervals from lateral side photographs (Fig. 2b). 

Fish  store  energy  in  form  of  lipids  in  the  body  
cavity (as a distinct fatbody), in muscle tissue 
and liver (Chellappa et al. 1989). Glycogens are 
stored in muscle tissue and liver. Energy stores 

temperate areas where hibernation is common 
and energy for reproduction is often limited 
during spring. Local adaptation in energy storage 

observed along latitudinal and altitudinal clines 

biotic  conditions  like  predation  has  been  rarely  
addressed. Experimental studies have shown that 

directly  or  through altered  growth  rates.  In  this  
thesis energy reserves were estimated from lean 
body weight (eviscerated body mass), fatbody 
weight and liver weight. 

Population variation in behaviour is common 

studies have found genetic basis for observed 

behaviour and it can often impact several 
behaviours at the same time (Magurran and 

Behaviour is often very plastic and shows 
ontogenetic responses to both predation and 

predation and food induced variation in 
behaviour is rarely studied in populations that 
have  adapted  to  varying  level  of  predation  and  
competition. Behaviour was assessed between 

activity, risk-taking, exploration and aggression 

activity was estimated as the time needed till the 

risk-taking was assessed as the time needed till 

attack, exploration was assessed as the time 
needed  to  leave  a  dark  start  box  and  exploring  
a simple maze (Fig. 4), while aggression was 
estimated based on time spent orienting towards 
and number of attacks against a smaller stimulus 
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The most important questions and answers 
included this thesis are summarized in Table 
1.  In what follows I will  discuss the importance 
of those results in relation to the study of nine-
spined stickleback adaptive evolution following 
the invasion of small ponds, and in wider 
perspective, to the study of adaptive phenotypic 
variation in the wild. The detailed discussion 
of  the  results  can  be  found from the  individual  
chapters. The following section will have three 

results regarding phenotypic plasticity induced 
by presence/absence of perceived predation risk 
represented by olfactory cues from perch, and 
high/low food availability. Second, I will discuss 
habitat-dependent population divergence in 
the observed phenotypic plasticity. Third, I will 

describe the results concerning pure habitat 

(West-Eberhard 2003), I believe that I have been 
able to gain good insight into both the within- and 

variation in phenotypic plasticity.

 
Previous research on nine-spined stickleback in 
Fennoscandia has shown that the biotic factors 
of predation and competition are important 
forces driving adaptive divergence in the species. 
One of the aims of this thesis was to establish 
what kind of role phenotypic plasticity can play 
in this system. This was especially interesting 
because previous studies have implicated 
that when wild-caught and common-garden 
individuals are compared, the variation in the 
former  tended  to  be  greater  indicating  that  in  
addition to genetically-based local adaptations, 

that both predation and food treatments induced 
plastic responses. However, the patterns were 
highly incongruent among traits. Body armour 
and body shape – even though the evolutionary 

and nine-spined stickleback show great 

I). Predation had 
II), 

growth (IV) and behaviour (VI
on lateral lines and energy reserves (III and V, 
respectively). While one could have predicted 

traits, the response was completely lacking in the 
brain  (II),  lateral  line  system (III)  and even  in  
some behavioural traits (VI).
 Predator-induced plasticity was present 
in behavioural traits (VI
taking and aggression under predation risk. 
However, a response was absent in feeding 
activity and exploration. Considering that 
predation risk also resulted in reduced body 
size  (IV)  and  relative  body  weight  (V)  of  the  

reduced feeding are commonly suggested reasons 
for smaller body size under predation threat 

the larger body size in the absence of perceived 
predation risk might be due to some behavioural 
traits that were not measured, like time spent 
feeding  after  the  initial  feeding  attempt.  Or  
smaller body size can be a physiological response 

plasticity (Ghalambor et al. 2007). Krause and 
Liesenjohann (2012) obtained similar results in 
guppies (Poecilia reticulata). They suggested 
that reduced growth under predation threat 
despite high food availability might be a result of 
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altered physiology or activity, rather than feeding 
behaviour per se. Physiological costs caused 
by predators have been tested for instance in 
tadpoles which only showed short term elevation 
in oxygen consumption under perceived 
predation stress, which cannot explain reduced 
growth under longer time-spans (Steiner and 
Van Buskirk 2009).
 Both the hypothalamus and bulbus 
olfactorius (II) responded to perceived predation 
risk: the bulbus olfactorius was larger (but only 

predation treatment. As the bulbus olfactorius is 
the center for olfaction, the increase in size is not 

could only perceive information about predators 

the  size  of  certain  brain  part  is  indicative  of  its  
importance (Striedter 2005). The hypothalamus 
on  the  other  hand  has  a  strong  regulatory  role  
in the nervous system, and why the predation 
treatment resulted in smaller hypothalamus size 
is not self-evident. The hypothalamus regulates 
feeding behaviour (Kulczykowska et al. 2010), 
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and since predator presence often decreases 
activity  and  feeding,  it  can  be  that  decreased  
activity under perceived predation risk can 

lateral line system (III
& otic) also responded to perceived predation 
risk with an increase in neuromast number. 
Higher number of neuromasts can increase 
the resolution of lateral line system (Coombs 

of neuromasts under predation risk can be 
adaptive. While the lateral line system is known 
to be important in predator avoidance (Blaxter 

role of predator presence in the lateral line 
development has not been tested before. All in 
all, population variation in plasticity of sensory 
organs is rarely studied (Dangles et al. 2009), and 

by biotic factors in brain size and architecture 
are underrepresented (Gonda 2011). Here, I 
have demonstrated that a common biotic factor, 
predation, is capable of inducing plasticity in 
both sensory organ and neural architecture 
development of vertebrates. 

relative size of the total brain or size of its parts 
(II). Considering the high energy needs of brain 

availability between food treatments, the result 
was surprising. It suggests that brain size is 
prioritized during development. Fish in the high 
food treatment had higher lean body weight (V). 
Lean body weight might indicate investment on 
locomotive performance or energy storage, but 
body composition analysis would be necessary 
to separate between the two. In contrast liver 
weight was smaller in the high than the low food 
treatment, also a pattern which was somewhat 
counterintuitive as usually higher rations result 
in higher liver weights. 
 I  was also interested in a possible inter-
action between food and predation treatments. 
Several studies have investigated this connection 
but the results are often context-dependent (e.g. 
Bolnick  &  Preisser,  2005).  However,  in  many  
cases, a lack of resources (or high competition) 
leads to negative antipredatory performance of 
the prey (Bolnick and Preisser 2005). I observed 

an interaction between food and predation 
treatment in body size (IV) and the lateral  line 
system (III). Nine-spined stickleback could only 
utilize the extra food for growth and body size in 
the high food treatment when the predator was 
absent. Perceived predation risk can suppress 
growth rates when resources are high, but when 
resources are scarce and growth is already 

system (III) were more complex and restricted 
only to the anterior trunk group of neuromasts. 
They were also dependent on habitat and sex 

treatment were able to develop more neuromasts 

marine females predation resulted in a higher 
number of neuromasts in the low food treatment 
and a lower number in high food treatment. This 

more on developing neuromasts, but the pattern 
is obscure. 
 Taken together, nine-spined stickleback 
were phenotypically plastic in that both the 
presence/absence of olfactory cues from predator 
and variation of food supply induced plasticity in 

patterns reported here – divergent responses 

in line with my predictions. Behaviour and life 
history (predominantly size/growth) were the 
most plastic, morphology the least plastic and 
the rest in between. It also demonstrates that 
drawing general conclusions about the nature 
of environmentally induced variation based on 
measuring variation in one or two traits can 
give a biased view. Furthermore, even though 
one intrinsically expects that there is a tight 
connection between behaviour, growth/body size 
and energy storage, this is not always detectable.

Perhaps the most important question of my 
thesis was how biotic environmental variation 
shapes expression of phenotypic plasticity in 

via local adaptation, they can also cause shifts in 
slopes of reaction norms, resulting in changes in 
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the range of phenotypes a population can express 
from  the  given  genetic  material  (Gotthard  and  

hand,  if  there  is  no  environmental  variation  
within a population, canalisation of phenotypes 
through a process of genetic assimilation 

Variation in predator-induced plasticity among 

predator regimes have been shown for instance 
in the antipredatory morphology of tadpoles 

there are examples of studies where predator-
induced phenotypic plasticity is examined 
using several variables simultaneously, those 
usually tend to focus on particular type of traits 
like  behaviour  or  life  history  traits  (Dennis  et  
al. 2011). Studies which examine predator-
induced plasticity of populations locally adapted 
to certain predator regimes in a wide variety 
of  traits  are  scarce.  However,  selection  by  
predators is not likely to target single traits, but 
several traits in combination (Svensson et al. 

genetic correlations between traits would result 
in complex phenotype shifts even if selection 
acted on only one trait. 
 One of my original assumptions was that 
the marine populations would show a stronger 
response to predation and pond populations 

to food manipulation. However, the results 
I received were mixed. While the expected 
patterns were found both in body size (IV) and 
behaviour (VI), the opposite responses were 
present for brain architecture (II) lateral line 
(III) and lean body weight (V) variation. Marine 

stronger responses towards the food treatment 
(Fig 6b). Size-unlimited predation selects against 

are relaxed, large body size has evolved in order 
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(Herczeg et al. 2009c, 2010a). Therefore, pond 

more risk-taking in the low food treatment than 

results are indicative of the important role that 
resource  availability  is  likely  to  have  in  pond  
environments and predation avoidance in the 
marine sites.  
 The results from the chapters that 
studied plasticity in brain architecture (II), 
lateral line system (III) and energy storage (V) 
were both against my original expectations of 
greater predator-induced plasticity in marine 

general have a larger bulbus olfactorius than 

predation treatment by increasing their bulbus 
olfactorius volume (Fig. 7a). Similarly to the 

higher number of neuromasts in the opercular 
lateral line (III
a plastic response to predation treatment by 
increasing the number of neuromasts (Fig. 7b). 
The bulbus olfactorius is the center for olfactory 

and predators. The lateral line is an important 

Bleckmann and Zelick 2009). It is possible that 
stabilizing selection towards optimal bulbus 
olfactorius size and neuromast number has led 

to  the  canalisation  of  the  phenotype  with  high  
antipredator capacity in marine environments. 
Relaxed selection in ponds has resulted in the 
decrease of these traits, while somehow re-
gaining the ability for phenotypic plasticity. 
Considering that it is likely that predation 
adapted marine stickleback represents the 
ancestral form for which the pond phenotypes 
are descendants of, results suggest that plasticity 
has appeared parallel to a general reduction in 
the traits. Similar patterns have been found from 
periwinkles (Littorina obtusata) where old world 
populations living in sympatry with green crabs 
(Carcinus maenas) show canalized behavioural 
response (soft tissue withdrawal always present) 
to  predator  cues  (Edgell  et  al.  2009).  In  North  
America, where the green crab is a recent 
invasive species, periwinkles show a plastic 
response to green crab cues (Edgell et al. 2009). 
The response is also dependent on the time since 
invasion and stronger canalization is observed in 
populations with a longer history of co-existence 
with crabs. The two systems (periwinkles and 

sense that while plasticity seems to be the 
ancestral state in periwinkles of North America 
and selection for antipredatory behaviour led to 

phenotype represents the ancestral state and 
plasticity is the result of relaxed selection. This 

in developmental biology, which predicts that 
perturbations can force the canalized phenotype 
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out from its developmental channel (Rice 1998, 

release of cryptic genetic variation which has 
accumulated in the robust phenotype (Hansen 

 I must also note that a similar pattern was 
found in chapter (V
predation cues with lower lean body weight, but 
as the life-history traits are more labile, this result 
was not as unexpected as the results discussed 
above. In any case, plasticity re-appearing when 
selection for an extreme phenotype gets relaxed 
parallel to a general ‘decrease’ in the phenotype 

 All in all, the main goal of my thesis was 

varies among locally adapted populations. Some 
traits  showed  the  expected  pattern,  i.e.  local  
adaptation to a certain environmental factor 
included stronger plasticity towards variation in 
that environmental factor, whereas other traits 
showed opposite patterns and some even showed 
a lack of plasticity. Habitat-dependent and 
genetically based patterns in any quantitative 
trait are likely to be the result of natural selection 

the habitat-dependent expression of plasticity 
in growth, body condition, neural architecture, 
lateral line development and behaviour is likely 
to be result of adaptive evolution.

Sexual dimorphism stems from divergent 

which  can  further  translate  into  variance  in  
phenotypic plasticity among sexes (Fairbairn 
2005). However, in many cases, studies of 
phenotypic plasticity do not account for sexual 

context of sexual size dimorphism, where it has 
been observed that a considerable amount of 

plasticity between sexes (Stillwell et al. 2010). In 
this thesis I aimed to inspect sexual dimorphism 
in  the  expression  of  phenotypic  plasticity.  I  
found sexual dimorphism in almost every single 

variable studied and interactions between sex 
and the treatments was found in armour (I), 
lateral line (III),  body size (IV), energy storage 
(V) and behaviour (VI). The results for brain 

in the bulbus olfactorius size, yet the results are 
not discussed in the derived paper but will be 
considered elsewhere. 
 Previous studies have shown sexual 
dimorphism in body size (Herczeg et al.  2010a) 

unpublished) of nine-spined stickleback. I could 

sexual size dimorphism in body size (IV), 

(Fig. 8.) and armour traits and also followed 
those previously reported patterns from three-

and Akinpelu 2010). Females had relatively 
smaller heads, a more streamlined body, 

more  armoured  than  males),  but  there  was  no  

armour is limited. In three-spined stickleback 

that sexes have: males are more limnetic and 
females more benthic (Spoljaric and Reimchen 
2008). While we do not know about possible sex 

spined stickleback, similar division may be the 
reason for the observed patterns here. However, 
considering how bony armour and body shape 
are genetically correlated in the three-spined 
stickleback (Leinonen et al. 2011), completely 

traits might also result in similar patterns. 
 As energy storage traits have not been 
characterized in the nine-spined stickleback 
system before, the results showing sexual 
dimorphism in relative lean body, fat body and 
liver  weight  (V) were novel. Males had higher 
lean body weight and females had larger livers. 
These patterns might be explained by males 
often investing in muscle to succeed in territorial 
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al. 2011). Females on the other hand store energy 
in  livers,  to  facilitate  production  of  energy  rich  
eggs through vitellogenesis (Henderson et al. 

 I was also able to demonstrate variation 
in plasticity between sexes. In chapter IV, I 
found that pond females aimed to maximize 
their body size more than males: they showed 
the  strongest  response  to  high  food  treatment,  

perceived predation risk (Fig. 6a). This aligns 

spined stickleback populations suggesting that 
females drive the body size divergence in the 
species (Herczeg et al. 2010a). Females also 
showed higher drive to feed in the high food 
treatment than males (VI) further strengthening 
the inference. Interestingly, females also had 
higher fatbody weight in the high food treatment 
than males (V). Divergence in plasticity patterns 
between sexes suggests that plasticity might play 
important role in the maintenance of sexual size 
dimorphism.

and females were often ambiguous. For instance 
while marine males had a larger number of 
neuromasts in the anterior trunk neuromast 
group as a response to predation, in females only 
pond individuals responded and their response 
was dependent on food treatment (III). Similarly, 
the drive to feed was stronger in males in the low 
food treatment, but in females in the high food 
treatment (VI
explain and would need a considerable amount 
of  research  to  understand  the  phenomenon  in  
full detail (assuming the complex patterns are 
not artefacts). Here, it should be pointed out that 
photoperiod and temperature mimicked the non- 
reproductive season in my experimental setup, 

season (Wootton 1984).

Even though the primary goal of my thesis was 
to explore habitat- and treatment-related trends 
in phenotypic plasticity, treatment-independent 

habitat-dependent population divergence in a 
phenotypic trait implicates that natural selection 
has  been the  driver  of  the  observed  phenotypic  

impossible to unequivocally separate maternal 
and genetic contributions to the phenotypic 
variation based on F1 full-sib crosses (Falconer 
and Mackay 1996), considering the length of our 

(e.g. Green 2008). In most traits I studied, I 

in  line  with  previous  results  from  this  system.  
Body  armour  was  reduced  in  pond habitats  and 
pond individuals had generally deeper bodies and 

(I,  Fig.  8,  Herczeg  et  al.  2010b).  Body  size  was  
larger  and  growth  was  faster  (more  volume  per  
unit of time) in pond populations than in marine 
populations (II, Herczeg et al. 2009a, 2012). The 
olfactory bulbs were relatively smaller in pond 

IV, Gonda et al. 2009). 

and showed stronger aggression and exploration 
VI, Herczeg et al. 2009b). 

 Variation in the number of neuromasts 

+

-
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in  the  lateral  line  system  (V) was also habitat 

and anterior trunk canal groups. In the anterior 
trunk canal group, neuromasts were almost 
completely lacking in pond populations. The 
ponds we sampled are small, isolated water 

spined stickleback, have negligible aquatic 
vegetation, currents, and physical complexity. 
Such simple environments might demand less 
from a sensory system than the more complex 
marine environments. It is noteworthy though 
that in many cases there were also variation 
between populations within habitat type, 
suggesting that all variation is not explainable 
throughpond-marine divergence.
 Population divergence in energy 
reserves in the nine-spined stickleback system 
has not been addressed before. There were 

(V
fat body size, but smaller relative lean body 

piscine predation risk the best strategy of pond 
stickleback is to overgrow their competitors, 
and as a consequence, to have larger fecundity 
and higher competitive ability (e.g. Herczeg et 
al. 2009a, 2010a, 2012). Hence, it is likely that 
pond stickleback invest heavily in growth before 
maturation. This can mean lowered allocation 

allocating energy to storage vs. somatic growth 

and Post 2012). Higher investment on lean body 
weight might imply better competitive ability 
and thus can be important in pond environments 

Stahlschmidt  et  al.  2011)  or  simply  more  fat  or  
glycogen stored in muscle tissue. However, body 
composition analysis would be needed to reliably 
test the above opposite possibilities.

In  this  thesis  I  have  explored  the  extent  of  
variation in phenotypic plasticity across a range 

patterns  were  by  and  large  in  accordance  with  
my predictions showing increasing plasticity 
induced by perceived predation risk and food 
supply  in  the  order  of:  morphology  <  sensory  
organ / neural architecture < life history traits 
< behaviour. It is noteworthy that olfactory cues 
from a predator – without visual cues or any 

responses in behaviour, growth, body condition 
and  brain  and  sensory  organ  development.  I  

plasticity in the lateral line system. Naturally, 
this raises the question of the function and the 
role of lateral line system in predation avoidance 
in nine-spined stickleback. Furthermore, as 
only certain neuromast groups responded to 
predation treatment, the functionality of these 
groups could be studied in more detail. Methods 
where neuromasts can individually be ablated are 
available and could be utilized to see which parts 
of the lateral line system are most important in 
certain conditions. The genomic architecture of 
the lateral line system in three-spined stickleback 
has recently been revealed (Wark et al. 2012) and 
a comparative study between three- and nine-
spined stickleback would be interesting.
 With  respect  to  the  main  aim  of  my  
thesis - detecting habitat-dependent population 
divergence in phenotypic plasticity - I got mixed 
results. I predicted that local adaptation to certain 
environmental factors (e.g. predation in marine 
populations and competition in ponds) will 
include an increased ability to express phenotypic 
plasticity towards variation in environmental 
factors aimed to represent those selective 
factors. My results supported these predictions 
with respect to growth and behaviour, but brain 
and lateral line plasticity showed something 
unexpected: predation induced plastic responses 

piscine predation. How plasticity appears under 
relaxed selection and parallel to a decrease (in 
size  or  number)  of  the  given  trait  is  an  enigma 
that remains to be solved. I also detected sexual 
dimorphism in both mean trait  levels and their 
phenotypic plasticity, shedding light into a very 
important determinant of within-population 
phenotypic plasticity variation.
 Besides plasticity, my experiment was 
also adequate to draw some conclusions of 
local adaptations. While in most cases I could 
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habitat-dependent population divergence in 
energy storage patterns, my work is pioneering 
in providing an example as how adaptation to 

results, suggestive of local adaptation, add to the 
body of recent research showing that relaxed 
selection (in this case by piscivorous predators) 
can cause strong phenotypic shifts even in 
short time scales (Lahti et al. 2009). Relaxed 
selection has long been an underestimated 
and understudied factor, and only recently the 
research community has started to understand 
the importance of these processes, and my model 
system provides an excellent opportunity to 
investigate this question in more detail.
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your  group  and  allowing  me  to  grow  in  such  a  

especially during these last months, when there 
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various questions during these past years. 
 I have no words to describe how grateful 

put a map on my hands when I was completely 
lost with my future and managed to push me 
forward on that rocky road. Thank you. I admire 
your endless enthusiasm towards science and 

everything. Even though you have been absent 
for more than half of the time I have been doing 
my thesis, I still have never felt left alone, as you 
always seemed to have time to answer my tricky 
e-mails and share your thoughts about science 
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 I joined Egru as a lab assistant for 
Hannu Mäkinen. From him I have learned the 
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it up anyway- why even bother trying?” This 
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during these years, so thanks Hannu! During 
my time in Ecological  Genetics Research Unit I  
have met multitude of marvellous people, I guess 
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in EGRU I have to thank Sonja Jaari and Phillip 
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EGRU I have to mention Tuomas and Jussi. Jussi, 
you truly are one of the most upright persons 
whom I have ever met: in science and as a friend. 
And Tuomas, you have been my stronghold 
during these long years with the thesis. I have 
had you as a mentor with stickleback related 
work  and I’m grateful  for  all  the  help  you  have  
provided with English checks and especially with 
chapter I. However the friendship that we have 

visits to Itäkeskus for unhealthy food and bad 
experimental planning has been even more 
important to me. Thank you. 
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And a huge hug to Dr. Paula.
 5th

place, and during these years I have met so 
many inspiring and enthusiastic people there. 
Katja B, Heini, Alex, Emma, Patte, Minttu, 
Saija, Christoph, Jostein, Chris, Helena W, Anni, 
Laura M, Paa, Outi A-H, Hannele, Marjo, Jenni 
H, Marjo, Inari, Jukka, Itsuro, Evgeniy, Heikki, 
Kalle, Jonna and others for the fun moments 
we have shared at the department and outside. 
Thanks  also  to  Anni  for  help  and  support  with  
wide diversity of Ph.D-related questions and 
Veijo for help with formalities. I would also like 
to thank Ilkka Hanski, who was my Master’s 
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& Tuomas, I’m grateful for having you as friends. 
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havens for me during the past years and I always 
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you.
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have seldom been present. And Tintti, there is no 
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I’m such a mess? Thanks, sys, you are the best!
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